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1 Introduction 

Our knowledge of the molecular biology of virus replication has expanded dramatically 
in the last few years, especially with the advent of rapid techniques for obtaining the 
nucleotide sequence of viral genomes. Full or partial sequences of virus genomes are 
appearing monthly, and it seems appropriate at this time to review the subject of the 
strategies used for replication by RNA animal viruses in the hope of formulating a con
ceptualframework in which to organize the new sequence information. This chapter will 
be concerned with the single-stranded RNA viruses which replicate via RNA inter
mediates and will focus on the animal viruses, but selected plant viruses whose replica
tion strategies are known will also be discussed. The primary topics will be RNA trans
cription (the production of virus-specific messages), RNA replication (synthesis of viral 
genomes), and mRNA translation (synthesis and processing of viral proteins). 

In terms of replication strategy the RNA viruses can be divided into two groups, the 
plus stranded viruses and the minus stranded viruses. The plus stranded viruses initiate 
infection with the translation of the parental genomic RNA to produce the viral repli
case/transcriptase enzyme(s). This enzyme complex synthesizes minus strand tem
plates, plus strand genomes, and in many cases plus strand subgenomic messages for 
virion structural polypeptides. For some viruses, subgenomic messengers are produced 
for other polypeptides as well. The minus stranded viruses introduce the replicasel 
transcriptase into the host as a component of the virion and the initial event in virus repli
cation is primary transcription by the parental nucleocapsid to produce messages for all 
virus-encoded products. Subsequent events include complementary plus strand (anti
genome) synthesis, genomic minus strand synthesis, and amplified or secondary trans
cription. Replication strategies for each group will be discussed in the order of events 
after infection, starting with translation for plus stranded viruses and with primary trans
cription for negative stranded viruses. 

Replication and transcription of viral RNA involves an initiation event followed by 
an elongation phase. Temporal and quantitative regulation of transcription versus repli
cation and genome versus antigenome synthesis could reside in the specificity of initia
tion. We propose that polynucleotide sequences, usually but not always located at the 
termini of the RNAs, are specifically recognized by the virus-specific replicase/transcrip
tase enzymes during initiation. Two types of possible recognition signals are described in 
this review. One is a sequence of 10-20 nucleotides which is highly conserved within a 
group of related viruses and whose exact RNA sequence may be recognized by the viral 
enzymes. The second type is a secondary structure composed of up to 200 nucleotides, 
stabilized by hydrogen bonds in which the structure, and not the sequence, may be 
recognized. In this case the structure is conserved among related viruses but the primary 
sequences may diverge. Sequences that may perform these regulatory functions and 
their significance for replication strategy will be discussed for each virus family. 
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It has been very difficult to keep the number of literature citations to a manageable 
number, due both to the scope of this review and to the veritable explosion of published 
information on viruses in recent years. For this reason we have attempted to make the 
references selective rather than comprehensive, to cite review articles wherever possible, 
and to include primarily articles published since 1979. 

2 The Plus Stranded Viruses of Animals 

All the known plus stranded RNA animal viruses with the exception of the nodaviruses 
contain a nonsegmented genome. The infecting RNA is translated to produce the viral 
replicase, which in turn copies the parental RNA to produce the minus strand. The 
minus strand can then be used to produce plus strands. The production of a full length 
minus strand from the plus strand, and of a full length plus strand from the minus strand, 
will be referred to as RNA replication, and the enzyme(s) responsible as the viral repli
case(s). If one or more subgenomic RNAs are produced, this event will be referred to as 
transcription and the enzyme(s) responsible as the viral transcriptase(s). 

The most characteristic differences in replication strategies of the plus stranded 
RNA viruses involve the mechanisms used for production and translation of messenger 
RNAs. Table 1 summarizes the virus groups according to morphology and lists their best
known members and salient features of their replication. Discussion of the virus groups 
will be organized according to the replication strategies employed by the viruses. 

2.1 The Picornaviruses 

The picornavirus family is made up of nonenveloped virions approximately 22-30 nm in 
diameter with icosahedral symmetry. The genome is a single RNA molecule of mole
cular weight 2.5 x 106 or 7500 nucleotides (7.5 kb) which has a covalently linked protein at 
the 5' terminus and a 3' terminal poly(A) tail of 80-120 nucleotides. The protein shell is 
made up of 60 copies of each offour virus-specific polypeptides. VPl, VP2, and VP3 have 
molecular weights between 23 000 and 37000 (23-37 K) depending upon the virus; VP4 
is variously reported to have a molecular weight of 9-15 K (Rekosh 1977; Matthews 1982). 
The most recent classification of the picornaviruses divides them into four genera on the 
basis of buoyant density, stability to acid pH, and structure of the genome: the entero
viruses, cardioviruses, rhinoviruses, and aphthoviruses (Matthews 1982). All of these 
viruses are mammalian pathogens, and the enterovirus and rhinovirus groups contain a 
number of significant human pathogens. In addition to these four groups there are a 
number of unclassified picomaviruses of insects. 

2.1.1 Translation Strategy 

The RNA sequence of the genome of poliovirus has recently been determined in its 
entirety (Kitamura et al. 1981; Racaniello and Baltimore 1981), and the translation and pro
cessing strategy of the virus is becoming clear. The organization of the genome is illus
trated schematically in Fig. I. The RNA is 7433 nucleotides long; translation of the RNA 
begins at an AUG codon 741 nucleotides from the 5' terminus and continues for 6621 
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Fig. 1. Translation of poliovirus RNA The top line shows the organization of the genome RNA of 
the Mahoney strain of poliovirus with a single line for untranslated regions at the 5' and 3' ends and 
an open box for the translated sequence. Translated products are indicated below, with fmal protein 
products shown as heavy lines and designated according to function (Le., protease, replicase, etc.). 
Virion polypeptides are labelled VPa VP1, VP2, VP3, and VP4. VJg is the genome linked virus poly
peptide. Solid triangles indicate cleavages between GIn and Gly and are presumably all due to the vi
rus protease encoded in the replicase region. The open diamond on the polyprotein precursor is a 
Tyr-Gly cleavage and the open triangle on VPOis an Asn-8er cleavage. Data for this flgure are from 
Kitamura et al. (1981), Semleret al. (1981a, b), and Racaniello and Baltimore (1981). nt,-nucleotide; aa, 
amino acid 

nucleotides to a VAG codon which lies 72 nucleotides from the 3' terminal poly(A) tract 
The polyprotein precursor of 2207 amino acids is organized into three regions. The 
amino terminal region contains the sequences of the four capsid proteins. The central 
region contains sequences of various polypeptides of unknown function. The carboxy
terminal region contains the sequences of the viral replicase and of the protease respon
sible for most or all of the processing of the viral polyprotein. 

In the processing of the polyprotein precursor at least ten cleavages are known to 
occur (reviewed in Rueckert et al. 1979). Eight of these occur between GIn-Gly pairs 
(Semler et al. 1981a, b; Larsen et al. 1982) and are all almost certainly accomplished by a 
virus encoded protease (Korant et al. 1979). This protease is active not only as a free poly
peptide of molecular weight 22 K (which appears to be the form active in producing the 
individual capsid proteins) but also as a part of various precursor polypeptides (which 
appears to be the form active in processing the replicase/protease precursors) (Palmen
berg and Rueckert 1982). Many of these cleavages occur fairly slowly, with 15-20 min 
required for processing. 

The ftrst two cleavages in the processing pathway, which separate the polyproteitJ. 
into the three domains referred to above, occur very rapidly, while the polyprotein is still 
nascent (reviewed in K orant 1979 and Lucas-Lenard 1979). In fact the entire polyprotein is 
produced as such in poliovirus only when processing is inhibited, such as when amino 
acid analogues are incorporated into the precursor or when protease inhibitors are 
present The frrst of these cleavages, which separates the capsid protein precursor from 
the rest of the polyprotein, occurs between a Tyr-Gly pair (Semler et al. 1981b), and the 
protease responsible thus has a chymotryptic-like activity. Because this cleavage differs 
in speciftcity and kinetics from the remainder, the enzyme responsible may be qualita
tively different. Three hypotheses can be proposed to explain this difference: 

1. A host cell protease is responsible/or this cleavage. Korant (1972) treated infected 
cells with inhibitors of trypsin and chymotrypsin and found a differential effect depend-
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ing on the host cell, which was interpreted as evidence that a cellular protease was in
volved in an early stage of cleavage of the polio polyprotein. These data are in apparent 
conflict with those of Summers et al. (1972) however, and in light of recent discoveries of a 
number of virus-specific proteases, and in view of the polio RNA and protein sequencing 
data, it now seems unlikely that a cellular enzyme is involved. 

2. The same virus encoded protease that is active on the Gln-Gly bonds also cuts this Tyr
Gly bond. This also seems unlikely although the enzyme might possess a broader specifi
city than apparent at ftrst sight as discussed below. 

3. A second virus-encoded protease is responsible. In this case the situation might be 
analogous to the cleavage of the nucleocapsid protein of the alphaviruses from its poly
protein precursor. This alphavirus protease activity appears to reside in the highly con
served carboxyterminal region of the nucleocapsid protein itself, possesses chymotryp
tic-like activity, is active on the nascent polyprotein, and appears to lose much of its 
activity once the site-specific cleavage it catalyzes has occurred (see Sect. 2.3.1). 

The second nascent cleavage, which separates the middle region of the precursor 
polyprotein from the carboxyterminal region, occurs between a GIn-Gly pair (Semler et 
al. 1981a), and is presumably catalyzed by the viral protease with this specificity. Why this 
cleavage is so rapid in comparison to other cleavages is not clear. 

Seven of the eight subsequent cleavages which are known to occur take place 
between GIn-Gly pairs as stated above. The eighth cleavage, which is one of the cleav
ages in the processing of the capsid proteins, occurs between an Asn-Ser pair (Larsen et 
al. 1982). This cleavage is the last to occur, and appears to coincide with the addition of 
virion RNA to the procapsid to form the mature virion (reviewed in Rueckert 1976). It 
could provide energy for the formation of the virion, or might activate the virion for sub
sequent disassembly upon infection. An Asn-Ser pair can be viewed as homologous to a 
GIn-Gly pair, and it is possible that this cleavage is performed by the same viral protease. 
The delay in processing could be due to a lower aftinity of the enzyme for the Asn-Ser 
pair, perhaps requiring activation by the presence of RNA in the procapsid. Alternative
ly, another protease, probably also virus encoded, could catalyze this reaction. 

It is unknown at present whether other cleavages occur in the processing ofthe polio
virus polyprotein, and if so what the enzymatic specificities involved might be. One ofthe 
major difticulties in working out the processing scheme is the large number of inter
mediates with varying half lives present in the infected cell. This situation is made more 
complex by the fact that alternative pathways of processing appear to exist. With the 
entire nucleotide sequence of the virus RNA now known, however, the complete details 
of processing should be known shortly. 

The 740-nucleotide segment preceding the start codon of the major polyprotein is 
remarkably long for a 5' untranslated region and could conceivably encode one or more 
small polypeptides not yet identified. Alternatively, the length of this region could relate 
to the fact that polio mRNA; unlike most eukaryotic mRNAs, lacks a cap structure and 
initiation of translation must recognize other features ofthe RNA. In this regard it is note
worthy that during in vitro translation of polio RNA, two different initiation sites appear 
to be used (Ehrenfeld 1979). The significance of this observation and its relation to the 
known sequence is unclear at present. 

The other three groups of picornaviruses, the rhinoviruses, cardioviruses, and 
aphthoviruses, possess processing pathways which are virtually identical to those of the 
enteroviruses (Rueckert et al. 1980; Sangar 1979). Thus, the organization of the genome 
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and the nature of the proteases responsible for processing of protein precursors are 
probably the same for all of the picomaviruses. However, the amino acids at the cleavage 
sites in the capsid precursor of aphthoviruses and of mengovirus, a cardiovirus, are 
different from those in poliovirus shown in Fig. 1. Thus, whereas the three cleavage sites 
are Asn-Ser, Gln-Gly, and Gln-Gly for poliovirus, as noted above, they have been found 
to be Ala-Asp, Glu-Gly, and Gln-Thr, respectively, in one strain of foot-and-mouth 
disease virus (Boothroyd et al. 1981), and Ala-Asp, Gln-Ser, and Gln-Gly, respectively, in 
mengovirus (Ziola and Scraba 1976). If the virus-encoded protease is responsible for 
these cleavages, the enzyme may have a specificity less stringent than appears to be the 
case from a study of the cleavage sites in poliovirus and/or the specificity of the en
zyme(s) may vary from virus to virus. We also note that the cardioviruses and the aphtho
viruses differ from the other two groups in having a poly(C) tract ofl00-500 nucleotides 
(Brown et al. 1974) in the 5' untranslated region (Sangaret al.1980) whose function is un
known. 

Many virus groups inhibit translation of host mRNAs after infection. Because the 
picomaviruses lack the 5' cap structure, they could conceivably interfere with translation 
of host messenger at the level of cap recognition. Such a mechanism has in fact been 
proposed for poliovirus (Trachsel et al. 1980; Hansen and Ehrenfeld 1981), although 
encephalomyocarditis virus seems to inhibit host protein synthesis in a different fashion 
(Jen et al. 1980). Of the other RNA viruses whose 5' terminal structure has been studied, 
only the caliciviruses and several groups of plant viruses lack a cap and could also use 
such a mechanism. 

Because the entire genome of the picornaviruses is translated as a continuous poly
peptide chain, the only possible mechanism for regulation of the relative amounts of 
capsid proteins versus nonstructural proteins is premature termination of protein 
synthesis. Such premature termination is known to occur in vitro (Ehrenfeld 1979) and 
results in capsid proteins being produced in proportionately larger amounts. Rueckert 
(1976) has reviewed the evidence that such a regulatory mechanism operates in vivo as 
well as in vitro. 

2.1.2 Rep6cation of Viral RNA 

The picomaviruses do not produce subgenomic RNAs and only two enzymatic activities 
are needed to replicate viral RNA: a minus strand replicase to produce full1ength minus 
strands using the plus strand as a template, and a plus strand replicase to produce full 
length plus strands from a minus strand template (reviewed in Rekosh 1977). Because the 
number of plus strands produced is much greater than the number of minus strands, it is 
possible that the two activities are not identical. 

Although the complete nucleotide sequence has only been reported for poliovirus 
type 1, a number of authors have determined the 3' and 5' terminal sequences of other 
picornaviruses. Hewlett and F7orkiewicz(1980) examined two strains of poliovirus and one 
strain of coxsackie virus, and Nomoto et al. (1981) examined three strains of poliovirus. 
The frrst ten nucleotides from the 5' terminus are identical in all these viruses and the 
next ten nucleotides are almost identical in the poliovirus strains, and 50010 conserved in 
coxsackie virus. Harris (1980) examined the 5' sequences of nine aphthoviruses and 
found that the frrst 27 nucleotides were highly conserved. As shown in Fig. 2A, this 
conserved 27 nucleotide stretch of the aphthoviruses is also highly conserved between 
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A. 5' SEQUENCES OF PICORNAVIRUS RNAs 

APHTHOVIRUSES 

FMOV A61 
FMOV SAT1 

ENTEROVIRUSES 

POLIO 1 
POLIO 2 
COXSACKIE 91 

5' 10 2p 30 

vPg-UUGAAAGGG~GCGCUAGGGUUUCACCCCUAGCAUGCC 
VPg- A C-UG---AGUUCGCCGU 

VPg--A-C A-U-G--GU-ACCCCAGAGGCC 
VPg--A-C A-U-G--CG 
VPg--A-C A-CUGU--G 

B. 3' SEQUENCES OF PICORNAVIRUS RNAs 

APHTHOVIRUSES 

FMOV A61 
FMOV SAT1 

ENTEROVIRUSES 

POLIO 1 
SVOV 

CAROIOVIRUSES 

EMC 
ME VIRUS 

GAAAAGciCGAAAGAGC~UUUCCCGCu6CCUCAAUUC -poly (A) 
--Gc--G------u-c- -poly (A) 

UACUGCU~UAGGGGUAAAUUUUUCUUUAAUUCGG AGG-poly(A) 
A-G-G-----,C-C-G- --UGC--poly (A) 

GCAAGAUAGUCUAGAGUAGUAAAAUAAAUAGAUAGAG -poly (A) 
-----,AA--------U-- -poly (A) 

3' 

Fig. 2A, B. The 5' and 3' terminal sequences of picomaviruses. Sequences are shown from 5' to 3' 
reading left to right. HOrizontal lines indicate that the nucleotide is identical with the nucleotide in 
the complete sequence shown above. Gaps have been introduced for alignment. Sequencing data 
are from Fel/ner (1979), Harris (1980), Hewlett and Florkiewicz (1980), Nomoto et al. (1981), and Kita
mura et al. (1981). FMD V; foot and mouth disease virus; SVD V; swine vesicular disease virus; EMC, 
encephalomyocarditis virus; ME, Maus-Elberfeld virus 

aphtho and polioviruses: counting deletions as single changes, two-thirds of the nuc1eo
tides are conserved. 

Hewlett and Florkiewicz (1980) suggested the conservation they observed was a 
recognition site for the host translation system, but we feel it likely that the complement 
of the conserved sequence in the minus strand forms a recognition site for the viral plus 
strand replicase. We note also that the ftrst 40 nuc1eotides or so of poliovirus RNA 
(Larsen et al' 1981) and of aphthovirus RNA (Harris 1980) can form a stable hairpin 
structure which could be involved in replication (see also Sect. 2.3.2) or in translation. 
The size of the hairpin structure and the nuc1eotides used to form it differ between the 
polioviruses and aphthoviruses, however, and this structure and the conserved sequence 
might serve different functions. Thus the hairpin could be involved in translation and the 
conserved sequence in replication. 

The 3' terminal sequences of the picornaviruses show strong conservation within a 
genus but no detectable conservation between genera (Fellner 1979). Representative data 
are shown in Fig. 2B.1f production of minus stranded RNA from the plus strand involves 
a recognition sequence, this sequence has diverged markedly among the picornavirus 
genera. Note that the 3' terminus has little or no homology with the complement ofthe 5' 
terminus and if these are the initiation recognition signals then the enzyme complex 
could differentiate between plus and minus strand synthesis. 

Initiation of RNA replication, whether plus stranded or minus stranded, is thought to 



Replication Strategies of the Single Stranded RNA Viruses ofEukaryotes 9 

involve VPg, the 22 residue (in poliovirus) polypeptide covalently linked to the 5' 
terminal U of picornavirus RNAs; linkage is through a phosphodiester bond to a tyrosine 
residue (Rothberg et al. 1978; Ambrose and Baltimore 1978; Wimmer 1979). (Several other 
virus groups are also known to possess a VPg, see Sect. 2.4 and 3.) All nascent RNA 
strands, both plus and minus, of poliovirus possess a covalently linked VPg (Petterson et 
al. 1978). Initiation of an RNA strand may involve the 85K polypeptide (or perhaps a 
shortened version ofit), encoded in the 3' part of the poliovirus genome (and identified as 
''Replicase Region" in Fig. 1), forming a covalent bond with the initiating U through the 
VPg component. This is followed by or is concurrent with cleavages which result in VPg 
being formed and the protease activity being released. The 52K replicase component 
would also be released in this reaction and would elongate the initiated chain (Palmen
berg et al. 1979). This model would imply that the picornavirus replicase is not a true 
catalytic enzyme, but rather that each replicase molecule can produce only a single RNA 
chain. This could explain why complementation between mutants of poliovirus is both 
very inefficient and asymmetric. In one case where complementation could be demon
strated between a polymerase mutant and a capsid protein mutant, no polymerase 
mutant genomes were found in the progeny (Cooper 1965; Cooper 1969). Furthermore, 
the observation that defective interfering RNAs of poliovirus must be translated to 
produce the replicase in order to replicate (see Sect. 5) could be explained by such an 
RNA replication mechanism. The translation strategy ofthe virus leads to the production 
of large amounts of replicase, however, and such a mechanism is not only feasible but 
may be related to the overall replication strategy of this group of viruses. 

Results from in vitro experiments are compatible with this mode1. A soluble RNA
dependent RNA polymerase, which contains primarily a single virus-specific polypeptide 
variously identified as p63, p58, or p56, has been isolated from cells infected by poliovirus 
(F/anegan and Baltimore 1979; Etchison and Ehrenfeld 1980) or foot and mouth disease 
virus (Lowe and Brown 1981). The most highly purified preparations are template depen
dent but require an oligo(U) primer to initiate replication of picornaviral RNA However, 
a host factor has been partially purified which appears to allow initiation of poliovirus 
RNA by the replicase (Dasgupta et al. 1980), although the RNA product has not been 
characterized. With either mode of initiation the replicase activity is not picornavirus 
specific but will replicate other poly(A)-containing RNAs as well. Thus any specificity of 
the initiation event has been lost by the soluble systems isolated to date. The model 
presented above predicts that specific initiation requires the precursor labeled "replicase 
region" in Fig. 1 and further efforts to obtain a specific replicase system are clearly 
needed. 

It is of considerable interest that the aphthoviruses have been found to contain three 
different VPg's which are equally represented in the virion RNA population. These three 
VPg's are tandemly arranged in the precursor polyprotein (JJ. Rowlands, personal 
communication). The significance of this observation is unclear at present. 

The VPg is removed from the RNA destined to be.come mRNA, apparently by a 
cellular enzyme (Ambros and Baltimore 1980). It is unclear whether removal of the VPg is 
essential for efficient translation. It is also unclear whether VPg has any function in the 
virus life cycle other than in the hypothetical initiation of RNA replication. It could con
ceivably have an encapsidation function (since only VPg-linked RNA is encapsidated) 
and/or could be used to regulate the amount of RNA to be encapsidated rather than 
translated. 
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Replication of virus RNA occurs on membranes in factories called replication com
plexes (reviewed in Rekosh 1977). The function of the membrane association is unclear, 
although we note that a number of other viruses also replicate in association with mem
branes (see below). Virus replication apparently occurs completely within the cytoplasm., 
and transcription of the host DNA is not required after infection. 

2.2 The Flaviviruses 

The flaviviruses are a group of enveloped viruses which replicate in both their vertebrate 
hosts and the arthropod vectors, generally ticks or mosquitoes. The virions consist of an 
icosahedral nucleocapsid surrounded by a lipoprotein envelope. The capsid contains the 
genomic RNA, 12 kb in length, complexed with a single species of nucleocapsid protein, 
V2 or C, which has a molecular weight of13 K. The viral envelope contains a large glyco
protein, V3 or E, of molecular weight 51-59 K, depending on the virus, and a small 
(7-8 K) membrane-associated protein, VI or M, which is not glycosylated (Westaway et 
al. 1980). Although the flavivirus group includes a number of important human patho
gens, the molecular biology of their replication is not well understood. This reflects the 
fact that these viruses do not grow well in tissue culture, that the virions are relatively 
unstable and difficult to purify, and that many of these viruses are severe pathogens. 
Some of the members of this group are listed in Table 1. The structure offlaviviruses has 
been recently reviewed by Russell et al. (1980) and the replication ofthese viruses recent
ly reviewed by Westaway (1980). We note that these viruses are classified together with 
the alphaviruses as togaviruses (Table 1), but that the replication strategies of alpha
viruses (Sect. 2.3) and flaviviruses differ significantly. Moreover, the recent discovery of 
six subgenomic polyadenylated RNAs in cells infected with equine arteritis virus, an 
unclassified nonarthropod borne togavirus, illustrates the diversity of replication strate
gies within this taxonomic family (van Berlo et al. 1982). Not enough is known of the 
replication of the other two groups of toga viruses, rubiviruses and pestiviruses, to com
pare them with the former groups. 

The flavivirus RNA is capped but lacks poly(A) (Wengler and Wengler 1981) and is 
infectious. The infecting RNA must therefore be translated to produce the viral replicase, 
but the translation strategy of the flavivirus genome has not been defmitively esta
blished. No evidence for a subgenomic RNA has been reported and it is generally be
lieved that the viral RNA is the only messenger. Westaway (1980) has proposed that the 
structural polypeptides VI, V2, and V3 as well as nonstructural peptides P20, P27, P37, 
P71, and Pl00 are separately initiated and terminated during translation, which would 
make the flavivirus mRNA unique since most other animal mRNAs studied to date have 
only one or at most two translation initiation sites; see footnote b in Table 3 (Sect. 4). 
The data supporting this hypothesis (reviewed in Westaway 1980) are (a) no evidence for 
precursor polyproteins has been found in pulse-chase experiments, and peptide mapping 
has shown that virtually all of the flavivirus polypeptides found in infected cells are 
distinct, (b) pactamycin mapping indicates that proteins are completed in order of their 
size, and (c) reinitiation of protein synthesis following a high salt block: results in very 
rapid labeling of all of the virus proteins. On the other hand, Wengler et al. (1979) and 
Svitkin et al. (1981) reported that during translation in vitro only a single initiation site 
appeared to be used and that only structural protein polypeptides were produced. They 
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5' m7GpppAGUAGUUCG~CUGUGUGA 

3' HoUCUAGGACACAA 

Fig. 3. Terminal sequences offlavivirus RNA. The se
quences shown are the 5' (readingfrom5' to3') and the 
3' terminal sequences (reading from 3' to 5~ of West 
Nile virus RNA (Weng/erand Weng/er1981) 

proposed agenetic map based on these results of 5'-V2-V3-(Vl, P20, P27, P37, P71, Ploo)-
3' and it is of note that these results imply that the structural proteins are encoded in the 5' 
end of the genome, as is the case for the picornaviruses. The complete sequence of a flavi
virus genome, together with sequence information on the proteins, will probably be re
quired to resolve the situation. In this light it has been found recently that the three 
structural proteins of Saint Louis encephalitis virus are not blocked and two of them do 
not begin with methionine (J.R. Bell, R. Kinney, D. W. Trent, J.H. Strauss, manuscript in 
preparation). This suggests that these three proteins are produced, at least in their fmal 
form, by posttranslational cleavage. 

Details of flavivirus replication have yet to be worked out, and nothing is known 
about the viral replicase. The 5' and 3' terminal sequences of flavivirus RNAare different, 
implying that the recognition sequences for the plus stranded and minus stranded repli
case are 4ifferent (Fig. 3). The flaviviruses can replicate in arthropod cells (mosquito or 
tick, depending on the virus) and in a wide range of vertebrate cells. This wide host range 
implies that any functions supplied by the host during replication must be common to a 
broad phylogenetic range. It is also known that RNA replication is associated with peri
nuclear membranes (reviewed in WestawtU' 1980). 

2.3 The Alphaviruses 

Alphaviruses are enveloped viruses, approximately 70 om in diameter, which replicate in 
both the arthropod vectors and their mammalian or avian hosts. The virus consists of an 
icosahedral nucleocapsid surrounded by a lipid bilayer in which are anchored two 
integral membrane glycoproteins. The three principal virion polypeptides, the capsid 
protein C, molecular weight 30 K, and the envelope proteins El and E2, molecular 
weights 50-60 K, are present in the virion in equimolar amounts. A third glycoprotein, 
E3, remains associated with the virion in Semliki Forest virus but is lost into the culture 
fluid for other alphaviruses. The alphavirus genome is a single stranded RNA of about 
12 kb which is capped and polyadenylated, and which is infectious. Most of the molecular 
biology of these viruses has been determined with either Sindbis virus or Semliki Forest 
virus, but recent comparative studies with other alphaviruses are giving us better insights 
into the relationships among the members of this group. An extensive collection of 
review articles on these viruses has recently appeared (Schlesinger 1980). 

2.3.1 Translation Strategy 

The alphaviruses produce two mRNAs after infection (reviewed in Strauss and Strauss 
1977). One is apparently identical to the virion RNA and is translated into the nonstruc
tura1 proteins of the virus. The second is a subgenomic RNA identical to the 3' terminal 
one-third of the genomic RNA which is translated into the structural proteins of the virus. 
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Fig. 4. Replication strategy of Sin db is virus. Untranslated regions of the genomic RNA are shown as 
single lines, and the translated region as an open box. The subgenomic RNA region is expanded be
low using the same convention. Translation products are indicated and the fInal protein products, 
both virion and non-structural, are indicated with heavy lines. Open triangles are initiation codons, 
solid diamonds are termination codons. The open diamond is the UGA codon read through to pro
duce ns72. Data for this fIgure are from Ou et al., 1982a, b, 1983; Rice and Strauss, 1981; Strauss, etal., 
1983a; E.G. Strauss unpublished; and S. Lopez and J.R. Bell, unpublished 

Both of these RNAs are capped and polyadenylated. These RNAs and their translation 
products are illustrated schematically in Fig. 4. 

