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During the past year, genetic studies of picornaviruses, vastly facilitated 
by the application of infectious picornaviral cDNAs and RNAs, have 
contributed to our understanding of the function of individual picornavirus 
polypeptides and to the genetic processes that operate in these small 
RNA viruses. Especially notable were the demonstrations that the 
RNA-dependent RNA polymerase may have a function in RNA synthesis as 
an uncleaved precursor polypeptide, and that a mutation in the polymerase 
can be complemented in trans, in contrast to data obtained from 
previously studied polymerase mutants. A new in vitro system, in which 
positive-strand sythesis, negative-strand synthesis and RNA packaging were 
all observed, will facilitate further studies into the mechanism of these 

processes. 
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Introduction 

Cloned picornavirus cDNAs that are either themselves 
infectious [1-4] or can serve as templates for infectious 
RNAs [4-9] have conferred the ability to make and study 
defined mutations to the field of picomaviral genetics. 
The study of genetics in the system can be divided into 
two subdisciplines. The tools and logic of the genetic 
system may be used to investigate the biochemistry of 
individual proteins or RNAs and their interactions with 
other gene products. Ahemaflvely, the primary focus of 
a study may be the processes of transmission genetics: 
genome replication, complementation and recombina- 
tion. This review highlights some of the genetic processes 
that occur in picornaviruses, and the functions of individ- 
ual viral polypeptides are discussed. Models demonstrat- 
ing the dependence of RNA synthesis on translation of 
template RNA are presented. 

For a parasite like a virus, genetic approaches can also be 
used to study the interaction of the viral genome with its 
host organism. Because of space constraints, the effects 
of the picomaviral infections on host cells and the ex- 
ploitation of those host cells by picomaviruses will not be 
discussed in this review. The reader is referred to several 
recent, interesting reports on these subjects [10°,11°o,12 ° 
-14-,15..]. 

New information on RNA structure and 
function 

The genomic structure of picomaviral RNAs is schemati- 
cally shown in Figure 1. The 5' non-coding regions of 
picomaviral RNAs vary from 600-1200 nucleotides in 

length, and must perform at least two functions. At the 
5' end of the viral mRNAs, sequences from 140-630, 
403-811 and 369-805 in poliovirus [16], encephalomyo- 
carditis virus [17] and foot-and-mouth disease virus 
[18,19], respectively, confer the ability for picomaviral 
RNAs to be translated in cells by the unusual mechanism 
of internal ribosome binding. RNA sequences and factors 
mediating this process are under intense scrutiny; the 
state of this research has been recently reviewed [20"]. 
Cap-independent translation mediated by internal bind- 
ing of ribosomes to specific sequences in 5' non-cod- 
ing sequences was thought, until this year, to be lim- 
ited to the picornaviruses. Macejack and Samow [21oo], 
however, report that a cellular RNA, encoding the im- 
munoglobulin heavy-chain binding protein, can be trans- 
lated by internal ribosome binding as well. Thus, picor- 
naviruses did not 'invent' a new mechanism of translation, 
but hijacked one used by cellular messages [21o°]. Se- 
quences in the 5' non-coding region outside the intemal 
ribosome binding region are also important for transla- 
tion initiation in poliovirus. A small-plaque mutant whose 
genome harbors a small insertion at nucleotide 21 clearly 
displays a primary defect in translation [22]. 

It would seem reasonable that sequences complementary 
to the 5' end of the positive strands, and constituting the 
3' end of the negative strands, should also be involved 
in the initiation of positive-strand synthesis. Anclino et 
a t  [23"'] investigated both the RNA structure formed 
by the 3'-terminal 90 nucleotides of the poliovirus neg- 
ative strand, and the similar RNA structure formed by 
the complementary 5'-terminal nucleotides of the positive 
strand. Chemical and enzymatic probing of the positive- 
strand RNA structure, as well as site-directed mutagen- 
esis, confirmed the presence and functional importance 
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of the RNA secondary structure predicted for this region 
[24-26]. Clever mutagenesis, creating G-U base pairs on 
one strand and C-A mismatches on its complement, was 
used to test whether the RNA structure was functionally 
required in its positive- or negative-strand version. Quite 
surprisingly, the intricate clover-leaf structure seems to 
be needed, not at the 3' end of the negative strand from 
which RNA synthesis must initiate, but at the 5' end of 
the positive strarid! The phenotypes of mutants showed 
that the requisite function is in RNA synthesis, specifically 
in positive-strand synthesis (although this latter sugges- 
tion comes only from measuring the steady-state ratio 
of positive to negative strands in non-conditional mu- 
tants). Taken together, these findings suggest that the 
structure of the extreme 5' end of the poliovirus positive 
strand may be important for its own synthesis, either as a 
nascent RNA or as the template of the template of nascent 
positive-strand RNAs [23"]. 

