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2 RNA Genetics
I. INTRODUCTION

RNA viruses are unique in having their information encoded in RNA. Their diversity,
their widespread occurrence, and host range — prokaryotes, plants, and animals — reflect
their evolutionary success. Even though RNA is generally believed to be the older form of
information carrier, RNA genomes are extremely rare in cellular organisms — RNA plasmids'
generally being regarded as inherited relics of viral infections — and so RNA replication
does not occur in the normal processing of the genetic information. As a consequence,
replication of viral RNA has several unique features.

Besides their extrinsic information — the message encoded by the nucleotide sequence
— nucleic acids also possess intrinsic information, the specific folding of the sequence chain
due to molecular interactions.? The intrinsic information is responsible for the recognition
of nucleic acids by the expression machinery; together with recognition boxes, it affects the
formatting of the extrinsic information. While the intrinsic information of double-stranded
DNA is rather limited, there is an enormous potential for utilizing the intrinsic information
of single-stranded RNA up to the sophistication level of enzymic catalysis.>* It seems likely
that the replication process makes extensive use of such intrinsic information. Therefore,
there is selection pressure for preserving or improving the intrinsic information, as well as
the extrinsic information, and both types of information must be reconciled with one another
during evolution.

Normally, RNA synthesis in the cell occurs by transcription from the DNA genome. The
reading accuracy of nucleotides as dictated by their chemical nature suffices, since errors
are neither propagated to other RNA molecules nor transmitted to offspring of the cell. There
is therefore no selection pressure favoring error-correcting mechanisms as there is in DNA
replication. When RNA itself is replicated, however, error propagation has serious conse-
quences. RNA viruses have to live with this limited replication accuracy; the amount of
information they can transmit and thus their chain lengths are constrained by this fact.5 Other
consequences of the limited replication accuracy are rapid genetic drift and high sequence
variability of RNA viral genomes®’ (RNA variability and its biological implications are
reviewed in other areas of this book).

In contrast to cellular genomes, viral genomes are not confined to different compartments
after each duplication step. Late in an infection cycle, many copies of the RNA genome are
present together with their expression products. In this case, selection pressure acts on the
whole genome distribution, since some mutants unable to launch a successful infection on
their own can still be amplified in a cell. Such mutants can survive several infection cycles
if cells are infected with high multiplicities. Recloning and selecting for the full information
of the individual genome is only observed when a single virus invades a new cell. This
‘‘swamping’’ effect also favors genetic variability and allows ‘‘hitchhiking’’ of foreign
defective RNA, e.g., of satellite RNA. It is thus no surprise that only a small fraction of
intact RNA viruses are infectious.

The RNA in positive-strand viruses has several roles: it acts as messenger for expression
of the viral proteins, as template in RNA replication and as core in the assembly of virion
particles. At least the first two roles are difficult to reconcile with one another because of
the different polarity of the reactions involved: while protein synthesis proceeds in the 5’
to 3’ direction, RNA replication begins at the 3’ end of the template RNA and proceeds
towards its 5’ end. The reactions must be regulated in vivo so as to avoid clashes.

The two complementary viral strands found in infected cells may form double-stranded
structures by Watson-Crick base pairing. In the first replication round, single-stranded viral
RNA has 1o be transcribed by a viral RNA-dependent RNA polymerase. It is unlikely that
one and the same enzyme catalyzes transcription from both single- and double-stranded
RNA. Thus, if no other RNA-dependent RNA polymerase activity is present in the cell,
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FIGURE 1. Gene maps of leviviruses. Upper: group A (MS2), lower group B (QB).
Ribosome binding sites are indicated by arrows. rb = replicase binding site (interfering with
ribosome binding at C initiation site); cb = coat protein binding site (interfering with ribosome
binding at R initiation site). Analogous sites (not shown) are probably also found at group
A viruses. The cistrons are [isted in Table 1. Note that there are 4 genes, but only 3 ribosome
binding sites for group A and group B phages. The lysis gene L of group A phages is
translated by a frameshift error in translation of the C gene. C gene translation is terminated
by a termination signal and L synthesis begins at the AUG start codon following the ter-
mination signal. The Al gene of group B phages (coding for a phage capsid constituent
possibly also involved in host lysis) is translated by occasionally reading through the stop
codon of the C gene. Both L and Al production probably utilize the limited accuracy of the
translation machinery; in principle, accidental mutation events in viral RNA replication —
e.g., a nucleotide deletion in the C gene or a base substitution in the stop codon — would
lead to the same phenomenon. Information compiled from and based on References 21, 23,
and 24.

viral RNA replication is unlikely to involve a double-stranded replicative form, except for
a short stretch bound to the enzyme at the replication site.

II. THE INFECTION CYCLE OF RNA COLIPHAGES

RNA coliphages are abundant (>10* infectious particles/m{) in sewage.® The discovery
of the first RNA phage, 2, aroused great interest, and soon similar phages were detected
elsewhere.'®'* The spread of coliphages over the world and their classification have been
extensively investigated. The RNA coliphages have been classified into 2 groups (A and B)
and 4 subgroups by serological and biochemical criteria.'>'®

For about a decade RNA coliphages were a popular and highly successful system for the
study of gene expression. The results obtained in that time period are compiled in two
books'®2° and a short overview.?!