The genomic RNA is a minor message in the infected cell and encodes the non
structural proteins necessary for viral RNA replication. Translation begins at an AUG 
codon approximately 60-80 nuc1eotides depending on the alphavirus from the 5' -termi
nal cap (Ou et al., 1983). As diagrammed in Fig. 4 for Sindbis virus two polyprotein pre
cursors are produced: the major product terminates at an opal codon at nucleotides 5748 
to 5750 (open diamond) which interrupts an otherwise open reading frame encoding 2513 
amino acids. A minor polyprotein is produced by read through and terminates atmuitiple 
in-phase stop codons (solid diamond). The major polyprotein is processed, usually while 
nascent, to produce the three upstream products, which have been identified follow
ing translation in vitro and in extracts of infected cells (reviewed in Schlesinger and 
Kiiiiriiiinen, 1980; Collins et al., 1~82). Genetic analysis had suggested that there were four 
non-structural polypeptides essential for RNA replication (reviewed in Strauss and 
Strauss, 1980). The fourth product, ns72, has recently been identified in Sindbis-infected 
cell extracts following immunoprecipitation with an antibody directed against a synthetic 
dodecapeptide with the amino acid sequence of the carboxyl terminus of the 2513 amino 
acid precursor (Lopez and Bell, unpublished). The functions of the non-structural poly
peptides must include replicase/transcriptase components to replicate the RNA and 
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transcribe the subgenomic message. In addition, one of the products may be a virus
specific protease, to process these precursors. The read through mechanism allows 
modulation of the relative amounts of the replicase components; ns72, produced in the 
smallest amounts, has been suggested to be a regulatory factor for the control of minus 
strand synthesis (Strauss et al., 1983a). 

The structural proteins of the virus are translated from a subgenomic messenger. 
This subgenomicRNA has been completely sequenced in the case of three alphaviruses, 
Semliki Forest virus (Garoffet al. 1980a, b), Sindbis virus (Rice and Strauss 1981; Ou et al. 
1982a), and Ross River virus (L. Dalgamo et al. 1983 (in press), and corresponds to the 
3' terminal one-third of the genomic RNA. Use of a subgenomic mRNA for the structu
ral proteins allows for amplification of the structural gene products. The subgenomic 
RNA is produced in about threefold molar excess over the genomic RNA (also see be
low) and, in addition, much of the genomic RNA is quickly sequestered into nucleocap
sids, where it cannot serve as messenger. The result is that 90% of the virus-specific 
mRNA is the subgenomic species, and only 10% is the genomic RNA; thus a large excess 
of structural over nonstructural polypeptides is produced (reviewed in Strauss and 
Strauss 1977). Because ofthe use of an infectious genomic RNA and a subgenomic RNA 
for the structural proteins, the replicase genes are 5' terminal and the structural protein 
genes 3' terminal the inverse order from that of the picornaviruses (see Sect. 2.1.1.). 

Translation of the structural proteins from the 4l00-nucleotide subgenomic RNA 
begins at an AUG codon located approximately 50 nucleotides from the 5' terminal cap 
(Ou et al. 1982a) and proceeds to a termination codon positioned 260-520 nucleotides 
from the 3' terminal poly(A) tract (Rice and Strauss 1981; Garoffet al. 1980b; L. Dalgamo, 
et al. 1983 (in press». Cleavage of the N-terminal capsid protein from the nascent pre
cursor appears to be an autoproteolytic event (reviewed in Schlesinger and Kiiiirliiinen 
1980) and the chymotryptic-like activity, which cuts a tryptophan-serine bond, is thought 
to reside in the C-terminal region of the capsid protein itself. This cleavage event is not 
only rapid but quite efficient, and no uncleaved products in found when wild type RNA is 
translated in vivo or in vitro. Normally the cleavage ofthe capsid protein from the nascent 
chain appears to be accomplished by the protease activity in the nascent chain itself, 
rather than by protease activity in previously released capsid proteins, and much of the 
proteolytic activity may be lost upon cleavage. At least some proteolytic activity appears 
to remain, however. Mutants temperature sensitive in the protease activity accumulate 
large amounts of uncleaved precursor during infection at nonpermissive temperatures. 
In cells doubly infected with such a mutant, and with mutants defective in the glyco
proteins but having a functional protease, the precursor is found in smaller amounts, im
plying that the mutant polyprotein can be cleaved by a diffusible factor (Scupham et al. 
1977). 

The remaining structural proteins are two integral membrane glycoproteins which 
traverse the lipid bilayer and are anchored in the bilayer by short hydrophobic stretches 
found at or near the C-terminus of the proteins (Garoff and SOderlund 1978; Rice et al. 
1982). Removal of the capsid from the nascent precursor polyprotein allows a signal 
sequence of about 19 residues at the N -terminus to function and results in the integration 
of the fIrst glycoprotein precursor (called PE2, the precursor to glycoprotein E2) into the 
endoplasmic reticulum, with concomitant core glycosylation (Garoffet al.1979; Bonatti 
et al. 1979; Bell et al. 1982). This signal sequence is not cleaved from the precursor at this 
stage (Bonatti and BlobeI1979). There is a second, internal signal sequence located 



14 E.G. Strauss and J.H. Strauss 

between the two glycoproteins which functions to allow insertion of the second glyco
protein (called E1) into the endoplasmic reticulum (Hashimoto et al.1981), again accom
panied by core glycosylation. Removal of this internal signal sequence, which separates 
the two glycoproteins from one another, requires two proteolytic cleavages, both of 
which occur after alanine residues. It has been suggested that signalase catalyzes both of 
these cleavages (Rice and Strauss 1981). 

The glycoproteins, once synthesized and inserted into the endoplasmic reticulum, 
migrate to the plasma membrane by way of the Golgi apparatus. The cleavage ofPE2 to 
form E2 and E3 has been postulated to occur in the Golgi (Garoffet al.1980b; Rice and 
Strauss 1981), catalyzed by the Golgi protease whose specificity is such that it cleaves after 
clustered basic amino acids, and which cleaves proalbumin, pro insulin, and other pre cur -
sor proteins (Dean and Judah 1980). The small glycoprotein produced, E3, is not required 
for infectivity and mayor may not remain associated with the virion. This Golgi protease 
also appears to cleave glycoproteins of several other enveloped viruses (see below) in 
addition to the PE2 of alphaviruses. 

Thus the cleavage of the alphavirus polyproteins is postulated to require one or more 
virus proteases active on the nonstructural precursor polyprotein, a virus protease 
activity present in the capsid protein which acts autoproteolytically, and two cellular 
proteases, both of which are localized in subcellular organelles. 

The alphaviruses inhibit translation of host cell messenger RNAs, apparently by 
increasing the Na+ concentration and lowering the K+ concentration inside the cell 
(Garry et al. 1979a). The virus messengers are efficiently translated under these altered 
conditions, whereas most host cell mRNAs are not. The interference with translation is 
at the level of initiation. The virus structural proteins may be implicated in this inhibition 
(Atkins 1976), and it has been suggested that the altered ionic environment inside the cell 
results from interference with the N a + IK+ pump (Garry et al. 1979b). 

23.2 Replication and Transcription of the RNAs 

During the course of alphavirus replication three RNA synthesis activities are needed: a 
minus strand replicase to produce full length minus strands using the plus strand as a 
template; a plus strand replicase to produce full length plus strands using the minus 
strand as a template; and a transcriptase to produce the subgenomic messenger RNA for 
the structural proteins, which uses the minus strand as a template. Each ofthese activities 
appears to be independently regulated and different recognition sites for the corres
ponding enzymes are utilized. We postulate that four activities are involved: an elonga
tion enzyme which synthesizes the RNA chain once properly initiated; and three initia
tion activities which initiate minus strands, plus strands, and the subgenomic mRNA, 
respectively. These activities could reside in four different polypeptide chains and 
compose four different complementation groups, or two or more of these activities could 
reside in the same polypeptide chain. Similarly, the initiation and elongation functions 
could be expressed as an enzyme which is a functional complex of several polypeptide 
chains, or the component parts could function as separate enzymes. 

Work with temperature-sensitive mutants has supported this concept of several 
functions involved in RNA synthesis. In the case of Sin db is virus, four complementation 
groups are required for normal RNA synthesis after infection (Strauss and Strauss 1980). 
One group (F) appears to encode an elongation function because, upon shifting cells 
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infected with temperature-sensitive mutants in this group to the nonpermissive tempera
ture, synthesis of both plus strands and minus strands ceases (Keriinen and Kiiiiriiiinen 
1979; Sawicki et aI. 1981a). Complementation group B is required for minus strand syn
thesis but not for plus strand synthesis (Sawicki et aI. 1981a), and could be involved in 
initiation of minus strands. Finally, mutants of complementation groups A and G lead to 
reduced synthesis of the subgenomic RNA (Keriinen and Kiiiiriiiinen 1979), and one or 
both could be involved in initiation of the subgenomic RNA. 

No specific plus strand replicase has been described. The initiation function for plus 
strands could be present in the F protein (in which case the initiation specificity could be 
modified by the initiation factors for minus strand or subgenomic RNA synthesis), or 
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Fig. 5A-C. Conserved sequences in alphavirus RNAs. (A) 3' terminal sequences of genome RNAs. 
Sequences read from 3' poly(A) to 5' and are shown as the plus strand (genomic RNA) sequence. 
The box encloses a conserved sequence. (B) Sequences complementary to the 5' terminus of the 
genomic RNAs. The sequences shown read from 3' to 5' on the minus strand (i.e., complementary 
to the genome RNA). (C) Sequences complementary to the junction region. The sequences shown 
are the minus strand sequences in the region containing the start ofthe 26-S subgenomic RNA and 
are given from 3' to 5'. The box encloses the conserved sequence, presumably a recognition signal 
for initiation of 26-S mRNA synthesis. In all cases a horizontal line indicates that the nucleotide is 
the same as that in the complete sequence at the head of the group. Gaps have been introduced for 
alignment. SIN, Sindbis virus; VEE, Venezuelan equine encephalitis virus; SFV, Semliki Forest 
virus; MID, Middelburg virus; BEE, Eastern equine encephalitis virus; HJ, Highland J virus; RR V, 
Ross River virus. Data from Ou et al. (1982a, b) and Ou et al. (1983 in press) 
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could be represented by either group A or G. The interpretation of the data is compli
cated by the fact that defects in the hypothetical protease activity in the polyprotein 
precursor could have pleiotropic effects. 

The minus strand replicase functions early in infection. It may recognize a sequence 
of 19 nucleotides at the 3' terminus of the plus strand (Ou et al. 1981, 1982b). These 19 
nucleotides are highly conserved among alphavirus strains (Fig. SA), and changes in this 
sequence appear to affect the ability ofRNAs to be replicated by the viralreplicases (Mon
roe et al. 1982). There is no evidence that the subgenomic RNA is utilized as a template 
for production of minus strands, however, which implies that the minus strand replicase 
must also recognize an additional sequence (or structure) in the genomic RNA, present 
outside the subgenomic RNA region. The simplest hypothesis is that this sequence is 
present somewhere near the 5' end of the genomic RNA, and that cyclization of the mole
cules (Hsu et al.1973; Freyet al.1979) brings these sequences near the 3' end where they 
can interact with the replicase. One possibility for these sequences is a conserved region 
of 51 nucleotides which begins about 150 nucleotides from the 5' terminus (/,-11. Ou et al., 
1983 in press). This sequence, shown in Fig. 6, is able to form a stable double hairpin 
structure. We postulate that one or both loops form a recognition site for the minus strand 
replicase, and that it must interact simultaneously with this structure and with the 19-nuc
leotide recognition sequence at the 3' end of the plus strand. 

Synthesis of minus strands is regulated during infection, and minus strand synthesis 
normally ceases at 3-4 h after infection (Sawicki and Sawicki 1980). Sawicki et al. (1981b) 
found that a virus function, represented by complementation group A, must operate to 
stop minus strand synthesis. In the absence of A function, minus strand synthesis 
continues. The mechanisms involved are not clear at present, but two hypotheses, which 
are not mutually exclusive, are appealing. The frrst is that 26-S RNA, which has the 3' 
terminal 19-nucleotide recognition sequence but lacks the second conserved sequence 
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Fig. 6. Conserved structure in alphavirus RNAs. A possible two-dimensional structure in a conserv
ed sequence located near the 5' end of alphavirus genome RNAs is shown. Sequences of Sin db is 
virus, Semliki Forest virus, Highlands J virus, and Eastern equine encephalitis virus RNAs were 
compared. The sequence shown is that of Sin db is virus HR strain and nuc1eotides are numbered 
from the 5' terminus of this RNA Nuc1eotides which vary in one or more of the other viruses are 
circled; all others are the same in all four viruses. Data are from J.H. Ou et al., 1983 in press). Free 
energy was calculated according to the method of Tinoco et lll. (1973) 
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Fig. 7. 5' Terminal secondary structures in alphavirus RNAs. Moderately stable secondary structu
res can be formed by the sequences at the 5' termini of alphavirus genomes. SIN, Sindbis virus, 
MID, Middelburg virus, EEE, Eastern equine encephalitis virus. Free energies were calculated as in 
Fig. 6. Data are from J.H. Ou et al. 1983 (in press) 

found near the 5' terminus of 49-S RNA, acts as a competitive inhibitor (Ou 1982). The 
second is that one or both of the loops of the 51 nucleotide sequence of Fig. 6 forms a 
binding site for capsid protein (which then acts as a nucleation site for encapsidation); 
capsid protein bound to this site would prevent replicase binding. 

The minus strand is used as template by the plus strand replicase. Conservation of 
sequence at the 3' end ofthe minus strand (as determined by sequence studies of the 5' 
end of the plus strand) is not as striking as at the 3' end ofthe plus strand (Fig. 5B). There 
is, however, a stem and loop structure at the end which does seem to be conserved 
(Fig. 7). Although hairpins are not uncommon at the 5' end of mRNAs, and may be in
volved in translation initiation, a double stem structure as in Fig. 7 is not common, and 
we propose that either the conserved sequence or the conserved stem and loop structure 
is recognized by the plus strand replicase to specifically initiate plus strand synthesis. In 
either event the postulated recognition site is quite different from that used by the minus 
strand replicase (Figs. 5, 6) which would allow differential regulation of plus strand and 
minus strand synthesis. It is also of note that no subgenomic minus strand has been 
demonstrated, and initiation of plus strand synthesis might not require cyclization of the 
molecule. 

Defective interfering viruses (DIs) of alphaviruses are deletion mutants which have 
lost the ability to replicate in the absence of helper viruses. Sequence studies ofDI RNAs 
ofSFV (Lehtovaara et al. 1981,1982) and Sindbis (Monroe et al.1982) have shown that the 
postulated recognition sequences for both plus and minus strand replication, as well as 
encapsidation, have been preserved, whereas almost all of the coding sequence is absent. 
The organization of these DIs will be discussed in more detail in Section 5. 

The full length minus strand is also used as the template for synthesis of the subge
nomic RNA. There is a conserved sequence of21 nucleotides around the initiation site of 
the subgenomic RNA (Fig. 5C) which has been proposed as the recognition site for the 
transcriptase (Ou et al., 1982a). This sequence is different from any of those proposed as 
recognition sequences for the replicases, and use of it could thus be independently regu
lated. 

Neither the alphavirus transcriptase nor the replicase(s) have been purified to homo
geneity and the nature of initiation/elongation factors is unresolved. Partially purified 
preparations contain a virus-specific polypeptide of molecular weight 70 K, and some 
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separation of replicase and transcriptase activities has been achieved (Clewley and 
Kennedy 1976; Gomatos et al. 1980). The question of whether host components are 
utilized is also unresolved. There is evidence that host-specific functions are required at 
some stage of the virus replication cycle, however, and one possibility is that host com
ponents form part of the viral replicases. We note that alphaviruses replicate in mosquito 
cells and in a wide range of vertebrate cells, and any host function must be supplied by all 
these cells. Kowal and Stollar (1981) isolated two mutants of Sindbis virus which were 
restricted in their ability to grow in mosquito cells at 34.5°, whereas at this temperature 
these mutants grew normally in chick cells. They were however temperature sensitive in 
chick cells, at4QO, and failed to grow. Using complementation analysis, the authors found 
both mutants belonged to complementation group F, the putative elongation function. 
This result thus implicates a host cell component in RNA replication. Another argument 
for the involvement of host components in alphavirus replication is that the time of 
appearance of DIs during repeated high multiplicity passages is a function of the parti
cular host cell used (Stark and Kennedy 1978; Holland et al. 1980) (see also Section 5). 

Other studies which implicate host functions as being necessary for virus production 
are either inconclusive as to which step of the virus growth cycle requires a host com
ponent or suggest that factors are involved at stages other than RNA replication. Thus, 
although alphavirus replication is insensitive to the addition ofRN A synthesis inhibitors 
at the time of infection, Baric et al. (1983) has shown that pretreatment of cells with either 
actinomycin D or a-amanitin renders the cells unable to replicate Sindbis virus (although 
the cells are still competent for replication of vesicular stomatitis virus, a negative strand 
virus). Intriguingly, Baric et al. (1983) have isolated mutants for the virus which are 
capable of replication in these pretreated cells, and which thus either do not need this 
host function or can utilize reduced concentrations of the component These mutants 
have not yet been classified, however. Schetifers-Borchel et al. (1981) showed that Sindbis 
virus replication in mosquito cells is sensitive to actinomycin D and Erwin and Brown 
(1983) found that Sindbis specific antigens but no progeny virions were produced in enuc
leated mosquito cells, implicating a host function for virus assembly. Finally, Mento and 
Siminovitch (1981) have isolated mutants of Chinese hamster ovary cells with a reduced 
capacity to produce wild type Sindbis virus, but the major effect of one such cell mutant 
appears to be at the level of mRNA translation. 

Alphavirus RNA replication also occurs in association with membranes. In verte
brate cells "cytopathic vacuoles" develop after infection with which RNA replication is 
associated (Grimley et al. 1968), and in mosquito cells virus replication and assembly 
appears to be associated with vacuoles which also appear after infection (Raghow et al. 
1973; Gliedman et al.1975). It is also of note that the virus establishes a persistent infection 
in arthropod cells but is cytocidal in vertebrate cells, implying a differential host response 
to virus infection (Stollar 1980b). 

2.4 The Caliciviruses 

The caliciviruses, whose best known members are San Miguel sea lion virus, vesicular 
exanthema of swine virus, and feline calicivirus, have been reviewed recently by Schqffer 
(1979) and Schqfferet al. (1980a). Originally these nonenveloped viruses were classified as 
picomaviruses, but on the basis of their morphology with characteristic cup-shaped 
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indentations on the surface of the virions, and the fact that they possess only a single 
species of structural protein (molecular weight 65 K), they are now considered a separate 
family. The icosahedral particle with a diameter of35-40 nm is made up of 60 morpholo
gical subunits, each one consisting of a trimer of capsid protein. The overall replication 
strategy of this group of viruses is not clear at present, although it appears to resemble 
that of the alphaviruses. The virion RNA has a size of about 7-8 kb and is presumably 
translated into the components of the replicase/transcriptase since the deproteinized 
RNA is infectious (SchqfJer et al. 1980a). Several nonstructural polypeptides have been 
described in infected cells (Black and Brown 1977; Fretz and SchqfJer 1978), and there is 
preliminary evidence for processing. Thus the replicase/transcriptase appears to be trans
lated as a polyprotein which is cleaved proteolytically. 

There is, in addition, at least one subgenomic RNA produced, an mRNA about 3 kb 
in size. This mRNA is translated in vitro into the single capsid protein (B lacket al.1978), a 
polypeptide of molecular weight 60-65 K. This capsid protein is reported to be derived 
from a precursor of molecular weight 86 K (Fretz and SchqfJer 1978), which would require 
virtually the entire coding capacity of a 3-kb mRNA Thus, in these details, the translation 
strategy resembles that of the alphaviruses in that the replicase/transcriptase is translated 
from the genomic RNA and the structural protein from a subgenomic RNA 

A smaller subgenomic RNA, about 2 kb (18 S) in size, has also been found in infected 
cells (Black et al. 1978). It is unknown whether this RNA is a third messenger or a 
degradation product. If it is a third messenger, encoding a distinct polypeptide, the 
relationship ofthis messenger to the other two messengers is unclear. It could form one 
of a nested set ofRNAs, as in the coronaviruses (Section 2.5), but the coding capacity 
required by the capsid messenger makes this unlikely. Further work on the structure and 
function of the viral RNAs will clearly be of great interest in defming the replication/ 
translation strategy of these viruses. 

No details of the replication/transcription of the viral RNAs are known. The virion 
RNA has a small protein (Vpg) covalently linked to the 5' terminus, analogous to the 
situation with the picornaviruses (Bu"oughs and Brown 1978; SchqfJer et al. 1980b). This 
VPg presumably serves the same function as in the picornaviruses although, unlike the 
picornaviruses, it is essential for infectivity of the caliciviruses (Matthews 1979). All ofthe 
virus specific RNAs are polyadenylated, and none possesses a cap. The structure and 
replication of caliciviruses are similar to those of the plant virus, southern bean mosaic 
virus, which possesses a genome-linked VPg, a single species of structural protein and a 
subgenomic message for that protein (Sect. 3.1.3). 

2.5 The Coronaviruses 

The coronaviruses are a relatively large group of viruses which have been implicated in a 
number of degenerative diseases in experimental animals and which may serve as model 
systems for human degenerative diseases of unknown etiology. These viruses include 
avian infectious bronchitis virus, mouse hepatitis virus, human coronaviruses, and 
neonatal calf diarrhea virus. The virions are enveloped and have characteristically shaped 
projections external to the lipid bilayers (a "corona"). The genomic RNA is one of the 
largest among RNA viruses, approximately 18 kb, and is enclosed in a helical nucleocap
sid containing a single species of protein of molecular weight 60 K. The external glyco-
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Fig. 8. Replication strategy of coronaviruses. Translated regions of the genome of mouse hepatitis 
virus and its six subgenomic messages are shown by open boxes. Numbers inside the boxes are the 
size of the protein product in kilodaltons. Data and terminology are from Siddell et al. (1982) 

protein, variously called E2, the fusion protein, or the peplomer protein, is about 180 K in 
size, but in many strains is cleaved to two nonidentical species of roughly 90 K. A second 
glycoprotein, called El or the matrix protein, is a transmembrane protein of25 K mole
cular weight. The coronaviruses have been recently reviewed by Ty"ell et al. (1978), by 
Robb and Bond (1979), and by Siddell et al. (1982). 

The replication strategy ofthese viruses involves producing five (in the case of avian 
infectious bronchitis virus) or six (in the case of murine hepatitis virus) subgenomic 
mRNAs which together with the virion RNA form a nested set (Fig. 8) (reviewed in 
Siddell et al. 1982). Each of these RNAs is capped and polyadenylated, and each pre
sumably has an AUG initiation codon near the 5' terminus and a stop codon near the 
junction region of the next member ofthe set, analogous to the situation with the alpha
viruses. The protein translated from the mRNAs has been dermed by in vitro translation 
in the case of the three structural proteins. The nucleocapsid protein is translated from 
the 3' terminal mRNA (RNA 7). It is phosphorylated but not otherwise modified after 
translation. The small virion glycoprotein (matrix protein) is translated from the 3' penul
timate RNA (RNA 6). It is glycosylated in the presence oftunicamycin and is thought to 
have O-glycosidic linked carbohydrates (Niemann and Klenk 1981). It is an integral mem
brane glycoprotein which spans the lipid bilayer but lacks covalently linked fatty acid 
chains. The large (peplomer) glycoprotein E2 is translated from the third largest RNA 
(RNA 3). This glycoprotein contains conventional N-glycosidic linked polysaccharide 
chains and has lipid covalently attached. Most of this protein is found external to the 
bilayer. It is not known ifE2 spans the bilayer, but the presence oflipids suggests it at least 
penetrates the bilayer. This protein is cleaved posttranslationally into two glycoproteins 
of molecular weight about 90 K. Details of this processing step are not known, but it may 
be analogous to the processing of the alphavirus PE2, the influenza HA, and the para
myxovirus F proteins (see also Section 6). 

The virion RNA must be translated to form the replicase/transcriptase because the 
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RNA is infectious. Approximately 300 K daltons of non-overlapping protein could be 
encoded in this RNA (Fig. 8), and a 200 K polypeptide has been found during in vitro 
translation of the RNA in a reticulocyte system (Siddell et al. 1982). The replicase has not 
been purified, and its composition remains to be determined. 

Thus there are two or three additional nonstructural polypeptides whose function is 
unknown at present. No evidence for posttranslational cleavage of precursors has been 
presented except in the case of the structural peplomer glycoprotein, and it is possible 
that each mRNA is "monocistronic". However, many details of the translation strategy 
have yet to be worked out and some mRNAs may turn out to be ''polycistronic''. 

The mechanisms involved in transcribing the subgenomic mRNAs are also 
unknown. UV transcriptional mapping has indicated that each RNA is transcribed inde
pendently (the UV dose to inhibit transcription of any of the RNAs is proportional to the 
size of that RNA) (Jacobs et al. 1981). This suggests that a mechanism analogous to the 
alphaviruses is used, wherein the transcriptase begins transcription at any of six internal 
sites in the minus strand of murine coronavirus and proceeds to the end ofthe molecule. 
The subgenomic RNAs are produced in unequal amounts, but no temporal control of 
their production has been described. Unequal transcription could be achieved by having 
transcriptase recognition sites of differing afftnity, by using different recognition factors 
for transcription initiation of the various RNAs, or by secondary structure in the RNA 
(perhaps stabilized by interaction with capsid or other proteins) leading to unequal use of 
the initiation sites. The latter two mechanisms would allow temporal regulation of 
transcription as well. A different mechanism for production ofthe subgenomic RN As has 
been proposed by Lai et al. (1982). On the basis of limited sequence data showing an iden
tical tetranucleotide at the 5' end of all the subgenomic messages, and rmding that two or 
three of the subgenomic RN As contain a Tl oligonucleotide not present in the genomic 
RNA, these authors suggested that RNA splicing might be involved in production ofthe 
mRNAs. This would conflict with the UV transcription results, and further sequence data 
is needed to resolve these questions. 

Conflicting reports have appeared about the possible involvement of the host cell in 
replication/transcription of the viral RNA. Wilhelmsen et al. (1981) found that murine 
coronaviruses would replicate in enucleated cells, albeit with reduced yield. These 
authors used immune fluorescence to show that enucleated cells clearly synthesized 
virus protein and also quantitated virus yields in enucleated populations. On the other 
hand Evans and Simpson (1980) reported that enucleated cells or UV-irradiated cells 
failed to support the replication of avian infectious bronchitis virus; furthermore, replica
tion of the virus was inhibited by a-amanitin in cells sensitive to the drug, but not in a
amanitin resistant lines. The interpretation of these results is complicated by the fact that 
enucleation can be accompanied by partial loss of Golgi function, which can result in 
inhibition of virus maturation (see also Sect. 4.2 and 4.3). However, the situation may be 
analogous to that with the alphaviruses (Sect. 2.3.2), where sensitivity to a-amanitin or 
actinomycin D develops after some time, and where different strains of the virus show 
differing sensitivities to the inhibitory effects of the drugs. Thus it is possible that some 
component of the host RNA polymerase or of some other host protein is used in the viral 
replicase/transcriptase, and that the concentrations of the host component required 
depend upon the virus. 

Coronaviruses in general establish cytocidal infections in tissue culture cells, but 
details on inhibition of host cell functions are lacking. In addition, many coronaviruses 
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establish persistent infections in their natural hosts, so the responses of the host cell and 
host organism to virus infection are of considerable interest. 