New information on poliovirus proteins 
RNA-dependent RNA polymerase and other 
RNA-replication proteins 
What proteins interact with 3D, the viral polymerase, dur- 
ing picomaviml RNA synthesis? Andino et at  [23 °'] have 
identified at least one complex that appears to be re- 
quired for poliovirus RNA synthesis. Using non-denatur- 
ing gel electrophoresis, a complex formed in vitro be- 
tween the RNA and either a host protein or proteins 

from both uninfected and poliovirus-infected HeLa cells 
has been identified [23"']. Using e x t r a c t s  from infected 
cells, a new complex was formed, and was found to 
contain 3CD, the uncleaved 'precursor' of both the 3D 
polymerase and the 3C protease. A role for 3C coding 
sequences in RNA synthesis had been anticipated by ear- 
lier work by Andino et al. [27], who showed that certain 
phenotypic revertants of mutations in the 5' non-cod- 
ing region clover-leaf RNA structure mapped to 3C. The 
recent work showed that mutations in the RNA clover- 
leaf or in the coding region of 3C resulted in the same 
in vitro phenotype (the loss of formation of the large 
complex), and similar in vivo defects in RNA synthesis 
[23"']. Therefore, there is abundant structural and ge- 
netic evidence demonstrating the existence of a func- 
tional complex between the 5'-most RNA sequences of 
the poliovirus positive strand and 3CD. Whether the host 
protein is still present in this larger complex has not yet 
been shown, but the idea remains tantalizing. 

The function of this complex in RNA replication remains 
to be established. Models to explain the importance of an 
RNA-protein complex at the 5' end of the positive strand 
in positive-strand synthesis include possible roles in RNA 
stability, in separating the nascent positive strands from 
their templates, and in factor recruitment, that is, keeping 
proteins required for RNA synthesis close by for synthesis 
of the positive strand's 'grandchildren' [23"']. 

Is there any difference between the protein requirements 
for positive and negative strand synthesis? Recently Gia- 
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Fig. 1. (a) Genetic map of plcornaviruses, approximately to scale. The sizes of picornaviral genomes range from 7209-8450 nucleotides 
[50]. The single open reading frame is shown by the open box. The 5' and 3' non-coding regions of RNA are shown as lines and the 
individual viral proteins, at their terminal processing stages, are designated within the box. Proteins 1A, 1B, 1C and 1D are the viral capsid 
proteins VP4, VP2, VP3 and VP1, respectively; 2A and 3C are viral proteases; 2B, 2C and 3A are polypeptides which, when mutant, affect 
viral RNA synthesis; 3B is VPg, the 22 amino-acid peptide covalently linked to the 5' end of both the positive- and the negative-RNA 
strands; and 3D is the RNA-dependent RNA polymerase. Each of these proteins may play more than one role, function in the context 
of a larger precursor, or both. Furthermore, RNA structures within the coding regions, as well as in the 5' and 3' non-coding regions, 
may fulfill a function. Important differences among the picornaviruses exist. For example, the location of the poly (C) region present 
in cardioviruses (for example, encephalomyocarditis virus) and apthoviruses (for example, foot-and-mouth disease virus) is marked with 
an asterisk; the small 'leader' polypeptide present at the beginning of the single open reading frame in cardioviruses, apthoviruses and 
Theiler's viruses is marked by an L; the coding region for VPg is tandemly repeated 3 times in foot-and-mouth disease virus (reviewed in 
[50]). (b) 'Complementation' map of poliovirus. Circles denote mutations of only a few amino acids or nucleotides; rectangles denote larger 
deletions and suggest their relative sizes [39]. Open circles; recessive mutations, those which can be complemented by other mutants 
or rescued by wild-type virus [38,43,44]. Black circles; c/s-dominant mutations, which cannot be complemented by other mutants or 
rescued by wild-type virus [38,43,44,51]. Grey circles; trans-dominant mutations, which can inhibit the growth of coinfecting wild-type 
or mutant virus [38,43,45=]. The recessive alleles in the 5' non-coding region are 'complemented' by coinfecting viruses because of the 
increased inhibition of host protein synthesis during coinfection [51]. 
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chetti and Semler [28] have reported another interest- 
ing example of a picomavirus mutant in a protein-cod- 
ing region with a strand-specific defect in RNA synthe- 
sis. A mutant derived from a poliovirus cDNA bearing 
a mutation in the 3A coding region displayed defects in 
translation [29] and RNA replication [28]. The results of 
further in vivo and in vitro experiments are consistent 
with the idea that the primary defect of this mutant is 
in positive-strand synthesis. Unfortunately, the dot-blot 
analysis used in these studies for the quantitative deter- 
ruination of negative strands in the presence of excess 
positive strands can be quite misleading [30"]. Notwith- 
standing, this result suggests that the role of 3A, whose 
only suspected function is in the VPg precursor 3AB, may 
be more important in positive- than in negative-strand 
synthesis. That the two strands could be primed differ- 
ently is quite conciliatory, given the controversy over the 
mechanism of RNA priming, which is discussed below. 