Coliphages, belonging to the family Leviviridae,?” are small, icosahedral viruses with
diameters of about 23 nm containing 1 molecule of single-stranded RNA with a nucleotide
chain length of 3500 (group A) or 4200 (group B) coding for 4 genes that suffice for all
necessary viral functions. The sequences of phages MS2%* and QB** have been determined,
they suggest extensive intramolecular base-pairing leading to a flower-like structure.?® The
organization of the phage genome is somewhat different for group A and B (Figure 1). The
phage ‘‘head’’ is composed of 180 identical coat proteins (C), some of which are replaced
for group B phages by a coat protein (Al) extended at its amino terminus by additional
amino acid residues due to reading through a stop signal. The functions of the virion tail
(receptor recognition) and of the assembly of mature phages are supplied by the adsorption
or maturation protein (A or A2). After entering the cell, the viral RNA is recognized as a
messenger by the ribosomes and translated. The product of the replicase gene R performs
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Table 1
COMPONENTS AND PRODUCTS OF LEVIVIRUSES FROM ESCHERICHIA COLI

Group
A B
Subgroup I II I v Number
Example MS2 GA Qp SP per virion Remarks
RNA
M, /Mdalton 1.21 1.20 1.39 1.49 1 Strong secondary structure
L. 3569 b 4220 b
Adsorption protein (gene A or A2)
M, /kdalton 44.8 44.5 45.0 48.0 1 Necessary for adsorption and
maturation
L. 392 aa 419 aa
Position 130-1308 62-1321
Coat protein (gene C)
M, /kdalton 14.0 12.9 16.9 17.3 =180 Hydrophobic, forms icosa-
hedral shell
L. 129 aa 132 aa
Position 1335-1724 1345-1743
Readthrough protein (gene Al)
M, /kdalton — — 38.5 39.0 =7 Produced by erroneous read-
ing through a stop codon
L. 328 aa
Position 1345-2334
Replicase subunit (gene R)
M, /kdalton 60.0 57.0 65.0 ? 0 Complexes with S]1 and EF
TuTs from host
L. 544 aa 589 aa
Position 1761-3395 2353—4119
Lysis protein (gene L)
L. 74 aa — 0 Produced by frame shift
Position 1678-1902

Note: L. = chain length (b = bases, aa = amino acids), M,, = molecular mass. Data compiled mainly from
References 17 and 24.

in collaboration with a few host proteins all processes necessary in replication. Late in the
infection cycle, translation must compete with replication and packaging of the RNA. The
gene product of gene L, which is read in a different frame, is necessary at group A phages
for lysis of the bacteria.>>?® In group B phages, the maturation protein is responsible for
triggering cell lysis.?”” The time-dependent regulation of synthesis of the different gene
products is highly sophisticated and effective.'®® It makes extensive use of the secondary
and tertiary structure of the RNA and its dynamic changes during translation and replication
(Table 1, Figure 2).

III. CHARACTERIZATION OF THE REPLICATION APPARATUS

Extracts of RNA phage-infected Escherichia coli cells were found to contain an RNA-
dependent RNA polymerase activity absent in uninfected cells.?® Phage replicases containing
the gene product of the R gene and 2 to 3 subunits from the host were subsequently isolated
in high purity (Table 2).?*3! In contrast to most other replicases,*® the replicase of phage
QB is remarkably stable and has been thus investigated most extensively. The subunits
contributed by the host are the elongation factors of protein biosynthesis (EF)Tu and EFTs*
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and the ribosomal protein S1.** Replicase without the latter subunit (core enzyme) is unable
to replicate viral plus strand, but performs all other reactions normally.** Replication of the
viral strand also requires the participation of an additional host factor.*® Both S1°7 and host
factor®® are RNA-binding proteins; their biological role is probably to avoid binding of viral
RNA engaged in protein biosynthesis (Figure 2). The replication apparatus of other RNA
coliphages seem to be analogous,*?-* but host factors may differ for different phage groups.*
Replicase (and host factor) amplify in vitro infectious viral RNA autocatalytically.?' The
role of the different subunits is not fully understood;** the viral subunit appears to provide
the active center for phosphodiester formation, while EFTu and EFTs are involved in the
initiation reaction.

IV. REPLICATION OF VIRAL RNA

After phenol extraction of virus-infected cells, three forms of viral RNA are detected:
single-stranded plus strands, a double-stranded ‘ ‘Hofschneider-structure’’,*? also called ‘‘rep-
licative form (RF)’’, and a partially double-stranded ‘‘Franklin-structure’’,* called ‘‘rep-
licative intermediate (RI)”’. However, when proteins were not removed, intracellular RNA
was found to be RNase sensitive,** suggesting that the double strands were isolation artifacts.
RF and RI are only infectious after melting into single strands. Replication thus requires a
single-stranded template, and yields a complementary replica and the template as single
strands. 447

The mechanism of viral RNA replication is complicated in vivo by the fact that the viral
RNA strand must also be expressed to provide replicase and other gene products, and is
eventually packaged. The interference by processes competing with replication for the RNA
can be avoided by investigating the mechanism of RNA replication in vitro. The system
requires the nucleoside triphosphates ATP, CTP, GTP, UTP, Mg?* ions, single-stranded
template RNA, the enzyme Q@ replicase, and the host factor. The first replication round
produces a ‘‘negative’’ replica strand with the complementary sequence. The negative strand
is used by the replicase as template for the production of positive strand, and thus two cross-
catalytical cycles are observed (Figures 2 to 4).%!