2.6 The Nodaviruses 

Segmented genomes are common in plant viruses with plus stranded RNA and in animal 
viruses with negative stranded RNA, but the nodaviruses are the only animal viruses 
known which have a segmented genome of plus stranded RNA. The two nodaviruses 
studied, nodamura virus (which grows in a wide range of insects and in mammals) and 
black beetle virus, contain two RNA molecules in the virion. These RNAs are about 3 kb 
and 1.5 kb in size respectively and lack poly(A). Virus particles are isometric, approxi
mately 30 nm in diameter, and contain both RNA species encapsidated by a single species 
of capsid protein of molecular weight 40 K. Both RNAs are required for infectivity. The 
RNAs have been shown to be active as messengers in vitro (Newman et al. 1978; Guarino 
et al.1981). The large RNA is translated into a polypeptide of molecular weight 105-120 K 
which is believed to be the replicase of the virus (or a component of the replicase). The 
smaller RNA is translated into a polypeptide of molecular weight 43-46 K which shares 
tryptic peptides with the capsid protein of the virion and is believed to be a precursor ofit. 
In vivo synthesized polypeptides of molecular weight 110 K, 40 K, and 8 K have been 
reported for black beetle virus (Crump and Moore 1981), which supports the in vitro 
results. Finally the two RNAs of the virus appear to replicate independently. Thus the 
replication strategy of these viruses appears to be relatively uncomplicated. 

3 The Plus Stranded Viruses of Plants 

Although this chapter is primarily concerned with replication strategies of animal viruses 
containing RNA genomes, it seems appropriate to consider a number of plant viruses 
whose replication strategies resemble those of various groups of animal viruses. Many 
plant viruses have been described and although viruses infecting plants have been isolat
ed that contain double stranded DNA (caulimovirus), single stranded DNA (gemini
virus), and double stranded RNA (plant reoviruses) the vast majority of plant viruses 
contain single stranded RNA as their genome. Of these , only two groups contain negative 
stranded RNA and both produce enveloped virions, the plant rhabdoviruses (Matthews 
1982), and tomato spotted wilt virus (Mohamed 1981), which has a segmented genome. 
The remainder of the plant viruses have a single-stranded plus sense genome, are non
enveloped, and most contain a single species of virus structural protein. Plant viruses 
have been classified primarily by physiochemical properties, as these viruses are relative
ly stable to physical and chemical manipulation and could be obtained in sufficient 
quantities from infected cell sap for examination by electron microscopy and measure
ments of physical properties. Only recently has sufficient information been assembled to 
permit grouping by replication strategy. Improvements in in vitro protein synthesizing 
systems and development of plant cell tissue culture (protoplast) systems, in which intra
cellular macromolecular synthesis could be studied, have enabled workers in the field to 
elucidate the translation strategies of a number of these viruses. 

The genome of single stranded RNA plant viruses may be segmented or nonseg-
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mented. In animal viruses, segmented genomes are present within a single virion (for 
example, nodaviruses, orthomyxoviruses, bunyaviruses, and arenaviruses). In plants a 
common conftguration is to have a segmented plus stranded genome in which the 
segments are separately encapsidated in two or more different particles, which mayor 
may not be morphologically and physiochemically distinguishable. Simultaneous 
infection of the same cell by two or more particle types is essential for infectivity. 

Table 2 shows a grouping of the plant viruses according to what is known of their 
replication. Some of these groups will be discussed in more detail below, where parallels 
can be drawn between their transcription and translation strategies and the better known 
strategies of animal viruses. 

It is noteworthy that a number of plant viruses possess a tRNA-like structure at the 3' 
terminus which can be aminoacylated with a speciftc amino acid by the appropriate 
aminoacyl-tRNA synthetase. These tRNA-like structures have been reviewed by Hall 
(1979) and are listed in Table 2 for the virus groups in which they occur. Although the 
integrity of the 3' terminal structure is essential for infectivity, it is unlikely that its 
function is involved in protein synthesis, since the amino acid is not donated to a growing 
polypeptide during translation (Hall 1979). These speciftc secondary structures may act 
as recognition signals during initiation of RNA replication, and it is not inconceivable that 
the appropriate host-encoded aminoacyl-tRNA synthetase forms part of the replicase 
complex. Alternatively this structure, perhaps in the aminoacylated form, could be a 
recognition sequence for the virus-encoded enzymes. In viruses with multipartite 
genomes which have tRNA-like 3' termini, all segments have identical structures, 
suggesting that these structures are involved in RNA replication and/or encapsidation. 

3.1 Monopartite Genome Viruses 

3.1.1 Potyviruses, Tobacco Necrosis Virus, and Carnation Mottle Virus 

These various viruses contain a genome which appears to function as one long poly
cistronic message which is translated into a polyprotein processed by cleavage. The trans
lation strategy is thus formally analogous to that of the picornaviruses. The potyviruses 
have a genome with a potential coding capacity of about 3500 amino acids. Several virus 
speciftc products have been identifted in infected plants, including two polypeptides 
found in nuclear inclusions and another associated with cytoplasmic cylindrical in
clusions. Virions contain a single species of capsid protein of approximately 30 K mole
cular weight. The genomic RNA is capped and polyadenylated and can be translated in a 
cell-free reticulocyte system yielding products corresponding to four of the virus speci
fted proteins as well as numerous readthrough products (Dougherty and Hiebert 1980). 
From these experiments a genetic map for the potyvirus genome has been proposed 
(Fig. 9). Although the capsid gene is at the 3' end of the genome, adjacent to the poly(A), 
there is no evidence for subgenomic messages or "silent cistrons," and the entire genome 
appears to consist of one long polycistronic message. 

Tobacco necrosis virus and carnation mottle virus are two small isometric viruses, 
whose taxonomic position is unclear, which also appear to have polycistronic messages. 
The genome of both viruses is roughly 4.2 kb and the three virus-speciftc proteins which 
have been identifted staturate this genome (Salomon et al. 1978; Salvato and Fraenkel-



Replication Strategies of the Single Stranded RNA Viruses ofEukaryotes 27 

5' 3' 
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Fig. 9. Genome organization of potyviruses. The gene order for Potato Y virus was determined by in 
vitro translation in a reticulocyte cell-free system (Dougherty and Hiebert 1980) 

Conrat 1977). The genomic RNAs are neither capped nor polyadenylated. They are effi
ciently translated in cell-free systems, and from such cell-free translation the gene order 
of carnation mottle virus is thought to be p30, p38 (coat), p77. For tobacco necrosis virus, 
the predominant product of in vitro translation is the coat protein. 

3.1.2 Tymoviruses 

The genome of the tymoviruses is capped at the 5' terminus, and the 3' terminus has the 
structure of a valine-accepting tRNA(Hall1979). The translation strategy of these viruses 
is similar to that of alphaviruses. When the genomic RNA is translated in vitro, the non
structural proteins are produced as a polyprotein precursor which is subsequently pro
cessed by proteolytic cleavages (Mellema et al. 1979; Morch and Benicourt 1980). In 
addition, during translation in vitro in the presence of yeast amber suppressor tRNA, a 
third polypeptide of21O Kis produced by readthrough of a UAG codon at the terminus of 
the 195-K protein. This readthrough product is produced by translation of part of the coat 
protein cistron in another reading frame, but in the absence ofin vivo information it is not 
known whether this 210-K protein plays a role in normal virus infection (Morch et a1. 
1982). The capsid protein is translated from a subgenomic message of 695 nucleotides 
coterminal with the 3' end of the genome. This message has been completely sequenced 
and consists of a coding region of 567 nucleotides flanked by 19 untranslated nucleotides 
at the 5' end and 109 untranslated nucleotides at the 3' terminus. It is interesting that 
following the open reading frame there are four in-phase termination codons within the 
next 40 nucleotides of the mRNA (Guilley and Briand 1978). 

3.1.3 Sobemoviruses 

The genomic RNA of southern bean mosaic virus contains neither a 5' cap nor 3' poly(A), 
but both the genomic message and subgenomic message contain a small protein cova
lently linked to the 5' end (A. Ghosh et al. 1981) which is essential for infectivity of the 
RNA (Veerisetty and Sehgal 1979). The nonstructural proteins are two large proteins of 
molecular weights 105 K and 75 K, which share many tryptic peptides and are related by 
readthrough (Salerno-Rife et al. 1980; Mang et al. 1982). These genes are located near the 
5' terminus of the genome. The capsid protein is translated from a subgenomic message 
which is coterminal with the 3' end of the genome (A. Ghosh et al. 1981). In addition, 
however, there is a smalll4-K polypeptide which appears to be translated from an inter
nal cistron, but whether this protein is generated by processing of a polyprotein precursor 
or by independent initiation of translation is unclear at present (Mang et al. 1982). With a 
subgenomic capsid protein message and a 5' linked VPg, southern bean mosaic virus 
resembles the caliciviruses. 
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3.1.4 Tobamovirnses and Tombusviruses 

These two virus groups have a translation strategy which is reminiscent of that of the 
coronaviruses, or which can be considered intermediate between the alphaviruses and 
the coronaviruses. The genomic RNA is translated into one or more nonstructural poly
peptides. There are two subgenomic mRNAs produced, one of which is translated into 
the capsid protein, the other into a different nonstructural protein(s) (Fig. 10). 

The genome of tobacco mosaic virus, the type virus of the tobamovirus group, is 
about 6 kb in length. The RNA has a 5' methylated cap and a 3' terminal structure 
resembling tRNA, which can be enzymatically arninoacylated with histidine for the type 
virus or valine for the cowpea strain (Hall 1979). In vivo or in vitro, the intact genome is 

REPLICATION OF MONOPARTITE PLANT VIRUSES 
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Fig, lOA, B, Replication of monopartite plant viruses. (A) Tobamovirus replication. Translated re
gions of the genome RNA of tobacco mosaic virus and of the two subgenomic RN As are indicated 
by open boxes. Protein translation products (P) are shown with molecular weights in kilodaltons. 
The closed box in the genome is the sequence for initiation of encapsidation. Open triangles indicate 
initiation codons for translation. Open diamonds are suppressible termination codons where read
through (R) occurs in in vitro translation systems; solid diamonds are strong termination codons. 
The 5' nontranslated region in the coat mRNA is nine nuc1eotides long. Data from Hirth and 
Richards (1981) and Guilley et al. (1979). (B) Tombusvirus replication. The translation products of 
turnip crinkle virus genomic RNA and two subgenomic messages are shown (Dougherty and Kaes
berg 1981), Symbols as in Fig. lOA 
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translated into two large proteins of approximate molecular weights 170 K and 120 K 
(Pelham 1978; Beier et al. 1980; Hirth and Richards 1981). The larger polypeptide is pro
duced by partial readthrough of an amber termination codon. Two subgenomic RNAs 
are produced which are 3' coterminal with the genomic RNA and together with it form a 
nested set of mRNAs (Fig. lOA). The larger subgenomic mRNA is translated into a non
structural protein 30 K in size, the smaller into the coat protein of the virus. The coat 
mRNA has been completely sequenced. In the 5' untranslated region, only nine nucleo
tides separate the cap from the initiation codon (Guilley et al. 1979). 

Turnip crinkle virus, provisionally classified as a tombusvirus, has a smaller genome 
(4 kb), but its replication strategy, insofar as it is known, appears to resemble that ofthe 
tobamoviruses. There are only two major nonstructural polypeptides, a 25-K moiety 
translated in vitro from the 5' end of the full length genome and a 36-K protein translated 
in vitro from a subgenomic message. A second subgenomic message is translated into 
the coat protein. Readthrough products of both the genomic RNA and the intermediate 
message are produced (Fig. 1OB) (Dougherty and Kaesberg 1981; Altenbach and Howell 
1982). Russo and Martelli (1982) have argued on the basis of ultrastructure of infected 
plants that turnip crinkle virus lacks some of the characteristics of other tombusvirus 
infections, so it is unclear whether the replication strategy presented here is represen
tative of the group as a whole. 

3.2 Bipartite Genome Viruses 

3.2.1 Nepoviruses and Comoviruses 

Of particular interest are two groups of plant viruses which, although quite distinct in 
morphology and assembly from the picomaviruses, show remarkable analogies at the 
level of translation strategies. These are the nepoviruses and the comoviruses (Matthews 
1982). Both groups form a family of particles consisting of a top component (T particles), 
which are empty protein shells; a middle component (M) containing M RNA of 
4.2-6.6 kb, depending on the species; and a bottom component (B), which contains 
either two copies ofM RNA or one ofB RNA (6-8 kb). In addition, some nepoviruses 
(perhaps due to the presence of satellite viruses, although this is unclear) contain up to 
five other particle types of varying buoyant densities, each containing multiple copies of a 
smaller RNA (approximately 1 kb) sometimes in association with M RNA (Rezaian 1980; 
Gallitelli et al. 1981; Rezaian and Jackson 1981). The two virus groups are distinguished 
from one another by the fact that nepoviruses contain only a single species of coat protein 
of molecular weight 55-60 K ( Chu and Francki 1979), while all comovirus particles consist 
of icosahedral shells containing equal numbers of two polypeptide species of molecular 
weights 22 K and 42 K (Matthews 1982). 

Both M RNAs and B RNAs of nepoviruses and comoviruses have a 5'-VPg of about 
4 K in size, which is necessary for infection for nepoviruses (Chu et al. 1981), but not for 
comoviruses (Daubert et al. 1978). Both comoviruses and nepoviruses have a 3' terminal 
poly(A) tract of about 120 residues (Matthews 1982; Mayo et al. 1979). Although both M 
and B RNAs, or both M and B particles, are required for production of progeny virus and 
symptomology in the host, it has been shown that the larger RNA (B RNA) of both nepo
viruses (Robinson et al. 1980) and comoviruses (Goldbach et al.1980; Rezelman et al.1980) 
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can replicate alone in plant protoplasts. This suggests that B RNA encodes the viral poly
merase or some component of it; in addition, the B RNA encodes the VPg (Robinson et 
aI. 1980; Franssen et aI.1982). Replication and expression ofM RNA, on the other hand, is 
completely dependent upon the presence of B RNA M RNA encodes the structural 
proteins of these viruses: it has been shown to encode the serological specificity of nepo
virus (Haber and Hamilton 1980), and to encode the two structural proteins of como
viruses plus one or two nonstructural polypeptides of unknown function (Hiebert and 
Purcifull1981), encoded in cowpea mosaic virus (CPMV) in the order 5'-NS58/NS47-
VP37-VP23-3' (Franssen et al. 1982; Goldbach and Rezelman, 1983). 

Recent experiments with CPMV, the type virus of the comovirus group, have shown 
that protoplasts infected with purified B RNA encode 6 nonstructural proteins varying in 
size from 32 K to 170 K. Using nonstructural proteins from CPMV-infected leaves as 
antigens to make antibodies in rabbits, it was possible to elucidate the precursor-product 
relationships between these products and show that VPg was derived from a 60-K mem
brane-associated precursor polypeptide (Goldbach et al. 1982). 

Purified M RNA from CPMV does not produce any detectable virus proteins when 
inoculated into protoplasts (Goldbach et al. 1980; Rezelman et aI. 1980), although this 
RNA is an efficient messenger in both reticulocyte and wheat germ cell free protein 
synthesis systems, producing large products of 95 K and 105 K which share regions of 
amino acid sequence (Franssen et al. 1982; Rezelman et aI. 1980). B RNA is translated in 
vivo into a protease which is capable of cleaving the in vitro products ofMRNA (Franssen 
et aI.1982). A summary ofthe cleavage scheme of these polyproteins from Band MRNA 
is presented in Fig. 11. 

The translation and processing scheme ofthe comoviruses in Fig. 11 is quite similar to 
that of the picomaviruses (Fig. 1), but with the structural protein genes and the repli
caseNPg/protease genes separated into two RNAs in the plant viruses. The case for 
nepoviruses is not as clear, but their RNAs are also translated into polyproteins and they 

5' 
M RNA 

3' 5' 
B RNA 

3' 

4100nt BOOOnt 
VPg -iC=======~~PoIY (AI VPg -iC===========::J~poIY (AI 

~ ~ 
POLYPROTEIN PRECURSOR (S) POLYPROTEIN PRECURSOR 

~ ,J.. 
NS58 pBO 

,J.. J,. 
NS47 VP37 VP23 

~ ____ -'-P_1.,..70 ____ _ 
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Fig.H. Translation of comovirus RNAs. Translated regions ofthe M and B RN As of cowpea mosaic 
virus are shown by open boxes. Final products, including virion polypeptides VP23 and VP37 and the 
genome linked VP.g, are shown with hef.IllY lines. The processing scheme incorporates data from Hie
bert and Purci/ull (1981), Franssen et al. (1982), and Goldbach et al. (1982). A second pathway has also 
been found for processing B RNA encoded po1yproteins, in which p170 is cleaved to p60 and pHO 
which are further processed to pS8, VPg and p87 respectively. Which cleavages are due to the action 
of the virus-encoded protease, probably p32, is not certain at this time 
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are probably closely related to the comoviruses. As noted above, another point of simi
larity to the picornaviruses is the presence of a 5' VPg on the RNAs as well as 3' terminal 
poly(A), which is unusual for plant viruses. Furthermore, the nepoviruses have two 
species of capsid protein processed from a precursor polypeptide, which is also unusual 
for plant viruses. Conceivably, both of these virus groups and the picomaviruses could be 
derived from a common ancestor. Among plant viruses, mechanical transmission with 
many particles simultaneously infecting a cell is common, and having separately encapsi
dated sections of genomes does not appear to be evolutionarily disadvantageous. 

3.2.2 Tobraviruses 

Tobacco rattle virus and pea early browning virus contain two separately encapsidated 
RNAs; RNA 1 is about 7 kb and RNA 2 is about 1.6 kb (Matthews 1982). RNA 1 contains 
the information for RNA replication, while RNA 2 specifies the capsid protein (reviewed 
in Bruening 1977). In vitro translation of RNA 1 produces two proteins related by read
through, similar to those of tobamoviruses (Pelham 1979), but variable amounts and 
numbers of other subgenomic mRNAs also have been described (Pelham 1979; Bisaro 
and Siegel 1982). It was originally reported that only RNA 2 was capped (violating the 
''rule" that all plant virus RNAs of a single species share common termini), but subse
quent experiments have shown that in vitro translation of RNA 1 is inhibited by cap 
analogs, implying that it is also capped (Pelham 1979). Since the RNA 2 of the CAM strain 
of tobacco rattle virus shares sequence homology with RNA 1 (Robinson et al. 1981), it is 
tempting to speculate that this bipartite virus evolved from a monopartite genome by 
evolving an efficiently encapsidated subgenomic message. 

3.3 Tripartite Genome Viruses 

3.3.1 Bromoviruses and Cncumoviruses 

The genomes of both bromoviruses and cucumoviruses are composed ofthree species of 
RNA of about 3.3, 3, and 2 kb respectively, separately encapsidated into nearly identical 
icosahedral particles. All three RNAs are required for infectivity, and all are capped at the 
5' terminus and have a structure capable of accepting tyrosine at the 3' end (Matthews 
1982; Kaesberg 1976). The two larger RNAs (RNA 1 and RNA 2) are monocistronic 
messages which encode proteins called la (120 K) and 2a (110 K), respectively. The third 
RNA is bicistronic; there is an actively translated cistron for 3a protein which is 5' proxi
mal and a silent cistron for capsid protein synthesis in the 3' half of the molecule. Both 
proteins 3a and la may be components of the viral replicase, since temperature-sensitive 
mutants in RNA 1 and RNA 3 are deficient in RNA synthesis at the nonpermissive 
temperature (Dawson 1981). Capsid protein is translated from a subgenomic message 
(RNA 4) which is commonly encapsidated but is not required for infectivity (Kaesberg 
1976). The detailed structure of these RNAs is shown in Fig. 12. One notable feature of 
RNA 3 is a heterogeneous stretch of internal poly(A), 16-22 nucleotides long, located 
only 20 nucleotides from the beginning of the RNA 4 sequence (Ahlquist et al. 1981b). 
RNA 4 has a very short 5' untranslated region, only nine nucleotides plus the cap. 
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Fig. U. Translation ofbrome grass mosaic virus RNAs. Open boxes indicate translated regions of the 
three genomic RNAs and the subgenomic RNA 4. The small solid box in RNA 3 represents the po
ly(A) tract of variable length. Data obtained from K aesberg (1976) and Ahlquist et al. (1981b) 

The 3' termini of the three genomic RNAs, as well as of the subgenomic RNA 4, 
which is 3' coterminal with RNA 3, contain a highly conserved sequence of about 200 
nucleotides which may function as a replicase recognition site. At the level of primary 
sequence the 3' termini of the bromoviruses show relatively little homology with the 3' 
termini of cucumoviruses. However, stable base paired secondary structures can be 
constructed from both sequences which are remarkably similar and, as noted above, both 
sequences are capable of accepting tyrosine (Ahlquist et al. 1981a). Thus the functional 
structure has apparently been conserved between these two groups although the primary 
sequence has diverged. 

Efficient replication of the viral RN As requires the activity of all three RNA segments 
(Takanami and Fraenkel-Conrat 1982), and it is possible that all three noncapsid viral 
polypeptides are required for a functional replicase (see also Sect. 3.4). 

3.3.2 Ilarviruses and the AHalfa Mosaic Virus Group 

The ilarviruses and alfalfa mosaic virus are very similar in replication strategy although 
they are classified as separate genera largely on the basis of virion morphology (Matthews 
1982). Like the cucumo and bromoviruses, they posess three genomic RNAs with sizes 
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of about 3.3, 2.4, and 2 kb, plus a subgenomic RNA of about 1 kb which is derived from the 
smallest genome segment and encodes the capsid protein. However, coat protein or the 
subgenomic message for coat protein is absolutely required for infectivity; in the absence 
of RNA 4, some protein must be bound to each of the other three RNA species for 
infectivity (Smit and Jaspars 1980). Coat protein binds to the 3' termini ofthe RNAs and 
could conceivably serve as an initiation factor for the replicase. llarvirus and alfalfa 
mosaic virus coat proteins are interchangeable for activation (Matthews 1982). 

The four RNAs from alfalfa mosaic virus have homologous sequences of 140-150 
nucleotides at the 3' end and lack poly(A), whereas the common sequence of ilarvirus 
RNAs is only about 45 nucleotides (Koper-Zwarthoffand Bol1980). Comparison of the 3' 
terminal sequences of two RNAs of tobacco streak virus (an ilarvirus) with alfalfa mosaic 
virus RNA 3 shows that all three terminate in the same pentanucleotide, -GAUGC-OH. 
Presumably these conserved sequences serve replication functions. In addition, similar 
secondary structures can be drawn from the 3' sequences which contain multiple hairpin 
loops most of which are preceded by a 5' flanking sequence -AUGC. This structure has 
been postulated to be the capsid protein binding site (Koper-Zwarthoffand BoI1980). 

For both the ilarviruses and alfalfa mosaic virus, the RNAs are separately encapsi
dated in bacilliform particles of various sizes which can be separated by physical means. 
Using various mixtures of RNA segments and/or particles, it has been possible to ascer
tain that the two largest RNAs are required for viral RNA synthesis and that the sub
genomic message RNA 4 is not itself replicated, but is transcribed from minus strand 
complementary to RNA 3 (Nassuth et al.1981). It is clear that production of a subgenomic 
mRNA for the structural protein(s) is a replication strategy common to many of the plus 
stranded RNA viruses. 

3.3.3 Hordeiviruses 

The hordeiviruses contain variable numbers of RNA components separately encapsid
ated in rod-shaped particles of discrete lengths (Matthews 1982). They are classfied con
ventionallyas tripartite viruses, although the type strain of barley stripe mosaic virus, con
tains only two separable segments, RNA 1 and RNA 2. Other strains contain one or two 
additional RNAs with some homology to RNA 2 and which, therefore, mayor may not 
represent independent genomic segments (Palomaret al. 1977; Boykov etal.1981; Gustqf
son et al. 1982). Hordeivirus RNAs are capped at the 5' end and were initially reported to 
be 3' polyadenylated (Van Vloten-Doting and Neeleman 1980). However, the 3' termini 
can be aminoacylated by tyrosine, and it has been suggested that they contain a short 
poly(A) sequence located between the main body of the genome and the tRNA-like 
structure (Agranovsky et al. 1982). Three polypeptides of molecular weights 25 K, 67 K, 
and 120 K are synthesized in vitro by polyribosomes from infected plants, and the 25-K 
protein has been identified as authentic capsid protein (Gustqfson et al.1981). Too little is 
known about the replication strategy of this group to assign it an animal virus counterpart, 
but it is noteworthy that barley stripe mosaic virus is the only plus stranded RNA plant 
virus known to have a glycosylated capsid protein, which contains asparagine-linked 
carbohydrate (Gumpfet al. 1977). Comparison of the site and mode of this glycosylation 
event with the mechanisms of glycosylation of animal virus membrane proteins should 
prove very interesting. 
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3.4 RNA -Dependent RNA Polymerases 

Currently a major controversy in plant virology is whether any or all plant viruses encode 
virus-specific RNA replicases (reviewed in Hall et al. 1982). Although uninfected animal 
cells are devoid of RNA replicases, RNA-dependent RNA polymerases have been iso
lated from the cytoplasm of a number of species of ''healthy plants" which will transcribe 
and replicate plant virus RNAs in vitro. The primary polypeptide associated with the 
polymerase activity is a large protein of molecular weight 130-140 K (Astier-Manifacier 
and Comuet 1978; Duda et al.1973; Chifflotet al.1980). Upon infection with plant viruses 
these endogenous polymerases are stimulated manyfold in activity, but most of these 
virus-stimulated enzymes show little template specificity for replicating the RNA ofthe 
infecting virus (Ikegami and Fraenkel-Conrat 1980). 

In the case of the comoviruses and the nepoviruses, RNA replication requires the B 
component of the genome as discussed above (Robinson etal. 1980; Goldbach etal.1980). 
However, purification ofthe soluble replicase from comovirus-infected cells resulted in a 
homogeneous protein preparation with a molecular weight of 130 K, lacking specificity 
for comovirus RNA and lacking any polypeptide components resembling the virus-spe
cific polypeptides which have been identified after comovirus infection (Dorssers et al. 
1982). Thus it appears that uninfected leaves contain a core enzyme capable of RNA-de
pendent RNA synthesis whose activity could conceivably be enhanced and amplified by 
the presence of virus-encoded factors of co-enzymes. The origin of this core enzyme is 
unclear, for a single genome segment from a bipartite or tripartite heterologous virus 
could be present without producing any overt symptoms in the ''healthy'' or uninfected 
hosts. Subsequently, Dorssers et al. (1983) isolated a second RNA-dependent RNA poly
merase from a membrane fraction of infected leaves which is specific for comovirus 
RNA and probably is the true viral replicase. 

On the other hand, it has been possible to purify a soluble RNA replicase from cu
cumber mosaic virus-infected cells which is absent before infection and which contains a 
major component of 100 K and two minor polypeptides of 35 K and 110 K (K umarasamy 
and Symons 1979). None of these polypeptides, however, appear to be translation 
products of the viral genome (Gordon et al. 1982). Two other examples of isolation of 
plant virus replicases have been reported. Mouches et al. (1981) have isolated an enzyme 
complex from tymovirus-infected protoplasts which preferentially copies both plus 
stranded turnip yellow mosaic virus RNA and its complementary minus strand, although 
other plant virus RNAs are also copied to a lesser extent. Similarly, a crude preparation 
from brome mosaic virus-infected plants shows a preference for brome mosaic virus 
RNA as template and appears identical to protein 1a (see Sect. 3.3.1) (Bujarski et al. 1982; 
Hall et al. 1982). 