Astonishingly, a cell-free extract in which poliovirus 
negative-strand synthesis, positive-strand synthesis and 
RNA packaging can all be accomplished has recently 
been developed by Mola et aL [31"]. In this system, a 
translation-competent extract prepared from uninfected 
HeLa cells was programmed with positive-strand po- 
liovirus RNA. Following incubation in vitro for 15 h, infec- 
tious poliovirions could be recovered. That the authors 
did not merely observe packaging of the RNA molecules 
that were added to the extract was argued by the pres- 
ence of negative-strand RNA following, but not preceding, 
incubation. That de novo RNA synthesis occurred in these 
extracts was shown by the dependence of infectious 
virion production on the presence of all four dNTPs, 
and by the inhibition of virion production by guanidine 
hydrochloride, an inhibitor of picomavirus RNA synthesis 
in vivo. When the in vitro extracts were programmed 
with positive-strand RNA from a guanidine-resistant mu- 
tam, however, the synthesis of infectious virions was not 
inhibited by guanidine hydrochloride. This in vitro s~-  
tern will provide a wealth of experimental information 
about the protein and RNA requirements for the initia- 
tion of positive-strand synthesis, negative-strand synthe- 
sis, RNA packaging and virion morphogenesis, as all these 
processes presumably occur in vitro, thus accounting for 
the production of infectious virus [31"°]. 

Capsid structure and assembly 
The mechanism of picomavirus assembly and of viral 
RNA packaging can be investigated by mutating the cap- 
sid proteins and identifying the types of presumed as- 
sembly intermediates that accumulate in cells infected 
with the mutant viruses. Marc et al. [32] have pioneered 
the study of 'dead' mutants by investigating the assembly 
pathway in cells tmnsfected with mutant poliovirus RNA 
that does not give rise to viable virus. Using this tech- 
nique, the role of myristoylation of capsid proteins 1A 
and lAB has been explored. In wild-type poliovirions, 
the amino-terminal glycine of 1A and lAB is myristoy- 
lated co-translationally [33]. Upon changing the terminal 
glycine to an alanine residue, myristoyiation was found to 
be totally abolished [32]. In this mutant, assembly about 
the fivefold axis (of pentameric intermediates) was found 
to be quite slow, and the few intact virion-like structures 

formed were not infectious. In mutants in which myris- 
toylation is only 40-60% inhibited, Moscufo et aL [37] 
showed that myristoytated proteins were selected with a 
twofold preference in the assembly of the pentameric in- 
termediates, and a 20-fold preference in intact, virion-like 
structures. Therefore, myristoytation is thought to be im- 
portant at several stages of viral assembly [32,37]. Inter- 
estingly, these in vivo studies demonstrate little effect of 
myristoylation on RNA replication or even on proteolytic 
processing, although processing effects have previously 
been observed in in vitro experiments. 