QB replicase is quite specific in its choice of templates: in vivo, it only accepts QB RNA
itself and its complementary strand.“®*° In vitro, other templates have also been found to
direct synthesis of their complementary strands (transcription) by QB replicase; however,
they can not replicate autocatalytically (for reviews see References 42, 49, and 50). There
is, however, a class of short-chain, self-replicating RNAs which can be autocatalytically
amplified, the so-called midi-,*’ mini-,**** micro-,> and nano-variants.> The name ‘‘var-
iant’’ is misleading; since their sequences are not sufficiently related to each other or to Qf
RNA, itself, to suggest descendence from a common ancestor, they constitute different RNA
species. They originate in so-called *‘template-free’’ incorporations by a de novo synthesis
process not yet fully understood (Section IX).°** For their effective replication, core re-
plicase suffices. They resemble a heterogenous, self-replicating RNA class sedimenting with
6 S found in Qf-infected cells late in the infection cycle. These short RNA species are
especially suitable for studying the principles of RNA replication (Table 3).°

The nucleotide sequences of self-replicating RNA species have a C-cluster at the 3’ end
(and consequently a G-cluster at the 5’ end) in common;** its presence is necessary, but not
sufficient for replication. The extrinsic information, however, is not sufficient for providing
the ability to replicate. In one species the folding of the sequence produced by replication
was metastable and could refold into a more stable structure; only the metastable form was
found to replicate.®' Comparison of the electro-optic properties of replicating species also
suggested structural similarities.®!

The tertiary structure of the RNA (the intrinsic information) is thus crucial for replication
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FIGURE 2. Schematic model of a levivirus infection cycle. @ Ribosomes, a replicase, « 5’ end, — 3’
end, V ribosome recognition site available, W unavailable. Free viruses adsorb to sex pili with the help of the A
or A2 cistron. The RNA enters the bacterial cytoplasm together with the A (A2) protein, while the empty shell
remains outside. After proteolytic degradation of the adsorption protein, ribosomes bind to the C ribosome rec-
ognition site to initiate C gene translation. During translation of the C gene, the structure of RNA is altered to
render the ribosome recognition site of the R gene available, which is then translated. The R gene product complexes
with EF TuTs and ribosomal protein S1 from the host to form replicase. Replicase can not act as long as translation
is going on. If sufficient replicase is present to compete with ribosomes, it binds to the rb site, blocking the
ribosome recognition site of the C gene. Ribosomes already engaged in synthesis complete their job and fall off.
The free 3’ end is then able to thread into the active site of the replicase and minus strand synthesis is initiated.
(A more detailed scheme of the replication cycle itself is shown in Figure 3). More than a single replicase molecule
may act on one template RNA strand, resulting in a Franklin structure (RI) after deproteination. After completion
of the replica strand, the replicase has reached the 5’ end of the template. Deproteination of this complex results
in a double-stranded Hofschneider structure (RF). The replication round is completed with the liberation of the
replica minus strand, and then the template plus strand from the replicase. Replication of the minus strand occurs
analogously. In newly synthesized plus strands the ribosome binding site for the A gene is available and A gene
(with progressing replica chain length also C and R gene) translation occurs. Increasing amounts of C protein
inhibit R gene translation by binding to the cb site. C protein and A protein binding is the start also for the
spontaneous assembly of the phage capsid. Lysis of the cell requires in group A phages translation of the L gene
product which is a side reaction of C translation (see Figure 1). Lysing bacteria liberate some 1000 phage particles
each, only 5 to 20% of which are infectious. The model shown follows proposals originally made by Weissmann.
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Table 2
POLYPEPTIDES OF Qp REPLICATION APPARATUS*

Polypeptide M, /kdalton Origin Possible role

Beta 65 Virus Phosphodiester formation, specificity

EFTu 45 Host Initiation, binding of 5’ terminal GTP
EFTs 35 Host Must be complexed to EFTu

St 70 Host Binding of special site of plus strand

Host factor 6 X 15 Host RNA binding protein, role unclear

Note: The first polypeptides complex to form core replicase. The complex between
core replicase and ribosomal protein S1 is called holo replicase. Core replicase
is sufficient for all reactions except replication of viral plus strand RNA for which
holo replicase and host factor are required.

to occur. Therefore, the template can not be considered merely as a substrate: it shares the
catalytic functions in the active replication complex with the replicase. (RNA is known to
participate in, or even to effect, other enzymic reactions, most often those involved in its
own processing,>*%? in a few cases, also the processing of other RNA.>?)