By analogy with the replication of the plus stranded RNA animal viruses, we are 
inclined toward the view that all plant viruses will be found to encode one or more poly
peptide components essential for virus-specific RNA synthesis. Whether these virus
specific enzymes will perform the major elongation function, or will be merely necessary 
for specific initiation has yet to be determined. Sequencing of viral genomes and com
parison of deduced polypeptide sequences with the amino acid sequence of RNA
dependent RNA polymerases will be helpful in this regard. 
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4 The Negative Stranded Viruses 
Negative strand RNA viruses include two groups whose genome is a single uninterrupted 
RNA molecule, the rhabdoviruses and the paramyxoviruses; and three groups with 
segmented genomes, the arenaviruses with two RNAs, the bunyaviruses with three RNA 
segments, and the myxoviruses with eight genome segments. As the name implies, these 
RNAs cannot serve as mRNAs in the infected cell, and thus the naked RNA is insufficient 
to initiate an infection. A summary of negative strand viruses is found in Table 3. These 
five virus families appear to be more closely related to one another than are the various 
families of plus strand viruses, and share common characteristics in both structure and 
replication. All of these viruses contain helical nucleocapsids surrounded by a lipoprotein 
envelope which is acquired by budding; with the exception of the bunyaviruses, minus 
strand viruses all bud from the host cell plasma membrane. Infection begins with the 
entry into the cell of the nucleocapsid which is the functional replicase/transcriptase 
complex. The nucleocapsid contains one major species of capsid protein, and one or 
more minor constituents which are thought to possess replicase/transcriptase activity; in 
orthomyxoviruses the replicase is present as three polypeptides (PI, P2, and P3), but in all 
the other groups the RNA synthetic activities are found in a large multifunctional protein 
of about 200 K molecular weight usually called the L protein. 

Primary transcription of viral RNA in the infecting nucleocapsid produces the frrst 
mRNA molecules. The mRNAs of negative strand viruses are for the most part mono
cistronic, capped with m7GpppA ~ at the 5' end and polyadenylated at the 3' end. Trans
lation ofthese mRNAs produces viral proteins, including more polymerase molecules, 
leading to amplified secondary transcription. Concomitantly, replication begins with the 
synthesis offull-Iength complementary RNA strands (antigenomes), which in turn serve 
as templates for synthesis of negative strand genomic RNA(s). In general the antigeno
mic RNAs and the mRNAs are not identical. 

In all cases where data are available, the 3' and 5' termini of the genome or genome 
segments are largely self-complementary for 11-21 nucleotides. Moreover, in the viruses 
with segmented genomes these terminal sequences are common to all the segments. 
These sequences may be necessary for the encapsidation of both genome and anti
genome to form the replication template ribonucleoprotein and/or could serve as 
recognition signals for the initiation of transcription and replication. The fact that the 
exact 3' termini of both genome and antigenome are so closely homologous could be a 
reflection of the fact that both plus strands and minus strands are encapsidated to form 
the active template, and the primary recognition signal for replication may be the same 
for both plus and minus strands. However, during replication of all these virus groups, 
much more minus strand RNA (genome) is produced than plus strand RNA (anti
genome template), and the replicase( s) thus synthesize the two strands differentially. In 
the case of the rhabdoviruses (Sect. 4.1) it is known that sequences located well outside 
the self-complementary regions, 50-60 nucleotides from the 3' end, can modulate 
replicase activity. It is also of note that although the plus strand is encapsidated, it is 
seldom found in virions except in the paramyxoviruses; thus the plus strand nucleo
capsid and the minus strand nucleocapsid can be distinguished at the level of virion 
assembly. There are many questions still to be answered concerning the recognition 
signals operative in these processes and their interaction with the components of the 
functional replication complex, as well as about the control mechanisms which differen
tiate between the transcription mode and replication mode of the polymerase complex. 
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4.1 Rhabdoviruses 

The family Rhabdoviridae contains a large number of viruses which share distinct 
biochemical and morphological characteristics and infect many different hosts (review
ed in Wagner 1975; Bishop and Smith 1977; Matthews 1982). The virions are bullet
shaped or bacilliform, and their distinctive shape makes them useful markers in electron 
microscopy for a variety of experiments. The helical nucleocapsid is wound into an inner 
structure exhibiting cross-striations and a central axial channel, and is surrounded by a 
lipid-containing envelope. Many members replicate in both a primary host (plant or 
vertebrate) as well as an arthropod vector, although mechanical transmission and con
genital infection also occur. Animal rhabdoviruses are grouped into two genera, the vesi
culoviruses (vesicular stomatitis virus group) and the lyssaviruses (rabies virus group). 
Almost all of the molecular biology has been done with vesicular stomatitis virus (VSV), 
which is easy to work with and for which an extensive catalog of mutants exists. There are 
also a number of plant rhabdoviruses, whose taxonomy is unclear. In general their 
replication appears very similar to that of VSV. 

4.1.1 Overview of VSV Replication 

VSV encodes five proteins, all of which are found in the virion, but not in equal amounts. 
The three major constituents are the G protein (55 K for the polypeptide portion), which 
is the glycoprotein making up the spikes attached to the lipid bilayer; the M or matrix 
protein (26 K), which lines the inner surface of the bilayer; and the N or nucleocapsid 
protein (47 K), which encapsidates the genomic RNA. These molecules are found in 
about 1800, 4000, and 2000 copies per virion respectively. Two other proteins, the L 
protein (about 160 K) and the NS protein (25 K), are also associated with the nucleo
capsid, but are present in only 50 and 200 molecules per virion respectively. The NS 
protein has an apparent molecular weight in SDS polyacrylamide gels of approximately 
40 K but nucleotide sequence data indicate it contains only 222 amino acids (see Fig. 15). 
The lyssaviruses also have five proteins but they are called L, G, N, Ml and M2. As des
cribed in Section 4.1.5, M2 corresponds to M of VSV and Ml to NS. 

The genome ofVSV is an uninterrupted single stranded RNA molecule of approxi
mately 11 kb (molecular weight 3.8 X 106) containing the genes for the five virus-encoded 
proteins in the linear order 3'-N-NS-M-G-L-5' (Abraham and Baneljee 1976; Ball and 
White 1976), as shown in Fig. 13. The nucleocapsid contains an RNA-dependent RNA 
polymerase activity (involving both the NS and L proteins) and disrupted virions will 
carry out transcription in vitro in the presence of appropriate substrates. Much of what we 
know about the mechanisms oftranscription and replication have been determined from 
this cell-free system. The genome is transcribed to give five monocistronic messages of 
sizes 6.5, 1.6, 1.3, 0.8, and 0.8 kb which are translated to produce the L, G, N, M, and NS 
polypeptides respectively. Each mature message contains an m7GpppA ffip cap at the 5' 
end and a poly(A) tail of variable length at the 3' end (Bishop and Smith 1977; Ball and 
Wertz 1981). In addition, at the extreme 3' end of the genome is a sequence of 50 nuc
leotides (called T in Fig. 13) which is transcribed to give an oligonucleotide of 46 nuc
leotides called "plus strand leader RNA." At the 5' end of the molecule is a sequence 
partially complementary to the leader RNA and designated as R in Fig. 13. 

Following adsorption to and penetration of a susceptible cell, the intact VSV nucleo-
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3' 5' 

HOBJGAAA~U7GA~U7CA~U7GA~U7GAI L IU7GAAACUAGGAAU~p 
46nt 1326nt 815nt 831nt 1665nt -6500nt 47nt 

Fig. 13. Genome organization of vesicular stomatitis virus. Boxes labeled Tand R are sequences 
transcribed as the plus strand and minus strand leader sequences (see Fig. 14). Open boxes N, NS, M, 
G, and L are sequences transcribed into the five mRNAs. Nuc1eotides shown are not transcribed 
into mRNA except that poly(A) is transcribed from the U7 tracts. Data are from McGeoch and Turn
bull (1978), McGeoch (1979), Rose and Iversen (1979), Rose (1980), Schubert et aI. (1980), and Keene et 
aI. (1980) 

capsid begins primary transcription to produce the five viral subgenomic mRNAs. This 
transcription is independent of both host protein synthesis and host nuclear functions 
(Bishop and Smith 1977). These mRNAs are translated into the five viral proteins which 
leads to an accelerated synthesis of message known as secondary transcription. Con
comitant with secondary transcription, there is also replication of the genomic RNA. 
This occurs in two steps: first comes the synthesis of a full-length plus strand copy of the 
genome, which in turn is used as a template for full-length minus strand genomic RNA 
(Ball and Wertz 1981; Lazzarini et al. 1981). Rhabdovirus multiplication is only slightly 
inhibited by actinomycin D and normal yields are produced in enucleated cells (Wagner 
1975; Pennington and Pringle 1978). Thus it appears that nuclear functions are not needed 
for any aspect of the production ofVSV. For the purposes of this review we shall discuss 
two aspects ofVSV RNA replication in detail: (1) The synthesis of five monocistronic 
messages and leader RNAs from a single genomic RNA, and (2) the factors which enable 
the same polymerase complex to synthesize either mRN A (''transcription mode") or full
length, plus strand templates and genomic RNA ("replication mode"). 

4.1.2 Transcription of mRNAs 

It is known that VSV transcription requires an RNA-N protein complex (RNP) as a 
template, as well as both the NS and L proteins. Both NS and L activities are required 
because these two polypeptides can be removed from the RNP template, destroying 
transcriptase activity, and added back to the complex, restoring RNA synthesis. NS 
protein alone will bind to RNP, but L protein will not bind in the absence ofNS (Mellon 
and Emerson 1978). NS is a phosphoprotein and is present predominantly in two forms in 
virions: NS1 (the less phosphorylated) and NS2. NS isolated from infected cell cytoplasm 
is primarily NS1, as is the NS associated with purified nucleocapsids, but the distribution 
of these components depends upon the preparation (Clinton et al. 1978a; Kingsford and 
Emerson 1980). Purified NS1 has little activity ill a reconstituted transcriptase assay, 
whereas NS2 is highly active. However, additional NS1 can further stimulate and activate 
a transcriptase complex already containing NS2 (Kingsford and Emerson 1980). Since 
more NS1 is bound to cores as the pH is raised (Clinton et al.1978a) and more replication 
takes place at the expense of transcription with increased pH (Fiszman et al. 1974), the 
binding ofNS2 may promote transcription and the binding ofNSl may promote replica
tion. It has been shown that NS 1 and NS2 are interconvertible in vitro affecting the rate of 
transcription (C.-H. Hsu et al. 1982) and that a phosphatase activity is present in host cell 
cytoplasm which might convert NS2 to NS1 in vivo (Clinton et al. 1979). 
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It is generally accepted that mRNA transcription begins with the attachment of the 
polymerase near the 3' end of the negative strand. The complex traverses the genome, 
synthesizing frrst the leader RNA then the mRNAs in sequential order, N-NS-M-G-L. 
This was frrst shown by the fact that it is possible to map the gene order by UV inactiva
tion of transcription (Abraham and Banerjee 1976; Ball and White 1976). However, con
siderable controversy has erupted over the details of this sequential synthesis: whether 
mRNAs are transcribed as a single polycistronic transcript, including internal poly(A) 
additions, which is later processed by nucleases and cap additions; or whether the 
nucleotide chain is reinitiated at the beginning of each gene (reviewed in Ball and Wertz 
1981). For the sake of the following discussion we assume that termination and reinitia
tion is the case. 

A map of the VSV genome, showing which sequences are present in transcripts, is 
shown in Fig. 13. The leader RNA, whose sequence (McGeoch and Dolan 1979) is shown 
in Fig. 14, appears to be composed of two functional domains. The 3' terminal 18-20 
nucleotides are complementary or nearly complementary to the corresponding 18-20 
nucleotides at the 5' end of the genome and may form the primary transcriptase/repli
case recognition site. The remainder of the leader sequence contains additional signals 
which are important in the modulation of transcription and replication. Methylation pro
tection studies have shown that NS protein, which has been proposed to be the initiator 
protein for transcription, binds to the minus strand between nucleotides 16 and 30 (Keene 
et al. 1981b). The sequences near the end of the leader may contain signals for termina
tion and reinitiation during transcription. If RNA synthesis stops and the leader is releas
ed, then the replication complex enters the transcription mode. RNA synthesis reini
tiates with a common sequence at the beginning of each gene and terminates with a 
sequence similar to the termination signal in the leader at the end of each gene. If the 
leader is not released, the replication mode ensues and a complete plus stranded copy of 
the entire genome is produced. Studies with defective-interfering particles (DIs) have 
shown that only those particles retaining the wild-type leader sequence at the exact 3' ter
minus of their genomes are capable of transcription, although DIs which contain a se
quence complementary to the 5' terminus in place of the normal 3' terminus are effi
ciently replicated (see Sect 5). 

Reading the genome 3' to 5' on the minus strand, there are four nucleotides between 
the leader sequence and the N gene which are not transcribed (Keene et al. 1980) (see 
Fig. 13). The transcriptase apparently initiates transcription of message for N protein (N 
mRNA) with the sequence AACAG (which is found at the 5' end of all five mRNAs), 
transcribes the 1326 nucleotides of the N gene and arrives at a stretch of seven Us. Here 
the enzyme is thought to hesitate or stutter (in the transcription mode), adding a variable 

T= 3' 
1p 2p 3p 4p 

HoUGCUUCUGUUUGUUUGGUAAUAAUAGUAAUUUUCCGAGUCCUCUUU 

IIIIIIII I """ I" "" "I R= 5' pp~CGAAGACCACAAAACCAGAUAAAAAAUAAAAACCACAAGAGGCUCU 

Fig. 14. The 3' and 5' terminal sequences of vesicular stomatis virus RNA. TandR are the sequences 
of the boxed regions labeled T and R in Fig. 13. Both sequences are shown for the genomic RNA of 
the Indiana strain. Vertical lines indicate complementary nucleotide pairs. Data are from McGeoch 
and Dolan (1979), Schubert et al. (1978), Semler et al. (1979), and Colonno and Banerjee (1978). In the 
New Jersey strain ofVSV, the frrst21nucleotides of the 3' and 5' termini are exactly complementary 
(Keene et al. 1979; Rowlands 1979) 
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number of As at the end of the message. Kinetic analysis of in vitro transcription is in 
agreement with this hypothesis (Ball and Wertz 1981; Iverson and Rose 1981). Capping and 
methylation appear to be closely synchronized with transcription, and only 10%-15% ofin 
vivo messages lack caps (Bishop and Smith 1977). Sequencing ofintergenic regions of the 
genomic RNA has shown that the next two nucleotides, GA, are not found in mature 
transcripts, but that the NS gene mRNA begins with the following nucleotide. Similar 
events are thought to occur for each gene and the structure at the intergenic region is the 
same (Fig. 13). The sequence at the 5' end of each gene (reading3'to51,AUACU7GA or 
AUACU7CA, followed by the UUGUC sequence at the start of each gene, is homolo
gous to the 5' end of the leader with its eight pyrimidines followed by GA and two nucleo
tides later by the UUGUC beginning the N gene. 

There is a second school of thought which advances the proposal that during RNA 
transcription there is only a single initiation event and processing is used to release the 
individual mRNAs from a precursor. Polycistronic transcripts containing the intergenic 
junctions, complete with poly(A) and the intergenic dinucleotide (Herman et al. 1980), 
and RNA molecules transcribed from the beginning of the leader RNA into the N gene 
(Herman and Lazzarini 1981a) have been found and could represent intermediates in such 
a processing pathway. Alternatively, they could be aberrant products produced by 
readthrough by the transcriptase. 

The mRNAs for the five VSV genes are found in decreasing amounts from N 
mRNA, the most abundant, through NS, M, and G to L, the least abundant (Villarreal et 
al. 1976). Since this corresponds to the gene order from 3' to 5', attenuation at each trans
cription reinitiation site could account for the distribution of mRNAs found (Iverson and 
Rose 1981). 

4.1.3 Replication of Genomic and Antigenomic RNA 

It appears clear that replication of the rhabdovirus genome to produce both full-length 
plus polarity templates and minus strand genomes employs some or all of the RNA 
synthetase components involved in transcription, but direct demonstration of this has 
been difficult. It appears that the RNA synthetic machinery has two modes of action and 
exists in two functionally distinct forms, the transcription mode discussed above and the 
replication mode. The replication mode requires the enzyme to initiate at the extreme 3' 
end of the genomic RNA and proceed to the 5' end, faithfully transcribing a plus strand 
copy of the entire genome and ignoring all internal termination signals, stuttering signals, 
and possible reinitiation sites. This molecule in turn serves as template for synthesis of 
full-length minus strands. The primary recognition site for both plus and minus strand 
synthesis could be the nucleotide sequence at the 3' terminus because in the case ofVSV 
(New Jersey) the 21 nucleotides at the 3' end of the minus strand are identical to the 
21 nucleotides at the 3' end of the plus strand, while in VSV (Indiana) 15 of the frrst 18 are 
identical (Fig. 14). Other sequences also appear to be involved, such as the binding site for 
NS protein between nucleotides 16 and 30. Furthermore, the affInity of the template for 
replication may be modulated by the sequences located up to 55 nucleotides from the 
3' end of the plus strand, since defective-interfering RNAs ofVSV containing self-com
plementary termini 55 nucleotides long will outcompete defective-interfering RNAs 
containing shorter sequences (Huang et al. 1980; see also Section 5). 

In vivo, replication begins about 45 min after the onset of infection and, unlike 
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primary transcription, requires continued protein synthesis. Two viral components have 
been proposed to be controlling elements for replication: the M protein, which has been 
shown to inhibit transcription in vitro (Clinton et al. 1978b; Carroll and Wagner 1979; 
Wilson and Lenard 1981), and the N protein (Blumberg et al. 1981). 

Two possible ways of shifting the equilibrium can be suggested. Replication, the 
direct copying of an RNA strand by a replicase, may occur with the nucleoprotein 
structure relatively more relaxed than for transcription. As suggested by Ball and Wertz 
(1981), chattering to produce poly(A) opposite U7 would involve repetitive breakage of 
hydrogen bonds and might require a tighter configuration outside the actual polynucleo
tide addition site to prevent the polymerase from falling off the template. M protein, 
adapted to interact with RNP at later stages to form the characteristic bullet-shaped core, 
may relax the structure upon interaction with N protein. M is phosphorylated at tyrosine 
residues and the degree of phosphorylation may determine the cellular location and 
regulatory activity of this protein, whether it acts to regulate transcription/replication or 
acts in morphogenesis and budding. Initially upon infection the M protein from the in
fecting virion might remain at the surface of the cell, with the tight complex ofRNP, NS, 
and L performing early transcription. Translation of both primary and secondary trans
cripts increases local M concentration, the system relaxes, and replication is favored over 
transcription. The idea that the switch from the transcription mode to the replication 
mode involves a configurational rearrangement of the entire RNA synthetic complex is 
supported by the facts that replication complexes can be resolved from transcription 
complexes in Renografm gradients and that some replication complexes appear as cir
cular coiled structures in electron micrographs (Naeve and Summers 1980). 

A second hypothesis has been proposed (Blumberg et al. 1981) which involves N 
protein and the function of leader RNA sequences. Leader RNAs are found in vivo in 
two forms: plus strand leaders (47 nucleotides complementary to the extreme 3' termi
nus of the genomic RNA) and, in much smaller amounts, minus strand leaders 
(46 nucleotides complementary to the 3' end of the antigenome) (Leppert et al. 1979). 
This theory suggests that near the end of the sequence of either leader there is a choice 
point and a termination signal. If the concentration of N protein is low, termination of 
plus strand leader ensues, the leader is removed, and transcription begins. Similarly, on 
the antigenome the minus strand leader terminates, but in the absence of other signals for 
transcription, replication aborts. However, under conditions of continued protein syn
thesis, ensuring an adequate supply ofN protein, the replicase passes through the termi
nation at the end of the leader and proceeds to copy the entire molecule, either genome 
or antigenome. One problem with this model is that in vivo the majority ofleader RNAs 
are found encapsidated with N protein (Blumberg and Kolakovsky 1981), but it does 
appear clear that N protein isrequired in some way for replication. In vitro replication, as 
opposed to transcription, can be obtained only in systems where translation is coupled to 
RNA synthesis (Hill et al. 1981). In these systems adequate supplies of N protein are 
essential, since replication ceases if antibody to N protein is added to the incubation mix
ture, whereas antibodies to other viral polypeptides are without effect (D.F. Summers, 
personal communication). 

Neither of these mechanisms can successfully encompass all the known facts about 
replication control; indeed, a more complicated scenario involving not only Nand M, but 
also configurational variants of L and variously phosphorylated forms of NS may be 
involved, as discussed above. Furthermore, host components are probably necessary for 
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replication, since host range mutants have been isolated which map in the L cistron 
(Szilagyi et al. 1977). In addition, some mechanism must exist to exert temporal control 
over the synthesis of full-length plus strand templates and minus strand genomes be
cause, early in infection, 40% of the full-length RNA molecules synthesized are of plus 
polarity, while at later times most of the 42-S RNA produced is genomic (Le., of negative 
polarity) (Simonsen et al. 1979). 

4.1.4 Trans1ation Strategy 

The monocistronic messenger RNAs from either rhabdovirus-infected cells or from in 
vitro transcription by disrupted virions can be translated in a variety of cell-free protein
synthesizing systems to yield products chemically and antigenically indistinguishable 
from native N, NS, L, and M polypeptides. Translation of G mRNA yields a precursor 
form of the molecule, as discussed below. 

5' 3' 

NmRNA 13nt 1266nt 47nt 
cap I I-j]po 1 y (A) 

(1326nt) ! 
N PROTEIN 

422aa 

NSmRNA 10nt 666nt ~POIY(A) cap I 
(815nt) ! 

NS PROTEIN 
222aa 

MmRNA 41nt 687nt 103nt 
capH I--!Jpoly (A) 

(831nt) 1 
M PROTEIN 

229aa 

GmRNA 29nt 1533nt 103nt 
cap Ii I--!Jpoly (A) 

(1533nt) 1 
511aa 
1. MODIFICATION 

C5 
G PROTEIN 

r5 495aa 

Fig. 15. Translation ofVSV mRNAs for the N, NS, M, and G genes. Complete nucleotide sequences 
for these four mRNAs have been reported in Gallione et al. (1981) and Rose and Gallione(1981). The 
solid box at the 5' termini indicates the common pentanucleotide AACAG, and the total number of 
nucleotides preceding the AUG initiation codon is indicated. The open box at the 3' termini repre
sents the common sequence UAUG and the total number of nucleotides untranslated is indicated. 
Modification ofthe G protein includes cleavage ofthe 16 amino acid signal sequence, glycosylation 
at the two sites shown ( 6 ), and esterification with fatty acids at sites which have not been precisely 
localized 
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The complete sequences of the mRNA for N, NS, M, and G have been determined 
(Gallione et al. 1981; Rose and Gallione 1981). The organization of each message and the 
protein products are shown in Fig. 15. The mRNAs are capped and have a 5' untranslated 
region 10-41 nucleotides long, depending on the RNA. The frrst available AUG codon is 
used for initiation of translation; it is followed in each case by a single open reading frame 
for the entire polypeptide which ends with a single termination codon (VAG or UAA) 
(Gallione et al. 1981; Rose and Gallione 1981). The 3' untranslated regions of the messages 
vary from 47 nucleotides in N message to 139 nucleotides in NS. 

Three of the proteins are modified posttranslationally. Both M and NS are phos
phorylated as noted above. The synthesis and processing of the glycoprotein G has been 
extensively studied as a model system for other integral membrane proteins, including 
secretory proteins (reviewed in Lodish et al. 1981). The message encodes a polypeptide 
which begins with a highly hydrophobic 16 amino acid signal sequence which directs 
insertion through the membrane of the rough endoplasmic reticulum and is cleaved 
from the protein by signalase in the lumen (Chatis and Morrison 1979). The protein is gly
cosylated by transfer of a high mannose oligosaccharide from a dolichol intermediate. 
The core glycosylated G polypeptide migrates to the Golgi apparatus where further car
bohydrate modifications and the covalent attachment oflipids takes place (H.P. Ghosh et 
al. 1981) in a manner analogous to that described for the alphaviruses (Sect. 2.3.1). 
Although various strains and isolates ofVSV show extensive conservation of sequence at 
the N-terminus of the G protein, there is little or no homology in the signal sequence 
(H.P. Ghosh et al. 1981). 

In cells infected with VSV, host protein and RNA synthesis are inhibited (Wagner 
1975). Neither RNA replication nor production of mature virions is essential for inhibi
tion of host protein synthesis, which apparently is primarily due to competition between 
cellular and viral transcripts for a limiting number of ribosomes (Lodish and Porter 1980c, 
1981). 

4.1.5 Lyssavimses 

The second major rhabdovirus group, the lyssaviruses, includes the type virus, rabies 
virus, and numerous other isolates including several ftsh viruses (Matthews 1982). Mole
cular characterization of rabies has lagged behind VSV due to its pathogenicity, but 
several recent articles indicate that its structure and replication are virtually indistinguish
able from that of the vesiculoviruses. Lyssavirus particles contain ftve polypeptides: L, 
G, N, MI, and M2. The glycosylation of the G protein is strain-dependent and some 
strains possess two forms, Gl and G2 (DietzscholdI981). L, G, and N correspond to their 
counterparts in VSV (Coslett el al. 1980). Ml and M2 were originally thought to be two 
forms of matrix protein. However, M2 (25 K) appears to be the true matrix protein and is 
present in > 1000 copies per virion. Ml (39.5 K) is present in about 400 copies, can be 
found associated with nucleoproteins, exists in two differentially phosphorylated forms 
(Cox et al. 1982), and appears to correspond to the NS polypeptide ofVSV. 

Five species of mRNA of opposite polarity to virion RNA have been isolated from 
rabies-infected cells and translated in vitro to produce the ftve known rabies proteins 
(Pennica et al. 1980). In vivo experiments show that virus-speciftc proteins are indepen
dently translated from these monocistronic messages (Coslett et al. 1980). As for vesi
culoviruses, there appears to be a polarity of transcription, since UV transcription 
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mapping gives a gene order of3'-N-MI-M2-L-5' (Flamand and Delagneau 1978), the same 
relative order found for VSV. The location ofG was not determined in these studies, but 
it is likely that it will be found between M2 and L as in vesiculoviruses. 

It is clear from the similarities in their structure and replication that vesiculoviruses 
and lyssaviruses are closely related. The nucleoprotein antigens retain some cross-reacti
vity but the external glycoproteins have diverged extensively during viral evolution and 
appear unrelated by simple inspection. However, using computer programs to search for 
homologies in amino acid sequences of the G proteins of rabies and VSV, Rose et al. 
(1982) found clear evidence for the common ancestry of these groups. 

4.2 Paramyxoviruses 

The Paramyxoviridae are a family of negative strand RNA animal viruses containing a 
single molecule of RNA, 16-18 kb in size, as their genome. The RNA is present in a 
helical nucleocapsid containing primarily a single protein species (NP). The capsid is 
enveloped by a cell-derived lipid bilayer containing two glycoproteins (HN and F) and an 
internal nonglycosylated polypeptide (M) (Choppin and Com pans 1975). Three genera 
have been distinguished on the basis of morphological differences and the activities of 
the HN protein: the paramyxoviruses, the morbilliviruses, and the pneumoviruses. Para
myxovirus HN protein has both hemagglutinin and neuraminidase activities, morbilli
virus HN has hemagglutinin activity only, and the comparable polypeptide in pneumo
viruses has neither activity (Choppin and Com pans 1975). Paramyxovirus infection shares 
many common characteristics with the rhabdoviruses, but much less is known about the 
molecular biology of paramyxoviruses because they replicate poorly in cell culture. 

As is the case for all negative strand viruses, the paramyxovirus nucleocapsid, but not 
the naked RNA, is infectious. Primary transcription takes place to form at least six known 
species of capped and polyadenylated plus sense mRNAs even in the presence of protein 
and DNA synthesis inhibitors. Two size classes ofmRNA are made: The 35-S mRNA 
which is translated to give the L protein, and the 18-S mRN A. For Newcastle disease virus 
(NDV) it has been shown that the 18-S mRNA can be fractionated by preparative gel 
electrophoresis into five species, each of which encodes a unique viral protein (Collins et 
al. 1981). Replication of the genome (from a full-length antigenome plus strand template) 
and secondary transcription both require protein synthesis. Detergent-disrupted virions 
can be used as an in vitro system to study transcription and in recent experiments it has 
been possible to transcribe the entire genome ofNDV in vitro (Miller and Stone 1981). 
The active transcription complex is the nucleocapsid which contains one molecule of 
RNA; approximately 2600 copies of the nucleocapsid protein NP (60 K); about 300 
copies of a phosphorylated minor species, P or NAP (nucleocapsid associated protein) 
(mol. wt. 53 K); and as few as 30 copies of L, the putative polymerase. 