Genetic processes 
RNA replication 
The mechanism of priming picomavirus RNA synthesis 
remains a subject of controversy. One school of thought 
contends that a host factor, terminal uridytyl transferase 
(TUTase), adds non-templated U's to the 3' ends of the 
would-be template RNAs. This could create a small hair- 
pin for priming of the new strand. The negative strands of 
picomaviruses begin with poly (U), owing to its synthesis 
from the poly (A) at the 3' ends of the positive strands 
(Fig. 1). In addition, the initial two nucleotides of all 
picomaviral positive strands are U's. The second school 
of thought draws support from a series of experiments, 
including the observation of free, di-uridylytated VPg (a 
22 amino-acid peptide) in infected cels. This structure, 
VPg-pU-pU, could be used as the primer for both 
positive- and negative-strand synthesis (reviewed in 
[35]). 
In accord with a previous, similar report for coxsackie 
B3 viral RNA [37], Harmon et al. [36"] reported that 
the initial two nucleotides of poliovirus RNA were not 
required for infectivity of RNA transcripts made in vitro. 
Interestingly, the recovered viral RNA contained the two 
U's reinstated at the 5' end of all of the progeny positive 
strands. With the two A's missing from the 3' end of the 
first negative strands, it is diftlcult to imagine how TUTase 
action could cream the hairpin to facilitate the priming 
described in the first model, discussed above. Of course, 
the polymerase may not require the two A-U base 
pairs to recognize the template-primer loop created by 
TUTase. In contrast, priming by VPg-pU-pU could 
quite easily restore these non-templated nucleotides, and 
this evidence can be interpreted as support for the 
VPg-pU-pU priming model [36°,37]. 
Without quantitation of the specific infectivity of mutant 
RNAs missing the first two uridine residues, it remains 
possible that the mutant negative strands could have 
been polyadenylated in the cel, regenerating either tern- 
plated, hairpin-primed, or VPg-pU-pU-primed synthesis 
of the missing nucleotides. Several instances of such low- 
frequency correction of laboratory-induced defects in the 
cel  can be found in picomavirology, including both the 
elongation of short poly (A) tails and poly (C) tracts [9] 
and the removal of extra nucleotides from the 5' ends 
[3]. Clearly, further experiments, preferably in a truly 
representative in vitro RNA replication system [31 o-], are 
needed to understand the mechanism of initiation of RNA 
replication in picornaviruses. 
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Complementation 
Several lines of evidence have pointed to an unusual re- 
lationship between translation and RNA replication in pi- 
cornaviruses [38]. Most strikingly, deletion mutants and 
defective interfering (D1) genomes of picomaviral RNAs 
can be replicated in the presence or absence of helper 
virus only if the 3' end of the defective genome remains 
in frame with the initiation codon at the beginning of the 
polyprotein. This phenomenon was first noticed during 
the sequencing of poliovirus D1 genomes, when numer- 
ous isolates were found to contain deletions of different 
sizes, all in the region of the genome encoding the viral 
capsids and all retaining the downstream coding regions 
in frame [39]. This has since been confirmed using dele- 
tion variants synthesized in vitro from engineered infec- 
tious cDNAs [40,41,42.]; only in-frame deletions gave rise 
to replicatable RNA. These data can be explained most 
simply by either a requirement for certain poliovirus pro- 

teins in c/s; or a requirement for the translation of the 
entire poliovirus genome for its successful replication. 

Several poliovirus mutants whose mutations map to cod- 
ing regions for proteins involved in RNA replication have 
been shown to be c/s-dominant in plaque assays. One 
mutation in 3A, one in 3D, and four in 2B [43,44,45 °] 
demonstrated an inability to be rescued or comple- 
mented during coinfections with either wild-type or mu- 
tam viruses. It is possible that RNA structures in these 
regions are so critical and sensitive to disruption that all 
these mutations are, in fact, c/s-dominant RNA-structure 
mutants. Alternatively, 2B, 3A, and 3D may be proteins 
that act in c/s; on the genomes from which they are 
translated. Interestingly, Charini e t a t  [46,,] have recently 
reported that a small-plaque mutant resulting from a sin- 
gle amino-acid insertion in the 3D (potymerase) coding 
region was clearly recessive during coinfection with wild- 
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Fig. 2. Models for the replication of pi- 
cornaviral RNA and its dependence on 
the presence of an in-frame coding re- 
gion. These models do not address the 
mechanism of priming of negative- or 
positive-strand synthesis, but simply the 
relationship of RNA synthesis to trans- 
lation. For the sake of simplicity, only 
the initiation of negative-strand synthe- 
sis is depicted. Translation of poliovirus 
proteins is known to be associated with 
membranes [50], which are schemati- 
cally represented. (a) Nascent replica- 
tion proteins are required, in cis, for the 
initiation of negative- or positive-strand 
synthesis. Only newly synthesized pro- 
teins are in the proper conformation 
for the initiation of RNA replication. (b) 
Replication proteins are sequestered in 
the cell near the RNA from which they 
were translated, along with the descen- 
dants of that RNA. Most proteins trans- 
lated from other genomes have no ac- 
cess to the genome shown; however, 
any proteins able to penetrate the com- 
partment could work in trans. (c) An 
RNA structure at the 3' end of the 
genome prevents the positive strand 
from acting as a template for negative- 
strand synthesis until the RNA structure 
is denatured by the translational appa- 
ratus. Thus, the act of translation itself, 
as well as the translation products, are 
required for the initiation of-negative- 
strand synthesis. 
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type virus. Carefully planned controls showed that the 
observed rescue of  this mutant virus by the coinfecting 
wild-type virus was not  the result o f  genetic recombi- 
nation. Furthermore, three alleles o f  2B that could not 
be complemented by other  mutant viruses have been 
demonstrated by Johnson  and Samow [45"] to show 
tran.~dominance, that is, to exert some dosage-depen- 
dent interference with the growth of coinfecting wild-type 
virus. Thus, at least some function or  functions of  3D, 
and possibly o f  2B, can be contributed in t r a m  A 'com- 
plementation map'  o f  the poliovirus genome is shown in 
Figure lb. 