V. MECHANISM OF RNA REPLICATION

Kinetic studies showed that the template specificity of Qf replicase is controlled kinetically
by the lifetimes of the initiation complexes.® In a first step, replicase is bound to template,
apparently at an interior site.®*° At least 2 GTP molecules then must be bound at the 3’
end of the template. One of the GTP molecules is bound by the active site of the viral
subunit of the replicase; the 5-terminal GTP is perhaps bound to the EFTu subunit.*>
Priming of the replication process then occurs by phosphodiester formation and pyrophos-
phate release. Chain elongation is performed by consecutive association of the complemen-
tary bases followed by phosphodiester formation and pyrophosphate release. Since Watson-
Crick base-pairing is the basis of copying, a double-helical structure is involved at the
replication fork. As replication proceeds, the strands are released from the enzyme in single-
stranded form (Figures 3 and 4). The considerable energy for melting the transient double
helix must be provided by the replication process itself. Reformation of a double helix
between replica and template tails during replication is suppressed by formation of rigid
intramolecular RNA structures. All replicating RNA species investigated exhibit remarkable
structural stability;®' however, introduction of an unstructured oligo (A) cluster into the
sequences of QB RNA™ or MDV-17! by RNA recombination techniques is apparently tol-
erated for replication. Forced removal of the enzyme from the replication fork (deprotein-
ation) converts the partially single-stranded structure immediately to the fully paired structure.?!
The elongation rate differs strongly from position to position, presumably because of folding
and refolding of the single-stranded template and replica. Chain elongation pauses at specific
positions where the normal elongation rates (approximately 100 bases per second) drops
about two orders of magnitude.” The completed replica chain is adenylated and then re-
leased;**"*7 the resulting inactive enzyme-template complex eventually dissociates slowly
to recycle template and enzyme (Figures 3 and 4).%%7°

VI. KINETICS OF NUCLEOTIDE INCORPORATION

Kinetic profiles can be determined conveniently by measuring the incorporation rate of
radioactive triphosphates into RNA.>® The profiles (Figure 5) reveal two main replication
phases:
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FIGURE 3. Schematic model of RNA replication. Enzyme having one catalytic site for
phosphodiester formation and binding sites for the template and replica strands binds to the
3’ end of a template. A replica chain is initiated by phosphodiester formation between two
complexed GTP molecules. The replica is elongated and the growing replica and the already-
read tail of the template are released from different sites as single strands. After the replica
chain is completed it is adenylated and released. The resulting inactive template-enzyme
complex dissociates. Above: artists view of the replication mechanism. Below: simplified
replication mechanism.

1. An exponential growth phase where enzyme is in excess and both replica and template
can start further replication rounds.

2. A linear growth phase where enzyme is saturated with template and a further increase
of the replication rate by newly synthesized RNA is not possible. Finally, the incor-
poration levels off, mainly due to product inhibition.

Determination of overall replication rates in both growth phases showed about a threefold
higher rate constant value in the exponential phase for all species examined. This cannot be
attributed to multiple replication sites on one template strand, because short-chained RNA
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FIGURE 4. Minimal complete replication mechanism. Above: intermediates and rates. Below: steady-state cal-
culation giving retention times for the elementary steps, valid for the linear growth phase. Consult Reference 75
for explanation of symbols and standard rate values. (From Biebricher, C. K., Eigen, M., and Gardiner, W. C.,
Biochemistry, 22, 2544, 1983. With permission. Copyright 1983 American Chemical Society.)

species cannot be occupied by more than one replicase molecule at one time, in contrast to
the much longer viral RNA. Instead, this observation can only be accounted for as a
consequence of the growth rate in the linear phase, being mainly controlled by the low rate
of enzyme recycling after completion and release of the replica, while in the exponential
growth phase, the released replica can start a new replication cycle immediately with excess
enzyme.

A minimal replication mechanism has been composed from the kinetically separable steps
described in Section V (Figure 4). It consists of two crosscatalytic cycles, one each for the
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Table 3
TEMPLATES FOR Q8 REPLICASE*

RNA species Replication Remarks Origin

QB RNA Autocatalytic Needs host factor to accept plus Virus
strand

Poly(C) Transcription Large excess of template necessary Synthetic

Poly(NC) Transcription Large excess of template necessary Synthetic

mRNA, rRNA  Transcription(?) Mn?*, high GTP, primer required; Cellular
inefficient

6 S RNA Autocatalytic Found in infected cells only, De novo(?)
heterogeneous

““Variants”’ Autocatalytic Produced in vitro by template-free De novo
synthesis

201 800 r8

j,
T

GMP Incorporation/ uM
RNA synthesized /nM
Molar ratio [1]/[E]

VAN

0 Time/min 25

0 -0

FIGURES. Determination of replication rates from incorporation profiles
measured at different dilutions of the template input. The rate in the linear
phase is calculated from the slope as moles of RNA synthesized per mole
of enzyme. The overall incorporation rate in the exponential phase is
determined from the time lag caused by the dilution of the template. (From
Biebricher, C. K., Chem. Scr., 26B, 57, 1986. With permission.)