Although little is known about the synthesis of the plus strand messages and their 
subsequent capping and polyadenylation, it has been shown that transcription initiates at 
a single promoter in vivo and that the order of the genes can be determined from UV 
transcriptional mapping. Based on their UV irradiation data, Glazieretal. (1977) proposed 
a gene order of3'-NP-Fo-M-P-HN-L-5' for Sendai virus. More recently a study ofNDV 
gave the order 3'-NP-P-(F o,M)-HN-L-5' (Collins et al' 1980), which for reasons discussed 
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Fig. 16. Genome organization of rhabdoviruses and paramyxoviruses. A schematic representation 
of the VSV and Newcastle disease virus genomes is shown aligned by functional equivalence of the 
gene products. Shaded boxes indicate paramyxovirus genes which have no VSV equivalent. Both 
gene orders were determined by UV transcriptional mapping (Collins et al. 1980; Ball and White 
1976). A and B represent regions ofUV transcriptional anomalies discussed in the text. The func
tions of the gene products are discussed in the text 

below probably represents the correct placement. In Fig. 16 the genome ofNDV is com
pared with that of the rhabdovirus VSV, and the similarities in terms of the location of 
functionally analogous polypeptides is striking. From the 3' end, the ftrst gene encodes 
the nucleocapsid protein, in both cases the most abundant virus-specillc polypeptide in 
the infected cell. Next is the NS protein in VSV or the P protein of paramyxoviruses. As is 
the case for NS, the P protein exists in multiple phosphorylated forms (Smith and High
tower 1981) and plays some role, as yet poorly defmed, in regulation of RNA synthesis 
(Chin char and Portner 1981a, b; Samson et al.1981). P protein is the second most abundant 
virus polypeptide in infected cells, but not in virions, and seems to have a necessary 
transient association withnucleocapsids (Portner and Kingsbury 1976). Collinsetal. (1980) 
noted that the UV transcription target size covering P, F 0> and M (the region marked A in 
Fig. 16) is too short to encode the apparent polypeptide molecular weights of these three 
moieties; however, by analogy with the NS protein ofVSV (Sect. 4.1.1), it is possible that 
the molecular weight of P is less than the 53 K estimated from gels. 

The next gene of paramyxoviruses, F 0' which controls fusion and hemolysis, has no 
counterpart in VSV. The M or matrix protein follows. In both groups M is crucial for 
assembly and budding of mature virions, and can be phosphorylated in vivo and in vitro 
(Yoshida et al. 1979). The UV target size ofthe region marked B in Fig. 16 is too large and 
for this reason the 22-K nonstructural protein, called C in NDV and V in Sendai, was 
tentatively located between M and HN (Etkind et al. 1980; Peluso et al. 1977). However, it 
is now known that C is translated from P mRNA in a second reading frame (K olakovsky, 
personal communication) and the anomaly is unresolved. 

HN, the surface glycoprotein found in spikes outside the lipid bilayer, can be con
sidered equivalent to the G protein ofVSV, although the HN protein appears functional
ly more complex than G protein. The HN glycoprotein of the paramyxovirus subgroup 
performs two functions, both of which are essential to virus infection: it is both the 
hemagglutinin, which binds to erythrocytes and presumably to cellular receptors, and the 
neuraminidase, which removes sialic acid residues from the complex carbohydrate 
chains of both cellular and viral glycoproteins. These two activities can be shown to 
reside in separable domains of the protein through the use of mutants and monoclonal 



46 E.G. Strauss and J.H. Strauss 

antibodies (Portner 1981; Yewdell and Gerhard 1981; Merz et al. 1981). In addition, this 
multifunctional polypeptide appears to be required together with the F protein to 
produce cell fusion (Seto eta1.1974; Ozawa etal. 1979; Huangetal. 1980) and interacts with 
the M protein in virion assembly (Yoshida et al. 1979). Incorporation of such diverse 
functions in a single polypeptide of 74 K illustrates one approach to economizing on 
limited genome information. As noted above, the membrane glycoprotein of morbilli
viruses corresponding to HN has only the hemagglutinating activity and that of pneumo
viruses has neither activity (Compans and Klenk 1979). 

Finally, there is the L gene of both virus groups, a large region (up to 35% of the 
genome) encoding a very large (200 K) and probably multifunctional protein. The L gene 
of both VSV and NDV has been implicated in RNA synthesis, as well as in polyadeny
lation and capping (Choppin and Compans 1975). 

On the basis of the striking similarities in the genome organization, we suggest that 
rhadboviruses and paramyxoviruses derive from a common ancestral negative strand 
virus. Indeed, a rhabdovirus genome could be constructed by deletion from a paramyxo
virus genome. In this regard it is of interest to compare the nucleotide sequence at the 
exact 3' and 5' termini of the genomes, shown in Fig. 17. Note that seven of the frrstnine 
nucleotides are identical between VSV(NJ) and Sendai and that the next seven to ten 
nucleotides of each represent a polypyrimidine tract. At the 5' terminus, eight of ten 
nucleotides are the same between VSV (NJ) and Sendai. Furthermore, five ofthe Sendai 
genes terminate in the common sequence 3'-AUUC CUs)-5' which is very similar to the 
consensus sequence 3' AUAC CU7)-5' terminating the VSV genes (Gupta and Kingsbury, 
1982), confrrming the recent evolutionary divergence of these two viruses. We also note 
that there is no demonstrable homology between these sequences and the comparable 
sequences at the 3' ends of other negative strand genomes such as fowl plague virus, an 
orthomyxovirus (Robertson 1979); LaCrosse virus, a bunyavirus (Obijeski et al.1980); or 
Pichinde, an arenavirus (Auperin etal.1982). Finally, recent results suggest thatthere is a 
3' leader sequence in Sendai virus (Leppert et al. 1979; Amesse and Kingsbury 1982), and 
the paramyxoviruses may possess both plus and minus strand leaders analogous to those 
of the rhabdoviruses. When amino acid sequences of the paramyxovirus proteins 
become available, either direct or deduced from nucleotide sequencing, it will be very 
interesting to compare them to the sequences of the functionally equivalent VSV 
proteins. 

Little is known about replication of the paramyxovirus genome. Full-length (50-S) 
RNA molecules of plus polarity can be isolated from infected cells and these presumably 
serve as replicative templates for the virion RNA. As is the case for rhabdoviruses, these 
RNAs are found exclusively in nucleocapsids, rather than as free nucleic acid (Kingsbury 
1977). Some of these plus strand nucleocapsids are found in mature virions as evidenced 
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Fig. 17. The 3' and 5' termini ofSendai and VSV 
(New Jersey) RNAs, with sequences aligned for 
maximum homology. Data are from Rowlands 
(1979) and Lazzarini et al. (l981a) 
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GENOME (-) 
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HoUGGUCUGUCCCCUCCUCCACACACA 
ANTIGENOME(+) Ho-------U-U-AAA-U-U-UAUA-

Fig. 18. 3' Terminal sequences ofSendai virus RNAs. A horizontal line in the antigenome sequence 
indicates that the nucleotide is the same as in the genome sequence above. Note that identity of the 
3' termini of the plus and minus strands is equivalentto self-complementarity of the 3' and 5' termi
ni of one RNA molecule. Data are from Lazzarini et al. (1981) 

by limited self-annealing ofRNAs isolated from the virus. As with other negative strand 
viruses, the 3' and 5' ends of the genome show partial complementarity (Lazzarini et al. 
1981) (Fig. 18), suggesting that the replicase recognition sites for both plus and minus 
strand synthesis are related and that both strands are made by the same polymerase (see 
also Sect. 4.1). Replication, unlike primary transcription, requires continued protein 
synthesis as is the case for VSV and the mechanisms involved in regulation of replication 
may be similar. 

Posttranslational modifications of the structural proteins play an important role in 
paramyxovirus maturation. The fusion protein is translated as a precursor, F 0' which is 
glycosylated and transported to the cell surface. In permissive cells, this inactive form is 
cleaved to FI and F2 which remain covalently linked by disulfide bonds (Hardwick and 
Bussell 1979). The orientation of F2 and FI in Fa have been shown to be NH2-Fr FI-
COOH (Samson et al.1980). FI is known to be the active form of this protein necessary for 
infection and fusion functions (Scheid and Choppin 1977; Samson et al.1980). In nonper
missive cell lines, virions are released carrying the inactive Fo form which can be acti
vated by exogeneously supplied trypsin; this observation was the basis for the isolation of 
a series of Sendai mutants which could be activated by chymotrypsin or elastase rather 
than trypsin (Scheid and Choppin 1976). Protein RN is also produced as a precursor RNa 
(82 K) which is processed to RN (74 K) with the loss of an amino terminal peptide of 
molecular weight 8 K (Nagai et al. 1976; Garten et al. 1980). The cleavage of Fa, and 
perhaps that of RNa as well, may be catalyzed by the same Golgi protease which is 
responsible for processing a number of virus glycoproteins. The degree of cleavage of 
RNa correlates with virulence. In some cases, such as nonpathogenic strains ofNDV, the 
RN protein is found as the inactive precursor RNa. It is of note that the uncleaved forms 
of both Fa and RNa can be utilized normally in the assembly of particles butthe resulting 
particles are noninfectious (Nagai et al. 1976). Although both Fa and RNa are integral 
membrane proteins, there is as yet no evidence for a cleaved signal peptide at the N
terminus of either one. 

In the presence of the drug tunicamycin, unglycosylated forms ofF and RN are pro
duced. Unglycosylated Fa is transported to the cell surface, inserted into the plasma 
membrane, and cleaved to form unglycosylated Fl' Unglycosylated RN is also trans
ported to the surface normally, but assumes a different conformation in the plasma 
membrane from glycosylated RN (Morrison et al. 1981). 

Paramyxovirus transcription, translation, and replication appear to be wholly cyto
plasmic and to be independent of nuclear functions. These viruses replicate in UV irra
diated cells, in the presence of nucleoside analogs which block DNA synthesis and in the 
presence of actinomycin D (Choppin and Compans 1975; Kingsbury 1977). However, 
although all the specific polypeptides are synthesized in enucleated cells, albeit in 
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reduced quantities (Pennington and Pringle 1978), no infectious virions are produced. 
This is in contrast to VSV replication, which occurs normally in enucleated cells, or 
influenza replication, in which neither infectious virus nor virus-specific antigens can be 
detected in the absence of the nucleus (Kelly et al.1974). The exact nature of the require
ment for the nucleus for paramyxoviruses maturation is not known but may reflect the 
fact that enucleation often removes much of the perinuclear membranous structures 
(such as the Golgi) which are necessary for fmal maturation of infectious particles 
(Pennington and Pringle 1978). 

4.3 Orthomyxoviruses 

The orthomyxovirus group consists of three antigenically separate virus groups: influen
za A, influenza B and influenza C. Influenza A encompasses a large number of strains 
which infect birds, humans, and other mammals, while influenza B is primarily of human 
origin (Matthews 1982). Little is known about the distribution of influenza C, but it is only 
weakly pathogenic for man. Influenza A viruses have been the object of intensive study 
for many years because they cause relatively mild seasonal epidemics punctuated every 
10-20 years by global pandemics. The antigens of both influenza A and B undergo 
gradual changes (antigenic drift), but only influenza A viruses exhibit the abrupt changes 
(or antigenic shift) that lead to the appearance of new strains with entirely unrelated 
surface markers, which are the cause of the periodic pandemics. Such new strains may 
arise by recombination between human and animal strains. Large amounts of effort have 
been devoted to characterizing influenza viruses in order to determine the origin of the 
new pandemic strains and to devise strategies for effective vaccine production (Nayak 
1977). Influenza viruses are generally named and characterized by the location and year 
of the isolate (Hong Kong, Victoria, etc.), the animal of origin, and for human strains by 
the major serotypes of the hemagglutinin (HO, HI, etc.) and neuraminidase (Nl, N2, N3, 
etc.); for example, A/PR/8/34 (HIN1) is a human influenza A isolated in Puerto Rico in 
1934 and has the HI hemagglutinin and the N1 neuraminidase. 

The genome of influenza A consists of eight segments of negative strand RNA, with 
a total complexity of13.5 kb (molecular weight 4.5 X 106), each encapsidated in a separate 
helical nucleocapsid containing primarily NP protein and some tightly bound matrix 
protein, as well as catalytic amounts of the transcriptase/replicase components PI, Pl, 
and P3 (Rees and Dimmock 1981). The segmentednucleocapsids are surrounded by a lipid 
bilayer of cellular origin which contains the two integral membrane glycoproteins HA 
(the hemagglutinin) and NA (the neuraminidase) in the form of external "spikes" and a 
single abundant species of M (matrix protein) lining its inner surface (Nayak 1977). 
Influenza B virions are of a similar architecture (Racaniello and Palese 1979), whereas 
influenza C has a somewhat different construction. The number of RNA segments in 
influenza C may be as many as nine (Petri et al. 1979b), and the polypeptide composition 
is different in that the virions lack neuraminidase activity and possess only a single 
species of glycoprotein, that corresponding to HA (Herrler et al. 1981; Meier-Ewert et al. 
1981). Unless otherwise stated, the remainder of this section will deal with influenza A 
only. 
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4.3.1 Overview of Inflnenza Replication 

The general outline of influenza replication resembles that of other negative strand 
viruses. N ucleocapsids, but not deproteinized genomic RNA, can initiate infection, indi
cating that virion-associated polymerases are necessary for primary transcription to 
produce mRNAs complementary to the genome segments. Early studies measured the 
synthesis of total cRNA, but recent reports indicate that there are two populations of 
cRNA. The ftrst is made up of mRNAs which are not complete transcripts of the viral 
RNA, are capped at the 5' end and polyadenylated at the 3' end, and are produced by both 
primary and secondary transcription. The second population is now called A-cRNAs or 
template RNAs. These are complete transcripts which lack poly(A) tracts and terminate 
at the 5' end with a pppA, and which serve as templates for genomic RNA replication 
(Smith and Hay 1981; Hay et al.1982). The mechanisms of transcription and replication 
will be discussed in greater detail in Sect. 4.3.2 and 4.3.3 respectively. 

With the exception of the three smallest RNA segments, which encode two polypep
tides, each RNA represents a single influenza gene, encoding a single virus-speciftc poly
peptide. The coding assignments are summarized in Table 4. These have been deter-

Table 4. Genome organization of influenza viruses 

RNA segment- Sizeb Protein encodedc Linkage Functiond 

(nucleotides) groupa 

1 2341 P3 (Ptra) PB2 I All RNA synthesis 
Cap associated 

2 2341 PI (Poll) PB1 ill Initiation of transcription 
cRNA synthesis 

3 2233 P2(poI3) PA n vRNA synthesis 
4 1756 HA VI Hemagglutinin; infection 

and absorption 
5 1565 NP V Nucleoprotein; vRNA 

synthesis 
6 1413 NA IV Neuraminidase 
7 1027 M1,M2 vn Assembly for M1 
8 890 NS1,NS2 vn vRNA synthesis for NS1 

a Numbering of RNA segments and linkage group designations are for influenza A-WSN strain 
according to Palese (1977). Assignment of polypeptides to RNA segments includes the data of 
Inglis et al. (1977) and Palese (1977); b Size of segments 1 and 3-8 was determined from complete 
nucleotide sequencing in the following references: segments 1 and 3 from Fields and Winter 
(1982), segment 2 from Winter and Fields (1982), segment 4 from Porter et al. (1979) and Both and 
Sleigh (1980), segment 5 from Van Rompuyet al. (1981) and Winterand Fields (1981), segment 6 from 
Fields et al. (1981), segment 7 from Lamb and Lai (1981), and segment 8 from Lamb and Lai (1980) 
and Porteretal. (1980). C PI, P2, and P3 are the designations of Palese (1977). A second set of names, 
in parentheses, was proposed by Scholtissek (1979). The recent fmding that PI, P2, and P3 can be 
well separated by two-dimensional electrophoresis into one acidic (P2) and two basic (pI + P3) 
proteins (Horisberger 1980) sUPrests the designations P A and PB1 and PB2, where PB2 is the larger 
of the two basic proteins; Data on functions is a composite of the following references: 
Mowshowitz, 1981; Shimizu etal., 1981; Mahy et al., 1981; Scholtissek, 1979; Wolstenholme etal., 1980. 
vRNA, negative strand genomic RNA; cRNA, complementary (Plus strand) RNA, including 
both mRNA and antigenomic RNA. 
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mined by a combination of methods including analyses of recombinant viruses (either 
between naturally occurring strains or temperature sensitive mutants) or by the some
what different technique of hybrid-arrested in vitro translation. The ftrst method makes 
use ofthe fact that for many strains of influenza all eight genomic RNA segments can be 
distinguished by their electrophoretic mobility in acrylamide gels. When two strains of 
virus infect a given cell, recombinant viruses are formed with high frequency by reassort
ment ofthe RNA segments (Palese 1977; reviewed in Scholtissek 1979); by analysis of a 
number of recombinants between two parental viruses, it is often possible to correlate a 
function with the presence of a particular RNA segment. This type of analysis has also 
employed catalogs of temperature-sensitive mutants of influenza to assign the functions 
to the recombination groups (Shimizu et al. 1981; Mahy et al. 1981). 

The method of hybrid-arrested translation complements the genetic results. Mix
tures of mRNAs isolated from polyribosomes of infected cells are purifted by selection 
on oligo(dT) cellulose columns. Individual genomic RNA segments (called vRNAs), 
purifted by gel electrophoresis, are hybridized to the mRNA mixture, which is then trans
lated in a cell-free system. By examining the polypeptides produced, and showing that 
the fragment hybridized is no longer available for translation, the various influenza gene 
products can be assigned to the vRNA of a particular electrophoretic mobility (Inglis et 
al. 1977). 

The fourth column in Table 4 is headed linkage (or reassortment) group rather than 
complementation group, since intracistronic or intrasegmental complementation is a 
common phenomenon in influenza. Intrasegmental complementation has been demon
strated for all the polymerase genes, P3 (Heller and Scholtissek 1980), PI, and P2 (Shimizu 
et al. 1981), which is perhaps a reflection of their multifunctional nature, as well as for the 
segments encoding neuraminidase and nucleoprotein (Thierry et al. 1980). As expected, 
intrasegmental complementation has also been found between mutants located on seg
ment 8, which encodes two polypeptides (Wolstenholme et al. 1980). 

There appears to be no permanent or transient linear association of the genomic 
RNAs, and initiation of transcription is completely independent for each vRNA 
segment. Attempts to order the genes by UV transcriptional mapping have shown no 
polarity of target sizes; the UV targets of the mRNAs are proportional to the size of the 
transcripts (Abraham 1979). Similarly, UV inactivation studies have shown that the 
replication of the genomic segments and their templates is also independent (Smith and 
Hay 1982). However, despite the fact that all eight segments are not produced in equi
molar amounts in infected cells, they are equally represented in the RNA population iso
lated from virions, and the mechanism of this selection is not understood. 

4.3.2 Transcription of Influenza mRNAs 

It has been known for many years that influenza virus requires a functional nucleus for 
replication. Early experiments had shown that neither mature virions nor virus-specillc 
antigens were produced in enucleated cells, under conditions which were permissive for 
several other virus groups (K el(y et al. 1974). The nucleus was essential only early in infec
tion, and enucleation 4 h after infection allowed a low level of production of infectious 
virus (Pennington and Pringle 1978). Similarly, UV irradiation or actinomycin D treatment 
would inhibit replication if administered early in the infection cycle of influenza A and B 
(Nayak 1977), as well as influenza C (Petri et al. 1979a). One essential activity was 
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apparently the cellular DNA-dependent RNA polymerase II since influenza replication 
was inhibited by a-amanitin (Rott and Scholtissek 1970; Mahy et al. 1972), but virus repli
cation was insensitive to the presence of a-amanitin in host cell lines resistant to the drug 
(Lamb and Choppin 1977). Recently, using improved subcellular fractionation tech
niques and more sensitive probes for newly synthesized RNA species, it has been 
possible to show that all influenza transcription, both primary and secondary, takes place 
in the nucleus (Herzet al.1981) using newly synthesized cellular messages as primers (see 
below). Newly synthesized P protein, NP protein, M protein, and NSI protein are all 
transported to the nucleus from their cytoplasmic sites of synthesis early in infection 
(Flawith and Dimmock 1979; Briedis et al. 1981a), presumablY to form more transcription 
complexes. Both replication and transcription of RNA take place earlY in the influenza 
growth cycle; for example, the rate of RNA synthesis, whether vRNA, mRNA, or· 
antigenomic template RNA, reaches a maximum at 2-3 h after infection of mammalian 
cells by the WSN strain of influenza (Mowshowitz 1981; Smith and Hay 1982) or of chick 
embryo fibroblasts by fowl plague virus (Scholtissek and Rott 1970; Hay et al. 1977). This 
explains why inhibitors of RNA polymerase II, enucleation, UV, and actinomycin D 
only prevent virus replication if they are administered during the frrst 1.5-2.5 h after 
infection. 

The strategy of RNA transcription by influenza viruses has several aspects which set 
it apart from the other negative strand viruses. mRNAs isolated from infected cells 
contain at the 5' end a cap I structure of the form m7GpppAmPX which is followed by 9-15 
nucleotides that are heterogeneous and not found in the vRNA sequence, suggesting 
that host RNAs donate these capped structures to the viral messages (Krng et al. 1979; 
Dhar et al. 1980; Caton and Robertson 1980). Experiments on in vitro transcription of 
mRNAs by disrupted virions have confrrmed the use of host -derived primers (Plotch et 
al.1979; Robertson et al.1980) and elucidated a number of the details of influenza mRNA 
transcription. The frrst step is the cleavage of a host-derived message by a virion-encoded 
endonuclease to yield an oligomeric primer 10-14 nucleotides in length which has a 
capped 5' terminus and a 3' terminal hydroxyl group. The nuclease which generates the 
primer has been shown to cleave only molecules containing a methylated cap, to cleave 
preferentially at locations 10-13 nucleotides from the cap, and to cleave preferentially 
following purine residues (Plotch et al. 1981). The P3 polypeptide (the more rapidly 
migrating of the two basic polymerase proteins) recognizes the cap I structure and 
appears to remain associated with it, even during elongation of the message (Ulmanen et 
al. 1981a). It can be cross-linked to the cap and is probably involved in some way with 
primer generation. The common sequence at the 3' termini of influenza vRNAs is 3'
UCG ... , and primers terminating in A are strongly preferred. Transcription is initiated 
by attaching a G to the primer, complementary to the penultimate nucleotide, C; primers 
ending in G can also be used to initiate transcription with a C residue, corresponding to 
the third nucleotide of the virion RNA (Plotch et al. 1981). Cross-linking studies have 
shown that the PI polymerase can be cross-linked to this frrst G residue attached to the 
primer, suggesting that PI is responsible for initiation (Ulmanen et al.1981a). The fact that 
the capped oligomers which can serve as primers are predominately 10-13 bases long, 
while shorter capped structures are not utilized, may reflect a requirement for binding 
sites for both the P3 and PI proteins for successful priming (Plotch et al. 1981). 

After initiation, the transcriptase copies the vRNA exactly up to a tract of 5-7 uridine 
residues which is located approximately 20 nucleotides from the 5' end of the segment; 
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here the enzyme complex appears to stutter, adding variable amounts ofpoly(A) to the 
mRNA, and transcription terminates (Robertson et al. 1981). The eight primary trans
cripts corresponding to the eight vRNA segments are used as messengers. In addition 
two other transcripts are produced from the primary transcripts of segments 7 and 8 by 
splicing. Since the splice sites are similar to those found in cellular transcripts, cellular 
enzymes in the nucleus are probably responsible for this processing (Lamb and Lai 1980; 
Lamb et al. 1981). 

Quantification of mRNAs in infected cells has indicated that little temporal control 
exists, i.e., with the exception of the mRNA for NS2, the relative amounts of the mRNAs 
corresponding to the eight segments are similar throughout the time course of infection 
(Tekamp and Penhoet 1980; Pons 1981). In this study, normalizing to the number of copies 
of segment 4 message, only one-third as many mRNAs are transcribed from each of the 
three largest segments, the three middle segment mRNAs are present in roughly equal 
amounts, and mRNAs corresponding to segments 7 and 8 are present in two- to threefold 
excess. These figures are tantalizingly close to the inverse of the molecular weights of the 
fragments and would imply that all segments initiate transcription with equal efficiency 
but that the time required for elongation determines the number of copies produced. 
However, the relative concentrations of individual vRNA and mRNA segments depend 
upon the host cells used (Smith and Hay 1982), and it has been suggested that the relative 
proportions of genome RNAs available as templates may modulate mRNA synthesis. 

4.3.3 Replication of the Virion RNA 

Much less is known about the details of the replication of the viral RNAs, but in contrast 
to the transcriptional processes, orthomyxovirus RNA replication appears similar to that 
of the other negative strand viruses. All eight vRNA segments share common sequences 
at their 3' ends, which may represent a replicase binding site (Fig. 19). In addition, the 
vRNA segments possess partially complementary sequences at the 5' ends. Thus the 
3' terminal sequences of the template cRNAs are homologous to the 3' sequences of the 
vRNAs and could be recognized by the same replicase enzyme. The lengths of these 
homologous sequences vary from 12 to 16 nucleotides for the different segments. In the 
case of the rhabdoviruses, (Sect. 4.1) modulation of RNA replication and transcription 
involves more than the terminal complementary sequences. For influenza the situation 
is unclear. All eight segments possess the same mismatches between the 3' terminal 
sequence of plus and minus strands at positions 3, 5, and 8 which could be responsible for 
the production of more minus strands than plus strands. Segments 1, 2, and 3 have an 
additional mismatch at position 4 (Fig. 19) and are produced in smaller amounts in 
infected cells. Thus the mismatches at positions 3, 4, 5, and 8 could modulate replication. 

The eight segments appear to replicate independently, and vRNA segments 5 and 8 
are preferentially synthesized early in infection (Smith and Hay 1982). The cellular site of 
replication has not been unambiguously determined, but it is quite possible that it occurs 
in the nucleus as is the case for transcription (Herz et al. 1981). 

4.3.4 Translation 

As noted earlier, the polypeptides encoded by the eight segments of the influenza 
genome have been assigned to their respective segments by genetic and biochemical 
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SEGMENT 
3' 1r~ 'r 

1 (+) HoUCAUCUUUGUUCCAG AAAAAU 
(-) HO -GCU-C- UU-U-

I 

~ I 
2 (+) HO GU ---G 

(-) HO -GCU-C- -GU UGGU-A 

I I 
3 (+) HO UGFA 

(-) HO -GCU-C- --UG- U-GG 

(+) 
I 

C~ I A 4 HO 
(-) HO -G-U-C- -C A-UGUU-

I CAU~G 
Fig. 19. 3' Termini of influenza RNA 

5 (+) HO segments. Sequences at the 3' termini 

(-) HO -G-U-C- -CAU- -UUA of both genomic (-) and antigenomic 
(+) RNAs of the eight segments of 

I~ 
fowl plague viruses are shown. A hori-

6 (+) HO UCA A zontal line indicates that the nucleo-

(-) HO -G-U-C- -UCA- UUU- tide is identical to that in the plus 
strand of segment 1. The vertical lines 

ltu= indicate the point at which the se-
7 (+) HO 

--~- -U-~ 
quences of a given segment diverge 

(-) HO -G-U-C- from one another. Nucleotides 16-22 
in the plus strand of all segments con-

I 

~ I 

sist of primarily A residues but the cor-
8 (+) HO CAC --A responding minus strand sequences 

(-) HO -C-U-C- -CAC GUUUU show no homology. Data are from 
Robertson (1979) 

means. The complete sequences of all of the genome segments, obtained by using re
combinant DNA techniques, have now been reported and the amino acid sequences of 
the encoded polypeptides have been deduced. The transcription and translation of seg
ments 1, 3, 4, 5, and 6 share common features (illustrated by segments 4-6 in Fig. 20). 
Following the heterogenous host encoded capped primer, each mRNA possesses a short 
5' untranslated region of20-45 nucleotides beginning with the complement of the com
mon sequences shown in Fig. 19 and continuing with an initiation codon, a single long 
open reading frame, a termination codon, 4-40 untranslated nucleotides, and a poly(A) 
tail. As noted earlier, the vRNAs contain a 16-nucleotide common sequence at the 
5' end (closed box) which is lacking in the mRNA transcripts. 