Three models attempting to reconcile these some- 
what contradictory findings are presented (Fig. 2) 
[38-41,42o,44,45.,46..].  Model A suggests that replica- 
tion proteins must be newly synthesized to associate 
with the template or  to initiate RNA replication. These 
nascent proteins would transiently occupy  a conforma- 
tion in which they could initiate negative-strand synthesis 
from the RNA strand from which they were translated. 
To explain the recessive 3D and the t rans-dominant  2B 
mutants discussed above, one  must then invoke other, 
tran.~acting functions for 2B and 3D that are defective 
in those particular mutants. Model B suggests that the 
apparent c/s action o f  certain poliovirus proteins could 
result from compartmentalization inside the cell. Then, 
the local concentration of  proteins translated from a par- 
ticular RNA or its siblings would be quite high relative to 
that of  proteins translated from other, coinfecting RNAs. 
No replication of  out-of-frame DI particle genomes would 
occur due to the absence o f  the local high concentra- 
tion of  proteins required for RNA replication. Again, cer- 
tain functions o f  2B and 3D, which operate outside the 
compartments involved in RNA replication, could require 
these proteins only at lower concentrations. In model C, 
an RNA structure in the positive strand is hypothesized 
to be inhibitory to the initiation o f  negative-strand syn- 
thesis. Until this structure is removed by the act o f  trans- 
lation, no RNA replication can occur. In this model, all 
replication proteins can in principle act in t ram ,  and the 
c/s-dominant mutations in the coding regions for 2B, 3A 
and 3D are in fact mutant in their RNA structures. Perhaps 
within the year this quandary will be resolved? 

Recombination 
Recent and not-so-recent advances in our  understand- 
ing of  RNA recombination between picomaviml genomes  
have been reviewed in the past year [47.]. During 
1991, the most  exciting discovery in RNA recombination 
came from another field o f  virology. It was thought that 
alphaviruses, also positive-strand viruses, did not undergo 
genetic recombination until, in 1988, sequence analy- 
sis revealed that western encephalitis virus apparently 
arose by genetic recombination [48]. In 1991, Weiss and 
Schlesinger [50"]  reported that, under  conditions o f  
stringent selection for viability, recombinant  Sindbis virus 
RNA could be observed in the laboratory. Thus far, the 
list o f  RNA viruses known to undergo genetic recombina- 
tion contains only positive-strand eukaryotic RNA viruses, 
including picomaviruses, coronaviruses, alphaviruses and 
bromoviruses. This situation is certain to develop during 
the year. 

Conclusions 

Mutations in the viral coding regions, and especially in 
RNA structures in the 5' non-coding region, have pro- 
vided new insights into the mechanisms of  viral trans- 
lation, RNA synthesis and assembly. In addition, several 
new findings in the areas o f  complementat ion and RNA 
replication have supplied surprising twists. 

The recently-developed in  vitro system for poliovirus 
RNA synthesis and packaging will provide an invaluable 
tool to test the functions o f  viral RNA sequences and 
viral and cellular proteins in picomaviral replication. Fur- 
thermore, unsolved quandaries such as the mechanism 
or  mechanisms of  priming RNA synthesis, and the re- 
lationship between the initiation o f  viral RNA synthesis 
and translation may yield to an assault that includes both  
genetic analysis and in  vitro biochemistry that faithfully 
mimics viral replication in an infected cell. 
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