plus and minus strands.” The rate constant values for some elementary steps can be measured,
and for the others, reasonable estimates can be made. It is thus possible to simulate the
kinetic behavior of RNA replication by numerical integration of the system of differential
equations on a computer. The computed profiles show excellent agreement with the exper-
imentally determined incorporation profiles, and the mechanism was also compatible oth-
erwise with all experimental results. Computed profiles give useful insights into the influence
of critical parameters for replication whose variation by experimental methods is impossible.”
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In the exponential growth phase, all replication intermediates grow coherently with the
same growth rate; in the linear growth phase, their concentrations reach steady-state values.
On that basis, the rate equations of the replication mechanism can also be solved analytically
(Figure 4). The rate equations derived describe the replication behavior in both phases
correctly. For many purposes, simplified mechanisms (Figure 3) suffice to provide correct
results and give compact equations (Appendix).®**”’

The experimental incorporation rates in both phases show a Michaelis-Menten dependence
upon substrate concentration;*® the analytical solutions give also the same mathematical
form, although the Michaelis constant and the turnover rate are complicated functions of
the elementary reaction rates.” The overall replication rate in the linear phase was found
experimentally to be independent of enzyme concentration in the range from 50 to 500 nM;
above 100 nM, the exponential growth rate was also independent of enzyme concentration.
Binding of enzyme to efficiently replicating RNA templates thus must occur rapidly and
does not influence the replication rates at high enough enzyme concentrations.

The concentration of the intermediates is directly proportional to the retention times for
the pertaining step, i.e., inversely proportional to the rate values for the elementary steps.
In the linear growth phase, the majority of the enzyme is idling, awaiting the slow dissociation
of the replicase-template complex. In the exponential growth phase, the proportion of tem-
plate-bound enzyme actively engaged in replication is higher (Figure 6).

VII. INTERACTION OF COMPLEMENTARY STRANDS

In the exponential growth phase, almost all of the RNA is complexed to enzyme, and
synthesized RNA is predominantly represented as enzyme-bound, single-stranded template.
In the linear growth phase, nucleotide incorporation produces mainly free, single-stranded
template strands.®> However, free complementary strands may combine to form double
strands, and their template activity is irreversibly lost.' The loss remains undetected in
incorporation measurements, but is readily noticed by product analysis. Electrophoresis of
replicating RNA species reveals bands for double- and single-stranded RNA; their proportion
varies considerably from species to species (Figure 7). The exceptionally high proportion
of single strands in MDV-1 RNA is remarkable. In contrast, with species with chain lengths
less than 100, few single strands are detected. For each species a definite steady-state template
concentration is established where production of single strands is balanced by double-strand
formation.””

The kinetic model can be expanded simply by the addition of the double-strand formation
step. Again, simple equations can be found quantitatively describing the steady-state con-
centrations. For the species we investigated, including those producing predominantly dou-
ble-stranded RNA, the rate of double-strand formation between template and replica during
replication itself was found to be negligible: pulse labeling showed single-strand synthesis
in the steady-state of double strand, and mutant spectra of RNA species produced hybrid
double strands.”® If the experimentally found reversible binding of enzyme to double-stranded
RNA is also taken into account, the simulated incorporation profiles confirm a marked
product inhibition influence upon the experimentally determined profiles.

Double-strand formation causes nucleotide incorporation rates into plus and minus strands
to be almost identical, even though the specific growth rates may be different in the plus
and minus cycle. Asymmetries in the rate constant values of crucial replication steps result
in unequal occupation of the enzyme, with plus and minus template intermediate concen-
trations adjusting themselves so as to balance slower replication rates with higher shares of
enzyme. The overall growth rate of an RNA species is a modified harmonic mean of the
rates of the complementary cycles; thus, there is a strong selection pressure against extreme
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FIGURE 6. Intermediates of RNA synthesis. A computer simulation of the replication process
with standard rate constant values is shown, except that an asymmetry was introduced by chosing
k*ps =4 X 1073571 k™p. = 6 X 107% s7'. (a) Replication intermediates: note the coherent
growth of the intermediates in the exponential phase (<{4 min). In the linear phase, the intermediates
reach steady state where the majority of the template-bound enzyme awaits template release (IE*)
or replica release (IEP,") and is thus idling. Only a small part of the enzyme is actively engaged in
synthesis (right scale, E,) or free (E). Note the resulting asymmetry in E; and E; . (b) Replication
products: in the exponential phase, incorporation (pp) results mainly in the production of enzyme-
bound RNA, while in the early linear phase (4 to 7 min), free template (1) is the main product.
Later, single-stranded template reaches steady state and double strand (II) is the only product. (c)
and (d) Product inhibition: after prolonged synthesis, the large concentration of double strand (II}
competes with template (I) for the enzyme (EII, E,), (c) resulting in a drop of enzyme-bound (E,)
and free (I) template and causing product inhibition of the incorporation profiles, seen in (d) as
curvature. Other product inhibition terms”™ are not shown here. (From Biebricher, C. K., Chem.
Scr., 26B, 57, 1986. With permission.)
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FIGURE 7. Single- and double-stranded RNA formed by replication. Incorporation mixtures of different species
(A—E) were applied to an electrophoresis gel after replication (a) directly, (b) after heating for 1 min at 100°C.
The RNA species were A: MDV-1; B: MNV-11; C: SV-11; D: SV-5; E: SV-7. The gel was stained with acridin
orange giving a bright green fluorescence with double-stranded (bright bands) and red fluorescence (dark bands)
with single-stranded RNA. Note the large amount of single-stranded MDV-1 (upper band) while MNV-11 shows
only small amounts of plus and minus strands (lower bands). The sample of SV-11 contains two single-stranded
RNAs, a metastable RNA active as template {medium band), and a stable RNA inactive as template (lower band).
(Data obtained from Biebricher, C. K., Diekmann, S., and Luce, R., J. Mol. Biol., 154, 629, 1982.)