The hemagglutinin (HA) has been the most extensively studied influenza protein. 
Segment 4 RNAs from several strains have been sequenced, primarily to investigate the 
amino acid changes which occur during antigenic drift of a single serotype and to com
pare them to the events which signal the emergence of a new serotype during antigenic 
shifts (Porter et al. 1979; Both and Sleigh 1980; Gething et al. 1980; Min lou et al. 1980; 
Winteret al.1981; Hiti et al. 1981; Fanget al. 1981). In addition, there has been considerable 
direct determination of amino acid sequence. The HA polypeptide is translated be
ginning at the fIrst AUG codon in the mRNA and consists of a hydrophobic signal 
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SEGMENT 4 

HA mRNA 
(1757nt) 

SEGMENT 5 

NP mRNA 
(1543nt) 

SEGMENT 6 

NA mRNA 
(1392nt) 

3' HO ________________ ~1~77~B~n~t ___________________ • 
5' 

5' (cap __ !)::;[:t=======~1=B=9B=n=t========::52t'~OIY (A) 3' 

HA1 
632Baa 

1 TIWISl..ATlON 

5BBaa 
lMDDIFICATlON 

66 - HA2 
222aa 6 r; 

3' HO ________________ ±15~B~5n~t~ ______________ •• 5' 

5 '45nt 1494nt 4nt 3 ' 
(cap---)-it=========~======::JfPOlY (A) 

!TRANSl...ATION 

NUCLEOPROTEIN 
49Baa 

3' HO ____________ ~1~4~13~n~t _______________ • 
5' 

5 '20nt 1362nt IOnt 3 ' 
(cap---He========~=====~:Jf poly (A) 

1 TRAHBLATION. 

454aa 
_I. GL YCOSYUTIDN 

6 NEURAMl'NIDASE 

Fig. 20. Transcription, translation, and processing of influenza RNA 4, RNA 5, and RNA 6. The ge
nome RNA (minus polarity) is shown schematically; the solid box is the conserved and nontrans
cribed 5' terminal sequence. (Cap ---) indicates the capped primer of variable length which is 
derived from host mRN A. Open boxes indicate the translated region of the mRNA. Modification of 
the hemagglutinin includes cleavage of the 17 amino acid signal sequence (5'), glycosylation at the 
sites shown ( 6 ), and cleavage to HAl and HA2 with the loss of a basic residue from the carboxy 
terminus of HAl. The neuraminidase is glycosylated at the sites shown. Overlines in the HA precur
sor, in HA2, and in NA indicate regions of hydrophobic amino acids. All data are for the A/PR/8 
strain (HI, N1) of influenza A (Winter et al. 1981; Winter and Fields 1981; Fields et al. 1981) 

sequence, which is removed by signalase and thus not found in the mature HA in virions, 
followed by 550-570 amino acids depending on the virus (see Fig. 20). There is a second 
cleavage site near residue 328 which separates HAl (the external protein) from HA2 (221 
or 222 amino acids). Depending upon the virus strain, one, two, three, or more basic 
residues can be trimmed from the carboxyl terminus of HAl by a carboxypeptidase of the 
B type (Klenk et al. 1980; Bosch et al. 1981). HAl and HA2 are linked to one another by 
disulfide bonds in the virion and the functional unit is a trimeric structure (Wilson et al. 
1981). HA is thus translated NHr Signal-HAI-HA2-COOH. HA2 possesses ahydropho
bie region between amino acids 185-211, which is presumably anchored in the lipid 
bilayer of the virion, and a short hydrophilic C-terminus, presumably on the interior 
(cytoplasmic) face of the membrane. The cleavage ofHA to HAl and HA2 may occur, at 
least in some strains such as pathogenic strains of fowl plague virus, in the Golgi appara
tus, catalyzed by a host protease of trypsin-like specificity which may also be involved in 
the cleavage of other virus glycoproteins. There are variations in the susceptibility of the 
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hemagglutinins of different influenza virus strains to proteolytic cleavage and these 
differences appear to be important determinants for the spread of the virus in the 
organism and for pathogenicity (Roft 1979; Klenk et al. 1980). 

Two determinations of the NP gene, segment 5, have been performed (Winter and 
Fields 1981; van Rompuy et al. 1981). The mRNA again has a short 5' untranslated region, 
an open reading frame of 480-500 triplets, and a short 3' untranslated region (Fig. 20). 
One of the reported sequences contains, relative to the other, a deletion of 46 nucleotides 
in one location and an insertion of two nucleotides at another site, which results in a 
phase shift in the deduced amino acid sequence. It seems likely that the difference is due 
to a sequencing artifact, and direct amino acid sequence determination of the NP protein 
would be useful. The protein is quite basic, as would be expected considering its major 
role in interacting with the RNA to form nucleocapsids. Clustering of basic residues 
occurs, although not nearly to the extent seen in the alphavirus capsid protein (Garoffet 
al. 1980a; R ice and Strauss 1981), and there is speculation thatNP interacts with up to 20 or 
30 nucleotides of RNA along its length. 

Segment 6, the neuraminidase gene, has also been sequenced in its entirety for two 
influenza strains with the N1 serotype (Fields et al. 1981; Hiti and N ayak 1982). Although 
NA is a membrane-associated glycoprotein, there is no evidence for an N-terminalsignal 
sequence. No ''unprocessed'' form ofNA has been seen and the N-terminal sequence 
contains both proline and charged residues. Potential glycosylation sites are noted in 
Fig. 20, and all fall within the N-terminal half of the polypeptide. There is a strongly 
hydrophobic region between amino acid residues 7 and 35 which has been postulated to 
be the membrane-associated anchor of the protein. Pronase digestion of intact virions 
releases partial NA molecules in a tetrameric association called ''neuraminidase heads", 
which lack the N-termini ofNA (deduced from the nucleic acid sequence) and retain the 
C-termini as predicted this hypothesis (Blok et al. 1982). This orientation is unusual 
among virus glycoproteins, most of which have their hydrophobic roots located at or near 
the C-terminus. It is noteworthy that partial sequencing of RNA segment 6 from eight of 
nine available serotypes ofNA indicates that the N-terminal eight to ten amino acids are 
strongly homologous to N1, but that there is little or no homology among strains for ami
no acids 12-20 (Air et al. 1981; Blok et al. 1982). This may reflect the nonconservation of 
sequence which is often found in strongly hydrophobic domains of proteins. RNA seg
ment 6 of influenza B, but not influenza A, encodes both NA and a nonstructural protein 
NB of mol. wgt. 11,200, which are translated in two different reading frames from a single 
bicistronic mRNA (Shaw et al. 1983 in press). 

For RNA segments 7 and 8 the situation is more complex, as it has been shown that 
each of these segments encodes two proteins and that these proteins are translated from 
different mRNA species. As shown in Fig. 21, three mRNAs have been found which will 
hybridize with segment 7. The largest is M1 mRNA, 1005 nucleotides long, which 
contains all of the coding capacity of segment 7 and encodes M1, the matrix protein of the 
virion. Protein M1 is 252 amino acids long, and there are 224 nucleotides untranslated at 
the 3' end ofM1 mRNA. The two smaller messages are M2 mRNA, 322 nucleotides in 
length, and M3 mRNA, containing 278 nucleotides (Lamb et al. 1981; Inglis and Brown 
1981). M2 RNA is 5' coterminal with the M1 RNA for 51 nucleotides, which include the 
5' untranslated region and a coding region for nine amino acids. The sequence is inter
rupted for 689 nucleotides and spliced to the remainder of segment 7, where translation 
resumes in a different reading frame for 88 residues. Of these 88 triplets, 15 overlap the 
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SEGMENT 7 3'~ ____________________ ~1~u~~~/n~< ______________________ ~_ 5' 
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Fig. 21. Transcription and translation of influenza RNA 7 and RNA 8. Applicable conventions are 
the same as for Fig. 20. Initiation codons (AUG) are shown as open triangles; termination codons are 
shown as solid diamonds. Nuc1eotides excised in the spliced messages for M2, M3, and NS2 are 
shown by Vs joining the two halves of the message. Shaded boxes are translated in a different reading 
frame from open boxes. Data for segment 7 are from Lamb and Lai (1981), and Lamb et al. (1981) for 
the U dam strain. Comparable sequences of influenza segment 7 have also been obtained for the ge
nome RNA of A/PR/8 (Winter and Fields 1980) and its small mRN As (Inglis and Brown 1981). The 
sequence of segment 8 shown is for the U dam strain of influenza (H3N2) from Lamb and Lai (1980). 
Similar results have been obtained for fowl plague virus segment 8 (Porter et al. 1980) and for duck 
influenza and AlPR/8 (Baez et al. 1981) 

Ml coding region and the last 73 are in the 3' untranslated region ofMl mRNA. A minor 
protein species corresponding to this message has been found in infected cells (Lamb and 
Choppin 1981). The function ofthe M3 mRNA is unknown, since its splice point precedes 
the common initiation codon used for Ml und M2. The only translatable sequence would 
encode an oligopeptide nine amino acids long, identical to the C-terrninus ofthe Ml poly
peptide (Lamb et al. 1981). 

Comparison of the Ml and M2 polypeptides from an HINI influenza strain (Allen et 
al. 1980; Winter and Fields 1980) with the matrix protein from an H3N2 isolate revealed 
that the Ml sequence was conserved with only seven changes in 252 amino acids while 
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M2 was much more variable, with ten changes in 97 amino acids (Lamb and Lai 1981). 
Segment 7 of influenza B has a similar organization, with two reading frames, and there is 
significant homology between the deduced amino acid sequences of the Ml proteins of 
influenza A and B (Briedis et al. 1982). 

The smallest virion RNA, segment 8, has been known for some time to encode two 
nonstructural proteins, NSI and NS2. These two polypeptides are the only influenza 
proteins with a defmite temporal contro1. NSI is an early protein, a product of primary 
transcription, which migrates to the nucleus (particularly the nucleolus) and is implicated 
in vRNA synthesis. NS2, on the other hand, appears late in the infection cycle and is not 
made in the absence of host protein synthesis (Lamb et al.1978). The structure of the NS 
gene, as deduced from sequencing of the virion RNA and the mRNAs, is shown in 
Fig. 21 (Lamb and Lai 1980; Porter et al. 1980). The overall strategy is identical to seg
ment 7. The vRNA is 890 nucleotides long. The NSI message is the entire transcript 
(except for the 5' terminal 22 nucleotides of the vRNA) and contains a host cap and 
primer at the 5' end and poly(A) at the 3' end. The fIrSt initiation codon at nucleotide 26 
precedes an open reading frame of711 nucleotides encoding the NSI polypeptide of237 
amino acids. In this reading frame there is a moderately long (131 nucleotides) 3' untrans
lated region. The NS2 message is 396 nucleotides long [exclusive of primer and poly(A)] 
and begins with 26 nucleotides of untranslated sequence followed by 30 nucleotides 
which encode the same ten amino acids which form the N-terminus ofNSl. Following 
this, 437 nucleotides are spliced out and translation resumes in a second reading frame 
for 111 amino acids. This includes 210 nucleotides which overlap for NSI and NS2 and 
most of the remainder of the segment 8 genome. The NS2 polypeptide is thus Ul amino 
acids long. As expected, the number of nucleotide changes found between strains is 
much higher in the regions encoding only NSI or NS2, while much more conservation of 
nucleotide sequence is present in the overlap region where two frames are being used for 
protein information (Baez et al. 1981). We note that both NSI and NS2 are blocked, and 
thus no direct amino acid sequence data exists to confrrm these conclusions, which are 
based upon the nucleotide sequence. Segment 8 of influenza B virus and its messenger 
RNAs have also been sequenced and show a very similar organization, with an unspliced 
mRNA encoding NSI and a spliced mRNA for NS2 (Briedisetal.1981b;Briedis and Lamb 
1982). 

The presence of spliced messengers is unique to the myxoviruses among all RNA 
viruses examined to date, although it is conceivable that a similar strategy might be 
employed by the arenaviruses (vide infra) where there appears to be nuclear involvement 
in replication. Splicing appears to be restricted to the nucleus and thus only viruses whose 
transcription occurs in the nucleus can make use of splicing, at least using the host 
system. Splicing allows ready use of more than one reading frame, which increases 
genomic information without increasing genome size. 

It is known that the various influenza specific proteins are made in differing molar 
amounts, but it is not clear how their synthesis is modulated. The concentration of the 
most abundant virus polypeptides is roughly 50-fold that of the least abundant (Tekamp 
and Penhoet 1980) and the relative proportions in mature virions are even more disparate 
(Nayak 1977}. 
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4.4 Arenaviruses 

The arenaviruses are a group of viruses whose primary host is usually a single species of 
rodent. They normally cause a chronic disease in this rodent host, but some can also 
cause serious or fatal human diseases such as hemorraghic fevers and aseptic meningitis. 
The family is divided into two serologically distinguishable groups: the Old World arena
viruses, which include various isolates of lymphocytic choriomeningitis (LCM) virus, 
Lassa fever virus, and Mozambique virus; and the New World arenaviruses, also known 
as the Tacaribe complex, which include Junin (causative agent of Argentine hemor
raghic fever), Machupo (Bolivian hemorraghic fever), Amapari, Latino, Parana, Ta
miami, Tacaribe and Pichinde viruses (reviewed in Matthews 1982; Pederson 1979; Rawls 
and Leung 1979). . 

The arenaviruses contain five species of single stranded RNA, of which three are of 
host cell origin, the 28-S and 18-S ribosomal RNAs and a heterogeneous collection of 
small RNAs of 4-5 S. The two true genomic RNA segments are called L (31 S), with a size 
of6.3-8.4 kb for various members of the group, and S (23 S), of3.3-3.9 kb (Matthews 1982; 
Rawls and Leung 1979; Ramsingh et al. 1980). These enveloped viruses contain cellular 
ribosomes giving them the grainy appearance in the electron microscope which led to the 
name arenavirus (Latin arena, sand). Although the presence of ribosomes gives the 
members of this group their distinctive morphology, it has been shown that funytional 
ribosomes are not necessary for infectivity of the virions and they are currently consider
ed to be adventitious inclusions (Leung and Rawls 1977). The structure of the nucleo
capsid ofthe virus is ill-defmed and nucleocapsids have been described as heterogeneous 
circular or hairpin-like structures whose lengths do not correlate well with the RNA sizes. 
Recent experiments have indicated that the nucleocapsid exists as a discrete core 
structure which can be dissociated into strands 10-12 nm in diameter that have a beaded 
appearance resembling that of nucleosomes (Vezza et al. 1978; Young et al. 1981). 

As is the case for enveloped viruses in general, intact arenavirus particles have sur
face projections external to the lipid bilayer which can be removed by chymotryptic 
digestion leaving spikeless particles that lack most or all the major glycoprotein (see be
low). 

The polypeptide composition of arenavirus particles and the apparent molecular 
weights of the structural proteins on acrylamide gels appear somewhat variable for 
different members ofthis family. The major protein species in arenaviruses is the nucleo
protein of molecular weight 63-72 K, depending upon the virus. In addition, one or two 
species of glycoprotein are present. Pichinde and LCM viruses possess two envelope gly
coproteins (Hamish etal.1981a; Youngetal.1981; Buchmeieretal.1981), one of molecular 
weight 34-38 K and a larger one of 45-70 K. Tacaribe and Tamiami viruses, on the other 
hand, appear to have only a single species of glycoprotein of molecular weight 42-44 K 
(Gard et al. 1977; Rawls and Leung 1979). This glycoprotein may be present as up to ten 
species resolvable by isoelectric focussing, but all these forms give identical patterns after 
limited digestion with the V8 protease from Staphylococcus aureus, suggesting that the 
heterogeneity may be due to the carbohydrate moiety (Compans et al.1981). The nucleo
protein may also be present as a number of species of differing isoelectric points. N umer
ous minor components have also been described, notably a 72-77-K polypeptide asso
ciated with the nucleocapsid fraction (Rawls and Leung 1979; Vezza et al.1977; Hamish et 
al. 1981b; Young et al. 1981) and several minor glycoproteins in Junin virus (de Martinez 
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Segovia and de Mitri 1977). The nucleoprotein (N) possesses group specific antigens 
which cross-react serologically with all members of the group, while the glycoprotein 
antigens are more species-specific (Buchmeier et al. 1981). 

Little is known about the replication of the arenavirus RNA. The two segments con
tain unique sequences and one RNA is not a subgenomic fragment of the other. This has 
been shown on a molecular level by hybridization to cDNA probes (Leung et al. 1981); 
and on a genetic level by the fact that temperature-sensitive mutants of Pichinde virus 
can be grouped into two linkage groups, which show the high frequency of recombina
tion characteristic of reassortment of segmented genomes (Vezza et al. 1978). The 
genomic RNAs are neither capped nor polyadenylated and are not themselves in
fectious. Furthermore, RNA isolated from polyribosomes from arenavirus-infected cells 
hybridizes efficiently to genomic RNA. For these reasons arenaviruses have been classi
fied as negative strand viruses. An RNA dependent RNA -polymerase activity as well as 
poly(A) and polyCU) polymerases have been isolated from purified Pichinde virions 
(Leunget al. 1979). The poly(U) and poly(A) polymerase activities are similar to activities 
found in uninfected cells and may represent activities normally associated with riboso
mes which were incorporated into virions nonspecifically during morphogenesis 
(Matthews 1982). Recently it has been shown that 17 of the first 19 nucleotides at the 
3' termini ofL and S RNAs from Pichinde virus are identical (Fig. 22). The sequences for 
the two segments then diverge completely (A uperin et al. 1982b). The 3' terminal 19 nuc
leotides of the S RNAs ofTacaribe virus and LCM virus are identical to those shown for 
Pichinde virus; the L RNA terminal sequence for LCM differs from that of Pichinde 
virus and Tacaribe virus by substitutions at positions 9 and 17 (Auperin et al.I982a). This 
conserved terminal sequence may represent a replicase binding site and/or a common 
sequence for nucleation with N protein to form the nucleocapsid. 

Details of the transcription and translation strategies of these viruses are unclear at 
present. Two potential initiation sites for translation are found in the first 50 nucleotides 
of the L segment, whereas the first initiation codon on S is at nucleotides 84-86 (A uperin 
et al. 1982). No protein sequence exists for comparison with the RNA sequence, how
ever. The major virus-specific protein produced in Pichinde-infected cells is the N 
protein, as shown by immunoprecipitation of extracts from pulse labeled infected cells 
with anti-Pichinde antiserum (Hamish et al. 1981b). Also present in these experiments 
were up to six smaller polypeptides related to N by peptide mapping and which are 
probably degradation products. Similarly, both immunological and biochemical experi
ments have shown that a 79-K glycoprotein (called GPC or cell-associated glycoprotein) 
is present which is the precursor ofthe mature virionglycoproteins G PI and G P2 ofLCM 
virus (Buchmeier et al. 1981) and Pichinde virus, respectively (Hamish et al. 1981b). In the 
case ofTacaribe, the cell-associated glycoprotein GP70 has been shown to be the precur
sor of the single virion glycoprotein of 42 K; presumably the other portion of this pre-

3' 10 30 40 .-=-------+------i I I I 
L HoGCGUGGCUCCUAGGAUCC UAAAGAACUAGUACCUCCUUAUACAAAAGCU 

S HO --U-A CUGU-U--G-GA-A-GCA-GUG-AA 

Fig. 22. 3' Termini of arenavirus RNA segments. The sequence at the 3' termini of the L and S seg
ments ofPichinde virus are shown. The conserved sequence of19 nucleotides is boxed. There is a 
second short conserved region between nucleotides 24 and 31; thereafter the sequence becomes di
vergent. Data are from Auperin et aI. (1982b) 
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cursor is lost during maturation (Saleh et al. 1979). This is a clear-cut example of post
translational processing in this system. The N protein ofTacaribe (Com pans et al. 1981) 
and the minor P polypeptide (79 K) share oligopeptides and may be another example of 
processing. 80 far, however, no larger precursor ofN protein has been found (Saleh et al. 
1979) which contains the amino acid sequence of all three structural polypeptides, 
although there is evidence thatN and GPC are both encoded by the 8 genomic RNA (see 
below). It is therefore unclear whether these two major products are translated from a 
single species of messenger RNA and processed so efficiently that their common precur
sor is not detected, or whether separate messages are transcribed for N and GPC. 

Recently the presence of a large polypeptide of 200 K was demonstrated in the cyto
plasm of Pichinde-infected cells and was also shown to be a component of Pichinde 
virions (Hamish et al. 1981b). This is thought to be the viral replicase, although the data so 
far are inferential only. In size it is similar to the replicases ofV8V and NDV. In addition, 
two nonstructural polypeptides called N81 (79 K) and N82 (l05 K) were isolated by preci
pitation of Tacaribe-infected cells with hyperimmune serum (Com pans et al. 1981). 

Because of the efficient reassortment of the genomic segments and the presence of 
naturally occurring variants and laboratory-derived temperature-sensitive mutants, it has 
been possible to map various arenavirus functions to one or the other of the genomic 
segments. The 8 segment of molecular weight 1.1-1.3 x 106 has been shown to encode the 
N and GPC polypeptides (Vezza et al. 1980; Hamish et al. 1981a). These two polypeptides 
(79 K and 63 K) would saturate its nominal coding capacity of130 000 daltons of protein if 
both were read in the same reading frame. With intertypic LCM recombinants it could be 
shown that the pathogenicity for guinea pigs depended upon 8 RNA gene products (Kirk 
et al. 1980), implicating structural proteins in this phenomenon. Group I temperature
sensitive mutants of Pichinde also map on the 8 RNA segments (Vezza et al. 1980). 

The L segment (molecular weight 2.1-2.8 X 106) has a coding capacity of about 
280000 and is the only segment large enough to encode the L protein. Group IT Pichinde 
mutants map to this segment. In addition, for both Pichinde and LCM the L segment 
determines the plaque morphology of the virus (Kirk et al. 1980; Vezza et al.1980). Thus 
the genome organization appears to be that the structural genes are encoded in one RNA 
segment and the replicase genes in the second segment. 

Finally, several lines of evidence suggest that arenavirus replication is dependent 
upon host cell factors and there is some indication of nuclear involvement. Pichinde will 
not replicate in enucleated cells, nor are virus-specific antigens synthesized (Banetjee et 
al. 1976). a-Amanitin inhibits Pichinde replication but a-amanitin-resistant cells with an 
altered RNA polymerase IT will produce arenavirus in the presence of the drug. Actino
mycin D also prevents the production of infectious Pichinde virus but does not prevent 
antigen synthesis, implying a late block in virus maturation (Rawls and Leung 1979). The 
nature of the nuclear involvement in arenavirus replication is unclear but it is possible 
that the arenaviruses may have characteristics in common with the myxoviruses. 

4.5 Bunyaviruses 

The Bunyaviridae form a large and diverse group of viruses of worldwide distribution 
which on the bais of serological considerations have been divided into four genera: 
Bunyavirus, Nairovirus, Phlebovirus, and Uukuvirus. A number of members of this group 
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Table 5. Bunyaviridae 

Genus 

Bunyavirus 

Uukuvirus 

Nairovirus 

Phlebovirus 

Subgroups 

Bunyamwera group 
California group 

Patois group 

Membersa 

Bunyamwera, Guaroa 
California encephalitis, Inkoo, LaCrosse, snowshoe 
hare, Tahyna, Trivittatus 
Pahayokee, Patois, Shark River 

Uukuniemi 

Crimean hemorrhagic fever, Qalyub 

SF-Sicilian 

a Type virus of the genus or subgroup and! or viruses mentioned in the text 

are listed in Table 5. Originally classified as arboviruses, most members infect both verte
brate and invertebrate hosts. The viruses are roughly spherical and enveloped. The enve
lope surrounding the three circular helical nucleocapsids has protein spikes made up of 
two glycoproteins. The nucleocapsids contain one major nucleocapsid protein N and 
three species of genomic RNA called L (large), M (medium), and S (small) with approxi
mate sizes of 7.5-9 kb, 5.5.-7 kb, and 0.9-1.5 kb respectively. Serological groupings of 
these viruses are complicated by the fact that some members are serologically related by 
hemagglutination inhibition or neutralization tests (reflecting similar glycoprotein 
antigens in the outer envelope) while showing no relatedness by complementation fIXa
tion, which is an attribute of the N protein. As seen below, the glycoproteins and the 
nucleocapsid protein are encoded on separate genome segments and this complex 
serological situation indicates that reassortment of these segments has occurred during 
evolution, increasing the diversity of this group (Bishop and Shope 1979; Bishop et al. 
1980). The existence of naturally occurring reassortment viruses has recently been con
ftrmed by studies of two viruses of the Patois subgroup whose L and S RNA segments are 
nearly identical by oligonucleotide mapping, whereas their M segments differ markedly 
(Ushijima et al. 1981). 

The Bunyaviridae contain RNA which is not infectious and possess a virion-asso
ciated RNA-dependent RNA polymerase. mRNA from polysomes of infected cells 
hybridizes to virion RNA. For these reasons Bunyaviridae are classified as negative 
stranded viruses and, although the details of their replication cycle are not well docu
mented at present, they appear to share many aspects of replication strategy with other 
negative strand viruses. The organization of the genome is similar to that of the arena
viruses, but with the S segment of the arenaviruses divided into the M and S segments of 
the bunyaviruses (see below). 

It has been shown that bunyavirus virions contain the following polypeptide com
ponents: the nucleocapsid protein N (molecular weight 19-26 K), present in more than 
2100 copies; two glycoproteins G 1 and G2, present in approximately 630 copies each; and 
a minor component L, of molecular weight UO-200 K, which is internal and present in 
only 20-25 copies. Among the bunyaviruses, G 1 is variously reported to have a molecular 
weight of 85-UO K, andG2 oBO-50K. In Uukuniemi virus (the type Uukuvirus)the two 
glycoproteins are much more similar in size, roughly 75 K and 63 K respectively (Bishop 
and Shope 1979; Bishop et al. 1980). 
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The coding relationships are that the smallest RNA segment encodes N (Gentsch and 
Bishop 1978), the M RNA encodes Gland G2 (Gentsch and Bishop 1979), and the largest 
segment must encode the L protein. The assignments of polypeptides to S and M were 
originally determined genetically and have been confIrmed (see below) by in vitro trans
lation of the corresponding mRNAs. The assignment of L protein to the L segment 
remains inferential only. In addition, the L segment contains sufficient excess coding 
capacity to encode other minor nonstructural polypeptides which are occasionally 
observed in bunyavirus-infected cells (Ushiiima et al. 1981). 

Messenger RNA species complementary to L and M, isolated from infected cells, 
appear to correspond to full-length transcripts of their respective genomic segments, 
although small size differences would not have been seen. It is unknown whether the 
mRNAs are capped at the 5' end, but they appear to lack polyadenylate tracts at their 
3' termini (Ulmanen et al. 1981b). Messenger RNA complementary to S RNA appears 
smaller than S RNA by approximately 20% for both Uukuniemi virus (Ulmanen et al. 
1981b) and snowshoe hare virus (Cash et al. 1979). Oligonucleotide protection analysis 
suggests that the S mRNA is complementary to the exact 3' terminus of the genomic S 
RNA (Cash etal.1979; Clerx-van Haasterand Bishop 1980). S mRNA ofUukuniemi virus 
translated in vitro produces two polypeptides. One is identical in size to the nucleocapsid 
protein N (25 K) and is immunoprecipitable by antiviral antiserum. The second polypep
tide is larger (30 K) and does not appear to share any antigenic determinants with N 
( Ulmanen et al.1981b ). No precursor containing both of these polypeptides has been iden
tifIed, and furthermore, the coding capacity of the S mRN A is insufficient to encode both 
polypeptides without overlap. The sequence of the genome segment contains two 
possible open reading frames (see below) which could either be read from one mRNA 
using different initiation codons or be translated from two different messages nearly 
identical in size. Genetic evidence supports the idea that S encodes two functional poly
peptides in vivo. Mutants of Bunyamwera viruses can be grouped into three groups by 
high-frequency recombination, which occurs by reassortment of genome segments. 
Group I corresponds to S RNA, encoding the N protein, Group II to M RNA, specifying 
the glycoproteins, and Group ill to L RNA, encoding the replicase (Pringle and Iroegbu, 
1982). However, complementation has been observed between two non recombining 
mutants of Group I complement indicating that the S segment may encode more than 
one function (Iroegbu and Pringle 1981). Furthermore, in the case of snowshoe 
hare virus a nonstructural protein with a molecular weight of 7.4 K has been identifIed 
and assigned to the S RNA by analysis of recombinant snowshoe hare/LaCrosse viruses 
(Fuller and Bishop 1982). The relation of this protein to the 30-K protein produced by 
translation ofUukuniemi S mRNA discussed above is not clear. 