asymmetries.”” Asymmetry and double-strand formation in viral replication has not yet been
studied in detail. Viral RNA is also highly structured;?® furthermore, the high sequence
complexity (chain length) leads one to expect a low rate of double-strand formation.” In
vivo, synthesis of viral strand is strongly favored over minus strand production, partly because
a large fraction of the plus strands are occupied by ribosomes or packaged, thus being
unavailable as templates, and partly because both in vivo and in vitro, host factor is often
present in suboptimal amounts.®

VIII. COMPETITION AMONG RNA SPECIES

The RNA replication system of QB offers an opportunity for the study of evolution in
the test tube, based on mutation and selection.®#2 This aspect will be discussed in the context
of the RNA quasispecies in Chapter 12 of Volume III; here, we shall restrict our analysis
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Table 4
REPLICATION RATES AND RETENTION
TIMES IN THE EXPONENTIAL AND LINEAR
GROWTH PHASE™

K P Texp Tiin L Te

/103~ /107 3! /s /s /s /s

MNV-11 1.92 6.37 52 157 143 14
MDV-1 1.42 3.60 70 278 263 15

Note: Conditions: template as indicated, 500 pM [NTP] (each),
120 nM holo Qp replicase. The T-values are retention times
(e.g., 7 = l/kg).

to the competition kinetics of given different RNA species. Different species replicating in
the same test tube do not interfere directly with each other, since no diffusible gene products
are formed, but they do share the same environment, including replicase, triphosphates, and
growth factors. For computer simulations and analytical treatments of growth kinetics, the
assumption of independent growth cycles sharing enzyme and substrate is sufficient. The
selective values of classical population genetics do not apply; instead, a reasonable descrip-
tion for selective value of a species was found to be its relative population change
(1/[1,1)a['1,)/dt; species with the highest selective values are enriched in the population in
all growth phases.”®%

In the exponential phase, where substrate and enzyme are present in large excess, RNA
species grow independently, just as they would in separate compartments, and their selection
values are equal to their overall replication rates. The fastest growing species thus enrich
themselves relatively in the population. This situation has been often investigated experi-
mentally and theoretically.>’%#? In the linear growth phase, however, when enzyme is
saturated with template, all species present must compete for the small amount of free
enzyme and cannot grow independently of each other. Overall replication rate and selection
values are not correlated. Indeed, experiments have shown that often the more slowly growing
species is selected (Table 4). Crucial for selection in the linear phase are the rates of template
binding and double-strand formation.**’¢ Finally, a stable coexistence is reached where both
species reach steady-state concentrations (Figure 8, Appendix).

IX. NONINSTRUCTED RNA SYNTHESIS

When high concentrations of highly purified QB replicase are added to incorporation
mixtures in the absence of template, after long lag periods a sudden outgrowth of self-
replicating RNA is observed.*”*®-% The lag times scatter and are much longer than required
for amplifying a single template strand to macroscopic appearance. The resulting RNA
products differ from experiment to experiment in sequence, chain length, and growth rates,>*#
and cannot have been present ab initio in the reaction mixture, e.g., as impurities in the
enzyme preparation (de novo synthesis).>** At low enzyme or substrate concentrations, or
at higher ionic strengths or low substrate concentrations, no de novo synthesis takes place
and RNA molecules can be cloned with Qf replicase. The kinetic behavior of template-
instructed and de novo synthesis is clearly different (Figure 9).8

Other DNA and RNA polymerases are also capable of de novo synthesis.® Their mech-
anism is probably analogous to that of QB-replicase. Two phases of de novo synthesis can
be distinguished. In the first one, triphosphates are condensed slowly to more or less random
oligonucleotides.®®® Once a self-replicating molecule is formed by chance, it is rapidly
amplified, undergoing continuous evolution, to macroscopic levels. The formation of a
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FIGURE 8. Competition of SV-11 and MDV-1 in the late linear growth phase. After synthesis of SV-11 for 2
hr in the steady state of double strand formation, MDV-1 RNA strands equivalent to 1/100,000 of the input enzyme
molecules and [**P]-labeled GTP were added and the incubation continued. The incorporation profile was determined
(a) and the competition of the species was analyzed by separating the products on gel electrophoresis (b,c). The
RNA bands were located by staining (b) and autoradiography (c). 10 min after addition of MDV-1, the active
template of SV-11 (ms) is still the only labeled band, while still 10 min later, MDV-1 already dominates. After
longer incorporation, the active MDV-1 template (ss) is abundant while the active SV-11 template is no longer
detectable. (From Biebricher, C. K., in Evolutionary Biology, Vol. 16, Hecht, M. K., Wallace, B., and Prance,
C. T., Eds., Plenum Press, New York, 1983, 1.)
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FIGURE 9. Incorporation profiles obtained by serial dilution of RNA templates. MNV-11
(10" strands per microliter) was diluted serially in 1000-fold steps. The four first dilutions
still contain template strands; the incorporation profiles and products are reproducible. The
two last dilutions no longer contain template strands: RNA is synthesized only after long lag
times; the incorporation profiles and products are irreproducible. Alterations of RNA products
and replication rates are also observed during growth. (Note the kinks found in the profiles).

molecule which can be replicated is a very rare and nonreproducible event. The early products
are probably ineffective templates; rapid optimization during amplification by mutation and
selection is observed.***® The RNA species obtained are adapted to the specific conditions
chosen, which may be quite exotic ones.>” Noninstructed nucleotide incorporation proceeds
at a rate of about five orders of magnitude lower than template-instructed incorporation;®
it is thus probably a side reaction of the replicase enzyme with an unknown — if any —
biological role.

X. CONCLUSIONS

The replication mechanism of short-chained self-replicating RNA by RNA replicase is
well understood. It can be quantitatively described by compact mathematical equations.
There is no reason for suspecting essential differences in the replication mechanism of viral
RNA itself; the mechanism is somewhat more complicated by the involvement of the host
factor, the function of which is still unclear, and the possibility of multiple replication forks
on one template strand. In vivo, the multiple role of the plus strands in replication, translation,
and packaging complicates the reactions to a level of complexity which is not yet accessible
to kinetic studies.

The competition of several self-replicating RNA species is also well understood. Selection
values can be calculated from the kinetic parameters of each of the competing species. The
determination of selection values can also be extended to cases where the different species
are competing mutants of a quasispecies distribution. Thus, studies of self-replicating RNA
species are expected to contribute to understanding the genetic variability of RNA viruses,
discussed in several articles in this book.
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APPENDIX
Analytical Treatment of Replication Kinetics

Definitions:

[E,] = total concentration of enzyme (complexed and free)

[I,}] = total concentration of RNA (complexed and free)

[I,] = any replication intermediate

Equilibrated exponential growth phase: [L,] < [E]

Coherent exponential growth of all intermediates (d[L]/[I]dt = k)
Equilibrated linear growth phase: [I,] > [E,]

Steady state for replication intermediates (d[I;]/dt = 0)

Simplified Palindromic Three-Step Mechanism (Figure 4)

Definitions:

(E] = [EI] + [IE]
(L]

(E,] = [E] + [E]

I + [El]

Differential equations:

d[I)/dt = —k,[EI[1] + kp[IE] + kg[EI]
d[EI)/dt

kA[E][I] - kE[EI]

dIE)dt = ke[EI] — k[IE]

Experimentally found for [E,]>100 nM: k,[E]>k.>k;, (500, 60, 6 X 1077 s~ ")
Linear growth phase:

P = Vmad/[Eol = kekp/(ke + kp)
Exponential growth phase:
k' + (kK [E] + ke + kp)k? + kp(kalE] + kp)k — KkalElkgkp, = 0
k = ky/2{[1 + dkg/kp]"? — 1} = (kgkp)'?
Double Strand Formation

In the linear phase, the loss term for template by double strand formation diy/de = k,J1*][17]
= 1/4k,[I]? (for the palindromic case) must be considered, where [II] is the concentration
of double strand. A steady state for the free template is reached where

(2V/kds) 12

plE.]

(1

where v

Only for double stranded RNA is a net increase observed with
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d{II)/dt = v/2

Competition Between Different Species
Case A ['I],[?I] < [E,]. Double strand formation can be neglected.

[ﬂ_ ('] etlx =20

[ZI]I - [ZI]I= 0

Case B: ['I] < [E,] < [*I], k,, < k. Species 1 grows exponentially with the rate 1, as it
would in the absence of the other species at the remaining steady-state free enzyme con-
centration. Hybridization considered: exponential growth with the rate (1, — k, [*I]).
Case C: ['I],[I] > [E,]

Steady state conditions in the linear growth phase:

w _ lkikds — zkAth

[ZI] zklAkds - lkAkhy

Both, numerator and denominator positive: both species coexist.

Numerator negative, denominator positive: species 1 dies out.

Numerator positive, denominator negative: species 2 dies out.