The sequence at the 3' terminus of each of the three RNA segments of three bunya
viruses, LaCrosse, snowshoe hare, and a LaCrosse variant, has been determined for 
approximately 200-240 nucleotides by the dideoxy chain termination method (Clerx-van 
Haaster et al' 1982). For the L and M segments there is only one open reading frame of 
any length which continues to the end of the sequenced region. For both segments, the 
open reading frame starts with an AUG codon atnucleotides 62-64; for the M segments; 
this is the frrst AUG, but for the L segments it is the second AUG in the sequence. In 
contrast, the S segment has two open reading frames, one beginning at nucleotide 82, the 
other at nucleotide 101. It appears that the open reading frames in L and M and both open 
reading frames in S are in fact coding. In the case of the L segment of the three viruses, 
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there were 28 nucleotide changes between nucleotides 62 and 200. Twenty-three of these 
were silent changes, i.e., nucleotide substitutions which would not result in a changed 
amino acid; four of the remaining five would result in the conservative substitution ofTyr 
for Phe, or Lys for Arg. Such conservation of encoded amino acid sequence while the 
nucleotide sequence varies strongly implies that these sequences are in fact translated 
into protein. In the case ofM RNA, there were a number ofnonsilentalterations between 
the two virus strains in the region which would encode the N-terminall8 amino acids of 
the protein, but not thereafter. This region is highly hydrophobic and probably represents 
a signal sequence. Comparable studies with VSV G protein have shown numerous 
differences in the amino acids within the signal sequence of different virus strains, but 
strict conservation of the mature G protein sequence was observed (H.P. Ghosh et al. 
1981). Again this implies that this sequence is translated. 

Finally, in contrast to the L and M segments, the S RNA shows very high conser
vation of nucleotide sequence. If the two open reading frames found are both translated, 
such sequence conservation would be required in order to conserve amino acid sequen
ces. As noted above, S mRNA is translated in vitro into two distinct polypeptides. 

In vitro translation ofM mRNA in a reticulocyte system produces a precursor to the 
glycoproteins of approximately 110 K which has not been observed in vivo. However, if 
dog pancreas microsomes are added to the system, only the mature forms of Gl and G2 
can be found (Ulmanen et al. 1981b) indicating that the glycoproteins are processed effi
ciently during membrane insertion, and suggesting that signalase may be responsible for 
the processing as has been suggested for the alphaviruses (Sect. 2.3.1). In addition, a non
structural polypeptide of approximately 11 K has been mapped to this segment (Fuller 
and Bishop 1982). It has not so far been possible to translate the L mRNA in vitro. Thus 
the bunyavirus family appears to have a complicated translation strategy with one 
genome segment producing a polycistronic message while the mRNA from another 
segment produces proteins from two different reading frames. 

Nothing is currently known about the synthesis of these mRNA species, but in con
trast to orthomxyoviruses, bunyavirus replication is insensitive to a-amanitin, rifampin, 
and actinomycin D, indicating that transcription does not require host nuclear function 
(Bishop and Shope 1979). Bunyavirus virions are not produced in enucleated cells, but all 
of the polypeptide species can be found in these cells, and the effect of enucleation 
appears to be on a late morphogenetic step probably involving perinuclear membranes 
(Pennington and Pringle 1977) (see also Sect. 4.2). Viral polypeptide synthesis is also tem
porally controlled, with L and N being early proteins and Gl and G2late proteins. N 
protein can be detected as early as 2 h post infection, and early N synthesis may be requir
ed in order to form nucleocapsid complexes of full-length plus strand RNA to serve as 
replication templates. Most intracellular RNA is found as ribonucleoproteins containing 
both minus strand and plus strand RNA in the ratio of 4:1 (Bishop and Shope 1979). 

Genetically, the bunyaviruses undergo a high frequency of recombination which is 
characteristic of reassortment of segmented genomes. Indeed, analysis of recombinant 
viruses of closely related strains, such as LaCrosse virus and snowshoe hare virus, have 
led to some of the initial assignments of the polypeptides to particular segments noted 
above (Gentsch and Bishop 1978, 1979). The genetic reassortment appears to be under 
certain constraints, however, and members of the different genera will not exchange 
genomic segments. In addition, it has been shown that within the genus Bunyavirus, 
members of the California subgroup (LaCrosse, snowshoe hare, Tahyna, California 
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encephalitis, and Trivittatus) will form recombinant viruses with one another, but that 
none of these will exchange genomic segments with Guaroa virus of the Bunyamwera 
subgroup (Bishop et al. 1981). 

As mentioned above, RNA sequences adjacent to the 3' ends of the RNA segments 
have been determined for a number of bunyaviruses and several sequences are com
pared in Fig. 23. In all cases the L, M, and S RNAs of a particular virus possess a conserved 
sequence of 11-13 nucleotides at the 3' end. For LaCrosse and snowshoe hare viruses 
(both California subgroup), this 11-nucleotide sequence is identical. Two other viruses, 
Shark River and Pahayokee, members of the Patois subgroup ofbunyaviruses, also have 
11 identical 3' terminal nucleotides, which differ from the LaCrosse/snowshoe hare 

BUNYAVIRUSES 

CALIFORNIA 
GROUP 

PATOIS 
GROUP 

LAC S HOUCAUCACA~~ApGUGAAc~gAUGAAAcuu3guAuuuAACAlc 
LAC M HO W-GUUCA-AUCU-UUGCAAAC--AU-AUUU 
LAC L HOi:=====t-AU-GA-GU-UUG-A-G-CU--GUCA 

SSH 
SSH 
SSH 

INK 
INK 
INK 

S HOI ~ G I I GA I 
M HO--------- -GUUCA-AUCU-UUGCAAAU--AUGAUUU 
L HO :- AU-GA-AU-UUG-A-G--U--GUCA 

S HOI ~ G I N-c-I I 
M HO ---- -GAUUU-
L HO G -GAU-AA-G-UUUGAA-G-U-G-GUUU-U 

PAH S Ho---A-1-A-AUUU-1 NNUUG-G-AACUAGC 
SR S HO A--

UUKUVIRUS 
1p 2p 3p 

UUK S HoUGUGUUUCUGGAGGUUGAAU~GAUAGC 
UUK M HO INUGUAUAGAAU 

UUK L H0l======-==---.J 

NAIROVIRUS 
~p 2p 3p 4p 

QYB S HOr.A~G7AG~A~U7.U~C~U"plCCUGCACGGCGACGGCAACUUGAUUAUCAAG 
QYB M HO ~UA--A-C--UAUUUCGU--C-CA-GG--U 

QYB L HO UANUU-G--G-UAA 

Fig. 23. 3' Terminal sequences ofBunyaviridae. Sequences have been aligned for homology. A ho
rizontalline indicates that the nucleotide is identical to the complete sequence shown at the head 
of the group. Boxes indicate sequences shared by all three segments of a given virus. Data are from 
Obijeski et al. (1980), Parker and Hewlett (1981), Bishop et al. (1981) and Ushijima et al. (1981). LA C, 
LaCrosse virus; SSH, snowshoe hare virus; INK, Inkoo virus; PAH, Pahayokee virus; SR, Shark 
River virus; UUK, Uukunierni virus; QYB, Qalyub virus. S, M, and L are the small, medium, and 
large RNA segments respectively 
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10 20 30 40 50 
r.-;:;-;-;-;-;:;-;-;-;:;-;-;;::c;!;;-,. I I I I 

5' ppAGUAGUGUGCUWCCAAGUAUAAAAUAAUGUUUGCAAAACAAAUUUUCGCU 
M 11111111 II 111111111 I III 11111 I I III III I 

3' HoUCAUCACAUGA~GGUUCAUAUCU AUUGCAAACUUAUAAUUUCAAAACUUA 

5' PPAGUAGUGU:;U~CACU GA:~ACAUUUUA~~UUAUUUAUG1CCUGAUUU:~ 
S 11111111 1111111 111111 III I II I III I I 

3' HoUCAUCACAUGA~GUGAACUUAUG AAACUUUUAUUUAACAACAACUGACAA 

Fig. 24. 3' and 5' termini of LaCrosse virus segments. The fIrst 50 nucleotides from the 3' and 5' 
ends ofthe small (8) and medium (M) segments of LaCrosse virus RNA are shown. Gaps have been 
introduced for alignment; vertical lines indicate complementary nucleotides. The conserved se
quence at the termini of the RNAs is boxed. Data are from Obijeski et aI. (1980) 

sequence by a single A to C change at nucleotide 7 (Fig. 23) (Ushijima et al. 1981; Clerx
van Haaster and Bishop 1980). In contrast, Uukuniemi virus L, M, and S segments have a 
conserved stretch of13 nucleotides at the 3' terminus which is unrelated to the sequences 
described above. Of these 13 nucleotides, 11 are complementary to the first 11 nucleotides 
at the 5' end (Parker and Hewlett 1981), as is characteristic of minus strand viruses. With 
LaCrosse virus, the M and S RNAs have been sequenced for 200 and 240 nucleotides 
respectively from the 3' ends (Clerx-van Haaster et al. 1982) and 60 and 90 nucleotides 
respectively from the 5' end (Obijeski et al. 1980). The 5' termini of all three segments 
contain an 11-nucleotide common sequence which is complementary to the common 
3' termini described above. Although the M and S sequences diverge at this point, each 
segment has largely self-complementary regions of 50-60 nucleotides and thus could 
form stable circles with panhandles (Fig. 24). These are the longest cyclization sequences 
which have been identified in standard (nondefective) virions and may explain the circu
lar nucleocapsids isolated from virus particles (Obijeski et al. 1980). 

The extreme conservation of sequence at the termini of the RNAs implies that, as 
appears to be the case for all minus strand viruses, the 3' termini of the RNAs interact 
specifically with the virus-encoded proteins for replication and transcription and/or 
encapsidation, The various genera of Bunyaviridae have evolved different terminal 
sequences, as shown in Fig. 23. If these are indeed initiation sites for the virus-encoded 
replicase, these viruses have probably evolved group-specific proteins to interact with 
these altered sequences. Viruses with identical or nearly identical 3' termini undergo 
reassortment to produce hybrid viruses, whereas viruses with nonhomologous sequen
ces at the 3' termini appear to be prohibited from such genetic exchange, as would pe pre
dicted by the hypothesis that these sequences form replication recognition sites. 

5 Defective-Interfering Viruses 

It has been known for many years that successive passages of viruses at high multiplicity 
leads to the accumulation in the virus stock of defective or incomplete virus particles. 
This phenomenon was first recognized for influenza viruses by von Magnus (1954) and 
has been seen to a greater or lesser degree in almost all animal virus groups studied. (For 
general reviews see Huang 1973; Huang and Baltimore 1977; Perrault 1981.) Defective
interfering (DI) particles share the following characteristics: 
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1. They lack part ofthe standard viral genome, from as little as 10% to as much as 90010, 
depending on the group. 

2. They are defective, in that they cannot replicate alone, but require a helper virus 
(standard virus). In many cases there is no expression (translation and/or transcrip
tion) of the DI genome. 

3. The DI particle contains the same complement of structural proteins as the standard 
virus. 

4. They interfere with the replication of homologous standard virus, resulting in greatly 
reduced yields of infectious virions. 

5. With successive passages, they form a progressively greater proportion of the virus 
yield; this is sometimes referred to as enrichment. 

These characteristics taken together indicate that the deleted DI RNA genomes 
must retain any signals required for replication of both the plus strands and the minus 
strands of RNA, as well as any encapsidation signals necessary for specific association 
with viral proteins. Furthermore, if the DI is to be enriched, the recognition and binding 
sequences must have a selective advantage over those in standard virus. The mode of 
generation of DIs and the structure of their remaining genome is thus important for our 
understanding of normal viral replication, and, as might be expected, the DIs of plus 
stranded viruses such as picornaviruses and togaviruses are quite different from those of 
negative strand viruses. . 

Defective-interfering particles have been readily demonstrated for all the groups of 
negative strand viruses. Interference phenomena have been noted for rhabdoviruses, 
paramyxoviruses, and influenza viruses after as little as two or three high multiplicity 
passages in tissue culture cells. DIs are a major source oflow virus yields in these systems. 
The most extensively studied DIs are those of rhabdoviruses, where the shortened 
genomic RNA leads to the production of truncated (T) virions which are physically 
separable from standard virus (Huang and Baltimore 1977). This means that it is possible 
to isolate a pure DI population to analyze their genomic organization and to infect cells 
with known ratios ofDI and standard virus to study interference. As recently reviewed by 
Lazzarini et al. (1981) and Perrault (1981), VSV DIs can be organized in several ways (see 
Fig. 25), but in all cases the exact 5' terminus of the genome is retained. Only one DI has 
been described which retains the original 3' terminal sequence of the VSV genome. This 
3' DI RNA appears to be a simple deletion of most of the L gene. Nucleocapsids of the 
3' DI can be transcribed in vitro to produce plus strand leader RNA and mRNAs for N, 
NS, M, and G (Colonno et al. 1977). Unlike other VSV DIs, in vivo the 3' DI produces 
functional viral proteins in the absence of helper virus (Johnson et al.1979). Although the 
deletion is entirely within the L gene, an aberrant G mRNA is made which contains the 
remnant of the L gene covalently attached (Herman and Lazzarini 1981b). This DI inter
feres with both homologous and heterologous VSV strains, presumably at the level of 
both transcription and genome replication (Bay and Reichmann 1982). 

In all other VSV DIs which have been described, the 3' terminus ofVSV RNA has 
been replaced with a sequence of 45-70 nucleotides which is exactly complementary to 
the 5' terminus ofthe genome and which enables the RNA to cyclize, forming small pan
handles that can be visualized by electron microscopy (Perrault 1981). The majority of 
these DIs have lost most or all of the coding sequences in the 3' half of the VSV genome 
and only retain portions of the L gene. These 5' DIs lack the region of the genome where 
transcription initiates, and therefore none ofthe DI genes are expressed. One compound 
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Fig. 25. Genome organization ofDI particles. Schematic representation ofDI genomes from rhab
doviruses (VSV), paramyxoviruses (Sendai) and myxoviruses (influenza). VSV genes are labeled as 
in Fig. 13. A and B in all cases represent terminal sequences present in the standard virus genome. B' 
represents the complement of B. The 3' DI deletion of VSV is a transcribing DI and produces 
mRNAs for N, NS, M, and G. The remaining classes ofVSV DIs are nontranscribing. Genome 
organization of rhabdovirus DIs is from Perrault (1981), Lazzarini et al. (1981). Paramyxovirus DIs 
are described in Leppert et al. (1977), and the influenza deletion DIs in Nayak et al. (1982) 

01, called DI-LT2' has been isolated from the same 01 population as the 3'01 described 
above. It contains 70 nuc1eotides at its 3' end which are complementary to the 5' terminus 
ofVSV RNA, followed by the 3' leader sequence, most of the region encoding N, NS, M, 
and G, and the VSV 5' terminal sequence. Although it appears to be the same as 3' 01, 
with the exception of the 70 nucleotides at the 3' terminus, transcription does not occur 
since the normal plus strand leader is not at the exact 3' terminus (Keene et al.1981a). 
However, both 5' DIs and compound DIs transcribe an small abnormal leader RNA 
from the new 3' terminus of the DI genome (labeled B' in Fig. 25) (Schubert et al. 1978; 
Leppert et al. 1979). Finally, a class of snapback DIs have been isolated which are self
complementary along their entire length. They have been used as model systems to 
study interferon induction (Schubert and Lazzarini 1981). 

The presence ofthe 5' terminal sequence ofVSV RNA at the 5' terminus of all the 
DIs and the replacement of the normal 3' terminus with the complement of the 5' ter
minus in almost all DIs emphasizes its importance in controlling replication and trans
cription. As might be predicted from the fact that only one 01 has been described which 
contains the original 3' sequence, this 3' 01 is effectively outcompeted by the DI-LT2 
described above (Perrault and Semler 1979). Similarly, in a study of two 5' DIs derived 
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from the same population which differed in the length of their self-complementary 
termini (derived from the 5' terminus ofVSV RNA), a DI possessing a 55 base pair stem 
and 50% of the virus genome outcompeted a DI with a 45 base pair stem and 33% ofthe 
coding region (Huang et al. 1980). This result suggests that the sequence found between 
45 and 55 nucleotides from the 5' terminus (and located between the leader and the L 
gene) is important in the control of RNA replication. It should be noted that the differ
ence in competitive advantage is only seen when two DIs are introduced into the same 
cell and that both interfere to the same extent with the standard VSV used as helper virus 
(Rao and Huang 1982). 

The DIs ofparamyxoviruses appear to be mainly of the panhandle variety (Fig. 25) 
(Leppert et al. 1977). Although the original 3' and 5' termini ofthe nondefective Sendai 
virus are largely self-complementary for U nucleotides, this degree of complementarity 
is insufficient to permit the RNA to cyclize. DIs ofSendai virus, on the other hand, have 
self-complementary regions of150-200 bases and the isolated RNA will readily from pan
handle structures visible in the electron microscope. DIs of different total lengths have 
panhandles of comparable lengths whose sequences have been shown to contain the 
5' end of the genomic RNA and its complement as well as portions of the L gene. Para
myxovirus DI genomes are very small, containing only 8%-30% of the standard virus 
complexity. 

A second series of ten Sendai DIs have been recently isolated and characterized by 
T1 oligonucleotide mapping. These DIs possessed common 5' terminal sequences 
derived from the L gene. In addition, however, they also had one or more oligonucleo
tides from the 3' leader region of the genome (Amesse et al. 1982). Sequence analysis will 
be required to elucidate their genome organization, which may be different from any 
class ofVSV DIs described to date. In view of the strong similarities in genome organiza
tion and replication strategy between the rhabdoviruses and the paramyxoviruses, it 
seems probable that DIs corresponding to all the classes ofVSV DIs will eventually be 
isolated for paramyxoviruses. 

Defective-interfering viruses of influenza have been reviewed by Nayak (1980). 
Defective particles are not physically separable from standard virus and have been diffi
cult to study, since all populations contain some proportion of the helper virus. They 
were originally thought to lack one or more genomic segments, but recent analysis has 
shown that various DIs have apparently replaced one of the three segments encoding 
polymerase proteins (segment 1, 2, or 3) with a small DI RNA containing the ends of the 
respective P gene but with most of the coding region deleted (Davis et al. 1980; Nayak et 
al. 1982). The unequal amounts of various RNA segments originally reported for influen
za viruses may reflect the presence of DIs in virus stocks. How these small RNAs can 
cause interference with the replication of the other seven influenza genes is unclear at 
this time. If similar deletion mutants for the other genomic segments exist, they 
apparently do not display the classical phenotype of interference. A single influenza DI 
has been found in which the small DI RNA retains the 3' and 5' terminal sequences from 
segment 3, which it replaces, and also contains three other short domains from segment 
3 as well as nucleotides 30-89 from the 3' end of segment 1 (Moss and Brownlee 1981; Fields 
and Winter 1982). The domains have been rearranged such that sequences originally near 
the 5' terminus are adjacent to regions derived from the 3' terminus. 

DIs have also been reported for arenaviruses (Gimenez and Compans 1980) and bunya
viruses (K ascsak and LYons 1978). In these cases smaller RNA species than the genomic 
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RNAs are produced, but sequence data are lacking. For example, DI particles of bun yam
wera virus are reported to have only 16-S RNA and to lack 26-S and 33-S RNA, but 
whether this represents overproduction of the S RNA or deleted forms ofM and L RNA 
is not known (Kascsak and Lyons 1978). 

Neither the mechanisms by which DIs interfere with the production of infectious 
standard virus nor the role of these particles in establishing or maintaining persistent 
infections and in influencing replication in infected hosts is clearly understood. In nega
tive strand viruses, interference by DI particles primarily affects viral RNA replication 
rather than transcription or translation. This could occur by direct competition for lim
iting virion-encoded products: either a limiting supply of polymerase molecules or the 
major nucleocapsid protein, since functional templates are all encapsidated. Among the 
negative strand viruses, polymerase components appear to exchange freely between 
standard and DI genomes, and DI genomes are packaged as particles containing L poly
peptides encoded by the helper virus. Host cell factors also seem to be involved, since 
certain hosts favor the rapid generation of DIs while others do not (Holland et al.1976; De 
and N ayak 1980). As has been noted earlier, host cell proteins may form components of 
some virus replicases, and such host components could affect the fidelity of replication 
and thus DI generation. 

Defective interfering viruses have been described also for two plus stranded virus 
groups, the picomaviruses (Cole et al. 1971) and the togaviruses (reviewed in Stollar 
1980a). Notably, no DIs have been reported for any of the plus stranded plant viruses 
(Huang 1973). Defective viruses are much more difficult to generate for plus stranded 
viruses than for negative strand viruses and generally require many more passages at 
elevated multiplicities. 

Defective-interfering particles of togaviruses have repeatedly been isolated from 
both Sindbis virus and Semliki Forest virus (reviewed in Stollar 1980a). In addition to 
increased interference with successive passages, in some cases alphavirus DI RNAs 
appear to go through sequential reduction in size with the DI-specific RNAs appearing to 
be roughly half, one-third and then one-quarter the size of the genome RNA, etc. The 
alphavirus DI particles are generally not physically separable from standard virions and 
the roughly fractional sizes of the RN As may reflect a constraint of having two molecules 
of half size, three of one-third, etc., so that the content of RNA per particle remains rela
tively constant. Kiiiiriiiinen et al. (1981) determined that the small (18-S) SFV DI RNA 
found after numerous passages at high multiplicity evolved with continued passage to 
larger DI RNAs (24 S and 33 S). The sequence complexity ofthe larger DI RNAs was pro
gressively less than that ofthe small RNA, however, and these larger DI RNAs possessed 
a selective advantage over the small RNA. The selection for the larger RNAs appears to 
occur at the stage of encapsidation and might signify that it is more difficult to package 
multiple copies of smaller RNAs then fewer copies of a larger RNA. In any event it 
appears clear that alphavirus DI RNAs continue to evolve during many passages at high 
multiplicity and in the process attain an increasing selective advantage over the standard 
virus. 

Recent sequence analyses have shown that the events which occur during the gener
ation of alphavirus DIs are quite complex. In one case, two DI RNAs from a single 
population were cloned as cDNA and the sequences determined (Lehtovaara et al. 1981, 
1982). One DI, 1652 nucleotides long (compared to standard SFV RNA of about 12 000 
nucleotides), retained the 106 nucleotides adjacent to the 3' poly(A), lacked almost all of 
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the sequences of the 26-S subgenomic RNA encoding the structural proteins, and con
tained three tandem repeats of 484 nucleotides, one of which had an extra 60-nucleotide 
segment. Because the complete sequence of the genomic RNA has not yet been deter
mined, the origin ofthe entire 484 nucleotides of the sequence cannot be unambiguously 
stated. However, it is known that large regions of the 5' terminal genome sequence are 
present in this repeat. The second cloned DI contained two tandem repeats of sequences 
overlapping, but not identical to, those in the flrst clone. Another analysis, by direct 
sequencing ofDI RNA or of cDNA synthesized by reverse transcriptase, of a population 
of Sin db is DIs gave similar results. The 3' end of the RNA (50 nucleotides in one case and 
73 in another) and a short sequence from the structural protein region ofthe genome 
were present, as well as what appeared to be multiple copies of sequences that originated 
from 5' end of the genome RNA (E.G. Strauss, unpublished work; Monroe et al. 1982). 
Thus alphavirus DIs contain not only multiple deletions, but also duplications and rear
rangements. 

It was postulated earlier that synthesis offull-Iength plus and minus strand alphavirus 
RNAs require different recognition signals for initiation. The conserved 3' terminal 
sequence is thought to be a recognition site required for minus strand synthesis and is 
strictly conserved in the DI RNA. However, the 5' terminal sequence is somewhat 
variable both among DIs and among standard alphaviruses (Petterson 1981; J.-H. Ou, E.G. 
Strauss, J.H. Strauss, in preparation) as might be expected if it is a structure rather than a 
sequence that forms the recognition signal for plus strand synthesis (see Sect. 2.3). 
Furthermore, we suggested that replication of full-length minus strand templates in
volves cooperation of the two ends of the 49-S genome, by cyclization, since minus 
strands corresponding to the subgenomic 26-S RNA are not found. The putative 
5' sequence required for replication does occur in DIs but has been transposed in one DI 
to a location adjacent to the 3' end. DI RNAs cyclize much less readily than does the 
genomic RNA (T. Frey, personal communication), and itis possible that early passage DI 
RNAs must still cyclize in order to replicate, but as DIs evolve, the translocation of the 
recognition sequence to a position near the 3' end obviates the necessity for cyclization. 
Such a DI RNA might be able to replicate more rapidly. The competitive advantage of 
alphavirus DIs for replication thus appears to involve: (a) duplication to form multiple 
tandem repeats of the 5' genomic sequence, which is probably involved in both replica
tion and encapsidation; (b) strict conservation of the 3' terminal region; and (c) rearrange
ments and deletions which bring these important regions into closer juxtaposition as well 
as removing most of the coding sequences. 

Alphavirus DIs have also been isolated from a clone of Aedes albopictus cells. These 
DIs from the invertebrate host interfered with standard virus on subsequent infection of 
mammalian cells. This illustrates that ifhost cell factors are involved in conveying repli
cation advantage to alphavirus DIs, these factors must have a wide phylogeneticdistribu
tion (Logan 1979). 

Picornavirus DIs with a number of characterisitics in common have been indepen
dently isolated in several laboratories (Cole et al. 1971; N ornoto et al.1979; Lundquist et al. 
1979; McClure et al. 1980). These characteristics are very different from those of other 
virus DIs and reflect differences in the mode of replication of this group of viruses. Pi
cornavirus DIs have relatively small internal deletions of 4%-13% of the genome and 
these deletions are always located between the site for initiation of translation, at nucleo
tide 741, and the end of the region encoding the capsid proteins. They can replicate their 
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RNA in the absence of helper viruses, i.e., they can be translated to produce functional 
replicase, but require the helper to make particles. Compared to other DIs, they interfere 
poorly with standard virus replication. These multiple constraints on DIs - that the dele
tion must be less than a certain size, must not affect initiation of translation, and must 
allow translation of the polymerase region in the normal reading frame - help to explain 
why picornavirus DI generation is a rare event. The fact that the DI must encode its own 
functional polymerase suggests that the poliovirus polymerase is primarily cis-active on 
its own RNA. These results, as well as the fact that the initiation of RNA synthesis and the 
processing of the replicase from the precursor appear to be coupled, support the hypo
thesis that the picornavirus replicase is not a catalytic enzyme (see Sect. 2.1.2). 

It is clear that the study ofDI particles and their modes of replication and interference 
can tell us a lot about the replication of standard virus. It has also been shown that the 
presence of DI particles promotes the establishment of persistent infection in culture. 
However, DI particle generation has only been observed in viruses passed at high multi
plicity in tissue culture and DIs as such could be considered laboratory artifacts. Whether 
these particles can be generated in vivo and what role they could plaly in attenuation or 
amelioration of disease in animals is unclear at this time. 

6 Assembly and Morphogenesis 

In the preceding sections, "replication strategy" has been somewhat narrowly defmed to 
include transcription of viral mRNAs, synthesis of antigenomic template RNAs, syn
thesis of the viral genomes, and translation and primary processing of viral polypeptides. 
In this section an attempt will be made to summarize the additional strategies employed 
to assemble the nucleic acid with its protein coat into either a virion or a nucleocapsid 
structure and, for those viruses that possess an envelope, the posttranslational modifi
cation and transport of the virus envelope glycoproteins and the processes involved in the 
budding event itself. 

Two types of organization of identical protein subunits with RNA are possible in 
which each unit occupies an equivalent or quasi-equivalent position relative to both the 
RNA and neighboring units. These are the helix and the icosahedron (Caspar and Klug 
1962). Both of these plans are used by the RNA viruses, both for assembly of virions (rod 
shaped and isometric plant viruses and the isometric picornaviruses) and for nucleo
capsids of enveloped virions (helical nUcleocapsids in negative strand viruses and corona
viruses and isometric capsids in togaviruses). The assembly ofthese ribonucleoprotein 
structures appears to be rapid and complete and to occur in almost all cases by self
assembly, i.e., direct interaction of the nucleic acid with a site or sites on the proteins 
without enzymatic intervention by nonstructural polypeptides. 

The structure of tobacco mosaic virus, a simple rod-shaped virus containing one 
molecule of RNA and 2200 identical subunits of protein, has been examined in detail for 
many years. The RNA-protein complex is wound as a helix containing 16 % protein mole
cules per tum with each protein molecule interacting with three nucleotides. In the fully 
assembled rod the RNA is completely protected by protein, illustrating that the inter
action of capsid protein and triplet is not sequence dependent. Elegant studies have 
shown that the RNA and protein can be separated and reconstituted to form infectious 
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virions (reviewed in Richards and Williams 1976). Depending upon concentration, 
temperature, and pH, the purified protein exists in solution in a number of oligomeric 
associations, which can be described as A protein (dimers, trimers, and higher multi
mers), disks (constisting of two rings of17 subunits each opposed in a polar fashion), and 
RNA-free helices with an organization identical to virions. TMV protein will self
assemble into rods with certain heterologous RNA species, but at an efficiency far below 
that for the homologous genome, indicating that a specific nucleation sequence in the 
TMV RNA to which the frrst protein binds is required for efficient encapsidation. Simi
larly, it has been determined that assembly preferentially begins with binding of a disk to 
the RNA, suggesting that initial contact involves 17-34 protein subunits binding to >51 
nucleotides (Zimmem 1977). Nucleation begins ata specific nucleotide sequence approxi
mately 150 nucleotides long located 900-1350 nucleotides from the 3' end of the genome, 
in a region encoding a minor protein of 28 K. From this position elongation of the rod 
proceeds bidirectionally to both ends of the molecule (Otsuki et al. 1977), but the rate of 
elongation toward the 5' terminus is ten times that toward the 3' terminus (Fukuda et al. 
1978). The nucleation sequence is homologous to, but by no means identical to, a portion 
of the coat protein cistron, which may explain the encapsidation in some TMV strains of 
the subgenomic coat message which lacks the primary nucleation site ( Otsuki et al. 1977). 

The fact that nucleation ofTMV RNA by its capsid protein involves multimers of the 
capsid protein which attach to a moderately long sequence, found neither at the 3' ter
minus nor at the 5' terminus of the genome, means that it differs in important details 
from other helical self-assemblies such as the helical nucleocapsids ofthe negative strand 
viruses. In the case of rhabdoviruses and paramyxoviruses and probably of influenza 
virus, it is clear that protein-RNA association begins at or near the 5' terminus of the 
RNA, most likely concomitant with replication. The leader RNAs ofVSV, of both posi
tive and negative sense, consisting of the terminal 46 nucleotides of the genome, are effi
ciently encapsidated (Blumberg and Kolakovsky 1981), as are the DI particles of para
myxoviruses, which consist of the 5' termini of the RNA and its complement, but have 
lost most of the internal cistrons of the genome (Leppert et al. 1977). In the case of in
fluenza virus all eight segments of the genome are equally encapsidated, and the most 
likely candidate for an encapsidation signal is the common sequence of 13 nucleotides 
present at the extreme 3' and 5' termini of the genomic (and antigenomic) RNAs 
(Robertson 1979). The presence of the host-derived caps and primers at the 5' termini may 
prevent encapsidation, as influenza mRNAs are not found in RNP complexes. 

The self-assembly of icosahedral protein-RNA particles is exemplified by the 
picornaviruses and the small spherical plant viruses and by the icosahedral nucleocapsids 
of the togaviruses. As reviewed by Brown (1980), the assembly of alphavirus nucleo
capsids appears rapid and efficient and no intermediates have been identified. No empty 
shells of protein are seen during normal infection, nor are condensed RNA cores found in 
the absence of capsid protein synthesis. It has been postulated (Sect. 2.3.2) that nuclea
tion or encapsidation begins at a specific sequence near the 5' terminus of the genomic 
RNA, since neither the negative strand template nor the subgenomic message is encap
sidated. Furthermore, as previously described (Sect. 5), alphavirus DI particles contain 
amplified copies of this region of the genome. Comparison of the amino acid sequences 
of the capsid proteins of two related alphaviruses (Sindbis and Semliki Forest viruses) 
reveals that the N-terminal half of both proteins contains clusters of basic residues and 
proline, reminiscent of the composition of his tones, but that there is little direct homolo-



Replication Strategies of the Single Stranded RNA Viruses ofEukaryotes 73 

gy in this region (Garoff et al. 1980a; Rice and Strauss 1981). This indicates that while the 
nucleation event may be quite specific, the general protein-RNA interaction appears to 
be an electrostatic attraction between positively charged polypeptide domains and the 
negative charged nucleic acid. The structure ofthe nucleocapsid could involve the C-ter
minal domains of the proteins, which are highly homologous, forming the shell of the 
capsid while the N-terminal domains penetrate into the interior and interact with the 
RNA in a nonspecific fashion. The conserved C-terminal domains have also been 
postulated to be the site of interaction with the envelope proteins to facilitate budding 
(Strauss and Strauss 1977; Rice and Strauss 1981), and this region could be involved in the 
formation of a nucleation complex as well. The absence of either free genomic49-S RNA 
or free capsid protein suggests that the nucleocapsid formation is concomitant with RNA 
replication (the initiation complex model). 

Self-assembly of picornaviruses follows a somewhat different pathway, which may 
be summarized in the following steps: (a) synthesis of the polyprotein containing the 
amino acid sequences of the four coat proteins (see Sect. 2.1.1); (b) association of penta
meric subassemblies of this polyprotein; (c) cleavages in the polyprotein to give VPO, 
VP3, and VP1; (d) assembly of a procapsid containing 12 pentamers; (e) addition of the 
RNA to the exterior of the procapsid; and (f) fmal proteolytic cleavages to the mature 
VP1, VP2, VP3, and VP4 with concomitant internalization of the genome RNA. This 
process is reviewed in some detail in Rueckert (1976) and illustrates the other general 
pathway proposed for icosahedral viruses, in which the protein shell is formed ftrst and in 
one way or another filled with RNA to form the mature virion (the preformed shell 
model). 

Icosahedral plant virus assembly has been reviewed by Hung (1976), who points out 
that for different viruses the relative contributions to virion stability of protein-protein 
interactions, as opposed to protein-RNA interactions, vary widely. The in vivo or in vitro 
presence of protein shells lacking RNA is an extreme example of protein-protein stabili
zation, but it is unknown whether such shells are intermediates in virion assembly, later 
filled with RNA, or merely very stable abortive products. The two alternative models of 
particle assembly, the initiation complex model (exemplifted by the assembly of alpha
virus nucleocapsids) and the preformed shell model (employed by the picornaviruses), 
have both been proposed for assembly ofthese viruses. In general the in vivo assembly of 
plant viruses is little understood and either or both ofthese models may be used by iso
metric plant viruses. 

Reassembly of small icosahedral plant viruses from the RNA and the capsid protein 
has been attempted in a number of different systems with varying degrees of success. 
Some of the particles produced are morphologically very similar under the electron 
microscope to authentic virions, but the conditions of pH and ionic strength necessary for 
artificial reassembly are very different from the physiological parameters ofthe host cyto
plasm and the reassembled viruses are generally less stable to subsequent disassembly 
(Hung 1976). 

In the case of the enveloped viruses, which include all of the minus stranded viruses, 
the togaviruses, and the coronaviruses, there is an additional step in virus assembly, the 
acquisition of the envelope around the nucleocapsid. This involves the synthesis and 
modification of membrane glycoproteins and their transport to the site of virus assembly 
on one ofthe host cell membranes. Viruses use the normal cellular mechanisms for these 
processes, and the study of enveloped viruses has been a useful tool for the study of 
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membrane biogenesis (reviewed in Com pans and Klenk 1979; Lodish et al. 1981; Simons 
and Garoff1980). 

The insertion of the glycoproteins into the endoplasmic reticulum and the core gly
cosylation of many ofthese proteins have been studied in vivo and in vitro. The insertion 
is a cotranslational process and may utilize either N-terminal signal sequences, as in the 
case of the G protein ofVSV (reviewed in Lodish et al.1981) and the PE2 protein of alpha
viruses (Garoffet al.1978); or internal signal sequences, as in the case of the alphavirus E1 
(Hashimoto et al. 1981; Garoffet al. 1980b; Rice and Strauss 1981; Welch et al.1981) and 
possibly the neuraminidase of influenza virus. These signal sequences may (e.g., VSV G 
protein, Chatis and MOrrison 1979) or may not (e.g., alphavirus PE2, Bonatti and B lobel 
1979; Bell etal.1982) be removed by signalase during synthesis of the polypeptide. Glyco
proteins are glycosylated while nascent by the transfer of high-mannose carbohydrate 
chains from a dolichol intermediate (Sefton 1977; Rothman and Lodish 1977). Following 
synthesis and core glycosylation the glycoproteins are transported to the virus assembly 
site, which is specific for the virus group, and are usually further modified in the process. 

For the coronaviruses, assembly takes place at the rough endoplasmic reticulum 
(reviewed in Siddell etal.1982). Coronaviruses have two glycoproteins. One appears to be 
the equivalent of a matrix protein (see below) and is one of only two examples of poly
saccharides linked to virus proteins through O-glycosidic linkages. It is tempting to 
speculate that the O-glycosidiclinkage of the polysaccharide is related to the site of virus 
assembly. The second glycoprotein or peplomer protein contains complex carbohy
drates as well as covalently attached lipids, both modifications which normally occur in 
the Golgi apparatus. In addition, the peplomer glycoprotein is cleaved into two compo
nents in most coronavirus strains, a modification which probablY also occurs in the Golgi 
apparatus in the case of many viruses. Thus even ifvirus assembly occurs at the rough 
endoplasmic reticulum, there may be Golgi involvement in the fmal maturation of the 
virion. 

For the flaviviruses (reviewed in Westawcry 1980) and the bunyaviruses (reviewed in 
Bishop and Shope 1979), assembly takes place at the smooth endoplasmic reticulum or 
within the Golgi apparatus. No budding ftgures have been observed for flaviviruses, and 
how these viruses acquire their membrane is unclear. It is noteworthy that no preformed 
nucleocapsids have been isolated from flavivirus infected cells, whereas preformed 
nucleocapsids can be isolated from cells infected with most enveloped viruses. Bunya
viruses, on the other hand, have been reported to bud into Golgi vesicles. In the case of 
both viruses the Golgi apparatus appears to be the fmal destination ofthe glycoproteins. 

Alphaviruses, rhabdoviruses, myxoviruses, paramyxoviruses, and arenaviruses bud 
from the host cell plasma membrane (reviewed in Compans and Klenk 1979). The virus 
glycoproteins are synthesized and core glycosylated, as described above, and transported 
to the Golgi. Transport of the VSV G protein, and presumably of all the virus glyco
proteins, from the endoplasmic reticulum to the Golgi has been found to be mediated by 
clathrin-coated vesicles (Rothman and Fine 1980). In the Golgi the attached carbohydrate 
moieties are trimmed and some are modified to complex polysaccharide chains by the 
addition of galactose, fucose, and sialic acid. Some glycoproteins are further modified by 
covalent attachment of fatty acids (Schmidt et al. 1979; Schmidt and Schlesinger 1979) to 
their hydrophobic membrane-spanning regions (Rice et al. 1982; Capone et al.1982). This 
event also appears to take place in the Golgi, but the exact location of the enzymes 
responsible is not known. Attachment of fatty acids is a late modification of viral glyco-
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proteins; a mutant ofVSV G protein has been isolated which is blocked at a late stage of 
maturation and contains complex carbohydrates with galactose and sialic acid, but lacks 
fatty acids and fucose (Zilberstein et al.1980). Lipids have been found attached to the G 
protein of rhabdoviruses, both glycoproteins of alphaviruses, the F protein of paramyxo
viruses, and the HA2 polypeptide of influenza (Schmidt 1982). Other membrane glyco
proteins, such as the HN protein of paramyxoviruses and the neuraminidase of influen
za, lack attached lipids (Schmidt 1982), and it is unclear what role these moieties play in 
viral membrane assembly and virion morphogenesis. 

Another modification of membrane glycoproteins which is believed to occur in the 
Golgi is a proteolytic cleavage event (Garoffet al.1980b; Rice and Strauss 1981) catalyzed 
by an enzyme which recognizes a sequence of at least two basic amino acids (Dean and 
Judah 1980). This cleavage is followed by a trimming event in which the basis residues are 
removed, either by the same Golgi enzyme or by a virus-specified protease (Bosch et al. 
1981). For paramyxoviruses (Sect. 4.2) and influenza (Sect. 4.3.4) this processing is not 
necessary for virion assembly, since normal yields of particles, albeit noninfectious, are 
produced containing uncleaved HNo, Fo, or HA polypeptides (reviewed in Klenk and 
Rott 1980). On the other hand, the cleavage of the precursor to produce E2 and E3 of the 
alphaviruses is essential for virion maturation, since no virus particles are formed in the 
absence of cleavage (reviewed in Brown 1980). 

Following modification, the mature glycoproteins of alphaviruses, rhabdoviruses, 
myxoviruses, paramyxoviruses, and arenaviruses are transported, apparently in clathrin
coated vesicles, from the Golgi apparatus to the plasma membrane (Rothman and Fine 
1980). The role of glycosylation in transport and function of membrane proteins appears 
to be at the level of overall conformation of the particular polypeptide, rather than the 
presence of the carbohydrate per se. For the alphaviruses, nonglycosylated forms of the 
glycoproteins are not incorporated into virions, and no budding virus is observed when 
infection is carried out in the presence of tunicamycin (Leavitt et al. 1977). Normal yields 
of infectious virus are obtained in mutant cells that lackN-acetylglucosaminyltransferase 
activity, however, indicating that complex oligosaccharide chains are not required 
(Schlesingeret al.1976). For some influenza strains particles oflow specific infectivity are 
produced in reduced yield in the presence oftunicamycin, indicating that carbohydrate is 
not absolutely required for transport and assembly but does affect function (Compans 
and Klenk 1979). As noted above for paramyxoviruses (Sect. 4.2), the nonglycosylated 
form of one protein, F, is inserted normally into the plasma membrane, but the HN 
protein lacking carbohydrate assumes a different conftguration at the cell surface from 
the glycosylated moiety; normal yields of particles are released which are not infectious 
(Morrison et al. 1981). For rhabdoviruses the situation is more complex, and different 
strains of VSV are affected differently by growth in tunicamycin (Gibson et al. 1979). 
Furthermore, different G protein mutants vary in their requirements for carbohydrate; 
some require glycosylation for proper insertion into the plasma membrane while others 
are insensitive to the presence of polysaccharide chains (Chatis and Morrison 1981). Thus 
the requirement for carbohydrate chains in order to form a functional protein depends 
upon the virus strain and can even be affected by point mutations in the polypeptide. 

Although the glycoproteins of all ftve of these groups of viruses are targeted for the 
plasma membrane, it is noteworthy that the G protein ofVSV appears to be addressed 
differently from those of other groups of viruses. In cultured epithelial cells which retain 
an apical and a basolateral domain, VSV buds from the basolateral surface whereas 
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alpha-, myxo-, and paramyxoviruses bud from the apical surface (Rodriguez-Boulan and 
Sabatini 1978), and the distribution of virus glycoproteins in the plasma membrane 
mimics this distribution (Rodriguez-Boulan and Pendergast 1980). This asymmetry of 
maturation is even preserved when cells are mixedly infected with both VSV and influen
za virus (Roth and Com pans 1981). This implies that the surface from which the virus buds 
is determined by the address carried on the protein moiety of the virus glycoproteins. 
This hypothesis is supported by work with temperature-sensitive mutants of an alpha
virus, SemIiki Forest virus. At the nonpermissive temperature certain of these mutants 
make glycoproteins which are not transported to the plasma membrane but which 
instead remain in the endoplasmic reticulum or in the Golgi apparatus. In the case of one 
such mutant, the glycoprotein becomes functional upon shiftdown to the permissive 
temperature and the accumulated protein in the Golgi apparatus leads to virus budding 
into the Golgi immediately upon shiftdown. Somewhat later after shiftdown, budding 
virus can be seen at the plasma membrane as the protein is transported to the cell surface 
(Saraste et al. 1980). 

The nature of the address signal in a virus glycoprotein is unknown at this time. It 
seems likely that the address resides in the conformation of the protein, or of some 
section of the protein, rather than in a single linear sequence of amino acids. We have 
recently sequenced two temperature-sensitive mutants of Sindbis virus with defects in 
glycoprotein E1, together with revertants of these mutants. These mutants are of the 
thermoreversible type described above, wherein mutant glycoprotein accumulates 
inside the cell at the nonpermissive temperature but is transported to the plasma mem
brane upon shiftdown to the permissive temperature. One of these mutants has two 
mutations inE1, one at residue 106 and the other at residue 267, both of which must revert 
in order to restore the wild-type phenotype and permit migration of the protein to the cell 
plasmalemma at the elevated temperature. The other mutant has a single change at resi
due 176 (C Arias-Ortiz et al. 1983 in press). The scattered nature of these changes 
supports the hypothesis that the conformation of the protein is important for transport of 
the glycoprotein to the proper organelle within the cell. 

The fmal stage in the assembly of enveloped virions involves an interaction between 
the nucleocapsid and the virus-modified membrane. This interaction has been studied 
indirectly in a variety of ways, such as studies on phenotypic mixing between related and 
unrelated viruses, the degree of exclusion of host membrane proteins from virions, and 
isolation of mutants whose budding is abnormal. Two types of interaction exist: direct 
binding of the nucleocapsid to the cytoplasmic domains of transmembranous glyco
proteins (exemplified by the alphaviruses), or an interaction through a matrix protein 
which lines the cytoplasmic face of the lipid bilayer (exemplified by the rhabdoviruses, 
orthomyxoviruses, and paramyxoviruses). 

Direct binding is a very specific event, and the equimolar ratio of glycoprotein and 
nucleocapsid protein suggests that for alphaviruses each glycoprotein subunit interacts 
with a single capsid protein molecule (reviewed in Strauss and Strauss 1977). Studies of 
Sindbis temperature-sensitive mutants have shown that in some cases, if the glyco
proteins are present in the plasma membrane then the nucleocapsids will line up along 
the cytoplasmic face of the plasmalemma, even at the nonpermissive temperature when 
no budding can take place (Brown 1980). Moreover, during wild-type infection host glyco
proteins are rigorously excluded from mature virus particles (Strauss 1978). Phenotypic 
mixing experiments have shown that alphaviruses such as Sindbis and Western equine 
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encephalitis virus can exchange glycoproteins during budding (Strauss et a1. 1983 in 
press), but that alphaviruses cannot use the glycoproteins of unrelated viruses such as 
VSV to form virions (Zavadova et al. 1977). 

For virus groups which have a matrix protein, the interaction of the glycoproteins 
with the nucleocapsid is much less specific. Rhabdoviruses, for example, will form 
phenotypically mixed particles which contain VSV nucleocapsids, VSV matrix protein, 
and envelope glycoproteins contributed by a variety of heterologous viruses, including 
alphaviruses, paramyxoviruses, orthomyxoviruses, retroviruses, and herpesviruses 
(Pringle 1977). As noted above, however, phenotypic mixing between alphaviruses and 
VSV is asymmetric, and particles containing Sindbis capsids with rhabdovirus surface 
antigens are not found (Zavadova et a1. 1977). It is of interest that although VSV will 
incorporate glycoproteins from many viruses during assembly, most host glyproteins are 
excluded (Lodish and Porter 1980b); thus there is some specificity in the interaction of the 
matrix protein with the glycoproteins, but much less than in the case of the alphaviruses. 

Although the interaction of the VSV matrix protein with its glycoprotein shows 
relatively low specificity, the interaction of matrix protein with the nucleocapsid shows 
much higher specificity. The ratio of matrix protein to nucleocapsid is constant, whereas 
the relative proportion of G can vary over a sixfold range (LodlSh and Porter1980a). It has 
also been found in phenotypic mixing experiments that VSV nucleocapsids are always 
associated with VSV matrix protein, implYing that the interaction is specific. Moreover, 
functional M protein is essential for the maturation of VSV virions, since M protein 
mutants produce no particles at the nonpermissive temperature (WeISs and Bennett 
1980). 

Myxoviruses and paramyxoviruses will also phenotypically mix (Granoff and Hirst 
1954), although host proteins are not incorporated into the virions of influenza (Holland 
and Kiehn 1970) and the interaction of the matrix protein of these viruses with the glyco
proteins appears to have a specificity resembling that of VSV. The influenza matrix 
protein contains two hydrophobic domains buried in the lipid bilayer (Gregoriades and 
Frangione 1981) and can be incorporated in vitro into preformed liposomes (Bucher et al. 
1980). Exogenously supplied neuraminidase is capable of associating more readily with 
such liposomes than with liposomes without matrix protein (Davis and Bucher 1981). 

In summary, it appears that the matrix proteins of negative strand viruses interact 
very specifically with their respective nucleocapsids. Although the interaction between it 
and the glycoproteins is less specific, the M protein probably plays a role in selecting 
virus-encoded polYpeptides and excluding host components. The arenaviruses and the 
bunyaviruses apparently lack matrix proteins, and the organization of their envelopes is 
unknown. 

The glycoprotein of coronaviruses is intermediate in characteristics between trans
membranous glycoproteins such as those of alphaviruses or VSV and the matrix proteins 
ofVSV or influenza. A small portion of the polypeptide, containing the carbohydrate, is 
external to the bilayer, but the bulk of the protein is on the cytoplasmic side (Siddell et al. 
1982). The characteristics of the interactions during assembly may also be intermediate, 
but no phenotypic mixing experiments between coronaviruses and heterologous viruses 
have been reported. 
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7 Concluding Remarks 

It is clear that the positive strand RNA viruses exhibit a much greater degree of diversity 
than the negative strand viruses. This is true both in terms of morphology and in terms of 
replication strategies. The plus stranded plant viruses range from small icosahedral 
particles to long and flexuous rods. The plus stranded animal viruses include both non
enveloped icosahedral forms and enveloped viruses which may have either cubic or heli
cal nucleocapsids. In contrast, all negative strand viruses, plant or animal, are enveloped, 
somewhat similar in size and complexity, and possess helical nucleocapsids. Plus strand 
viruses also display a remarkable divergence in genome structure, reflecting the dual role 
of the RNAs as both genomes and functional mRNAs. The 5' terminus of the genomic 
RNA may be unmodified as in some plant viruses, or may possess one of two types of 
modification: a genome-linked protein (thought to be important in RNA replication) or a 
cap (important in translation). The 3' terminus of these viruses may consist of a poly(A) 
tract, as do a number of eukaryotic mRNAs; may form a tRNA-like structure in many 
plant RNAs, which is thought to be necessary for RNA replication; or may exhibit 
neither of these properties. The genomic RNAs of the minus strand viruses are unmodi
fied at their termini, although the mRNAs produced by most of these viruses are capped 
and polyadenylated. Furthermore, the plus stranded viruses appear to have evolved unre
lated sequence signals for transcription, replication of antigenome templates, and repli
cation of genomes. The minus stranded viruses seem to use the same primary recogni
tion sequence for these activities; for all three activities, the RNA template is present as a 
ribonucleoprotein complex or nucleocapsid structure, and all minus strand viruses ex-· 
cept the myxoviruses have a replicase protein of about 200 000 daltons. These characteri
stics suggest that the plus stranded viruses are the more ancient group evolutionarily, 
whereas the negative strand viruses arose more recently and still show considerable evi
dence of a common ancestral heritage. Of great interest in this regard is a recent analysis 
which established that two of the more dissimilar negative strand virus groups are distant
ly related: computer analysis of the primary amino acid sequence of the matrix proteins 
ofVSVand influenza (Rose et al. 1982) showed that they were derived from a common 
ancestor. 

Within the negative strand viruses, the remarkable similarity in genome structure of 
the paramyxoviruses and rhabdoviruses makes it likely that they are fairly closely related. 
Orthomyxoviruses appear to be more distantly related because oftheir unusual mode of 
producing messenger RNAs. The situation with the bunyaviruses and arenaviruses is less 
clear. These two virus groups have a similar genome organization and differ from the 
other groups of viruses in certain important details, such as the lack of a matrix protein. 
Sequence studies of these viruses and computer searches for homologies such as those 
mentioned above will be of great interest in working out the evolutionary history ofthese 
viruses. 

Similarities in the genome organization of a number of plant and animal viruses have 
been referred to in this review. It is unclear at present whether this results from conver
gent evolution or descent from a common ancestor. Again, sequence studies of these 
viruses will be of considerable interest in determining whether the viruses had a common 
origin and how closely related they are. 

Throughout this review we have postulated that the RNA viruses, both plus stranded 
and minus stranded, use sequences of about 20 nucleotides in length as recognition 
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signals for replicases and transcriptases; the exact nucleotide sequence could determine 
the interaction with the enzymes. A second type of replication element may also be used, 
although less frequently; namely a secondary structure in the RNA which could be 
recognized by the replicase. Such structures are found most often in the plant viruses, but 
the alphaviruses also may use such signals. Further studies with DI RNAs and with virus 
variants whose sequences differ in these key regions will be of great value in deftning 
these sequence elements and structures. 

We began this review with the premise that with the available nucleotide and protein 
sequence data about viruses expanding at a very rapid rate, it might be timely to consider 
the relationship of sequence and genome organization to replication strategy. Nucleo
tide sequencing of a virus genome or of one its genes can elucidate the translation strate
gy (initiation codons, termination codons, number of open reading frames, etc.) as well as 
provide a deduced amino acid sequence of the proteins. When the sequence of the 
genome is augmented by direct protein sequence of its virus-encoded products and 
sequence of mRNA transcripts, accurate models for both transcription and protein pro
cessing can be drawn. Genetics takes on a new dimension when the amino acid changes 
responsible for a lesion in a mutant can be identifted and correlated with the function of a 
virus gene. For determining common sequence elements necessary for replication, and 
for a better understanding of the functional domains of virus proteins, however, the 
study of a number of related viruses is invaluable. Comparative sequence analysis can 
identify regions of conservation of amino acid sequence and regions of conservation of 
nucleotide sequence. Because of the rapid evolution of RNA viruses (Holland et al. 
1982), these two are not equivalent; the degeneracy of the code allows nucleotide se
quence divergence even when amino acid sequence is conserved ( Ou et al. 1982a, b). The 
signiftcance of conserved nucleotide sequences as control elements can be tested direct
ly using the methods of modem genetic engineering; synthetic viruses, or more specift
cally synthetic DIs, can be constructed containing primarily these hypothetical replica
tion signals and tested for selective advantage and interference with standard virus. It 
may be possible to use such artiftcial virions as cloning vectors by fusing recognition ele
ments to heterologous genes. Furthermore, this approach may be usable for production 
of vaccine strains of pathogenic viruses by manipulating the genome to produce a mutant 
containing the recognition signals and therefore efficient for replication, but lacking the 
sequences responsible for pathogenicity. Such chemical recombination experiments will 
be of great help in our understanding of the molecular mechanisms involved in the repli
cation of RNA viruses. 
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