Numerator negative, denominator negative: one of the species dies out, depending on initial
conditions.

k,, <€ k,, favors coexistence, k,, = k,, favors extinction.
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I. INTRODUCTION

The picornaviruses represent an important group of eukaryotic pathogens, the intracellular
life cycles of which are characterized by several unique macromolecular/biosynthetic events.
Poliovirus is a member of the enterovirus group of the Picornaviridae and perhaps best
exemplifies the unique aspects of the picornavirus group. For example, poliovirus is known
to cause rapid shut-off of host-cell protein synthesis following infection of susceptible cells.
Polioviruses (and all picornaviruses) also employ a unique strategy for regulating the expres-
sion of its viral genes by synthesizing precursor polyproteins that are then cleaved by viral-
encoded proteinases. Finally, poliovirus has evolved a unique mechanism for replication of
its genomic RNA by utilizing a viral RNA polymerase that requires protein/nucleic acid
components (as yet undefined) to generate a 5’ protein-nucleotidyl moiety during the initiation
step. This review will examine the accumulated evidence that is responsible for the current
hypotheses describing the mechanisms(s) of poliovirus RNA replication. Although the pri-
mary focus of this literature survey will be on poliovirus RNA synthesis, work on other
picornaviruses will be discussed in order to broaden the perspective on selected topics.
Readers are encouraged to consult other review articles and book chapters for a somewhat
different scope and emphasis on picornavirus replication.'*

The present review will attempt to summarize the experimental results obtained over the
last 2 decades that have uncovered many important aspects of poliovirus RNA replication.
Because the data to be covered requires a fairly in-depth knowledge of picornavirus molecular
biology, a description of viral gene organization and polypeptide expression will be presented
first. In addition, an overview of the virus life cycle will be included along with specific
examples of how poliovirus differs from some of the other picornaviruses. The data obtained
from in vivo experiments with poliovirus-infected cells will then be presented in Section
II. This section will analyze the nature of polio replication complexes with respect to
subcellular fractionation, responses to detergent treatments, and the viral/cellular proteins
involved. The discussion of results from in vivo observations will be extended to an ex-
amination of the different poliovirus-specific RNA species produced during an infection.
The topic of in vitro synthesis of polio RNA will then be presented in some detail. Specific
attention will be given to the viral and cellular components required for in vitro RNA
synthesis, to the comparison of results obtained from purified vs. crude systems, and to the
distinction between the initiation events and RNA chain elongation activities that have been
reported to occur in vitro. The different templates used for in vitro RNA synthesis by the
polio RNA polymerase will be discussed along with the various product RNAs arising from
polio-specific RNA synthesis in vitro. Finally, models for both initiation and elongation of
RNA chains by the poliovirus replicase will be presented. These models will have different
variations on the proposed mechanisms for initiation reactions that include protein priming,
host-factor or terminal uridylyl transferase-mediated priming, and plus vs. minus strand
priming.

II. POLIOVIRUS GENOMIC RNA AND THE GENERATION OF
FUNCTIONAL VIRUS POLYPEPTIDES

A. Genome Structure and Encoded Proteins

The genomic RNA of poliovirus is of positive polarity (i.e., message sense) and was
shown to be the only viral component necessary to initiate a complete virus life cycle once
inside of a mammalian cell.>® The RNA packaged into the nonenveloped, icosahedral virion
particles contains a 5’ genome-linked protein (VPg) and 3’ polyadenylate tract.”-'° The 5’
terminal VPg is covalently attached to the 5’ uridylate moiety of polioc RNA via an O*-(5'-
uridylyl)-tyrosine linkage.'!'> The function of VPg at the 5’ end of polio RNA rather than
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the usual 7mG (7-methylguanosine) cap structure found on almost all eukaryotic RNAs of
plus-strand polarity is unknown. There have been proposals and some data that suggest VPg
may have a role in RNA replication (see below). However, it is known that this 22-amino
acid peptide is not required for infectivity because treatment of virion RNA with proteinase
K prior to DEAE-dextran-facilited uptake by HeLa cells does not reduce the specific infec-
tivity of poliovirus RNA." VPg is not present on polio mRNA that is found associated with
cellular polyribosomes. Rather, the 5" end of mRNA is terminated with pUp,'# ' and this
lack of VPg is the only difference between polio virion RNA and polio mRNA."

The genomic RNAs for all three serotypes of poliovirus (including the Sabin vaccine
derivatives) have been completely sequenced.'’?* For the Mahoney strain of type 1, the
viral RNA is 7441 nucleotides in length,'”'* exclusive of the 3’ poly(A) tract. Included in
the viral RNA is a 5’ noncoding region of 742 nucleotides (see Reference 23), a long open-
reading frame beginning at nucleotide 743 and extending 6627 nucleotides and a 3' noncoding
region of 71 nucleotides. The functions of the noncoding sequences at both ends of the viral
genome are unknown. Presumably these terminal sequences carry signals for replicase rec-
ognition/binding to initiate RNA synthesis at the 3’ ends of both plus and minus strands. In
addition, the 5’ noncoding region of polio RNA may carry sequences required for ribosome
binding prior to initiation of translation of the precursor polyprotein. Such ribosome-binding
signals are probably important in directing ribosomes to the initiator AUG codon at nucleotide
743 since there are 8 AUG codons that precede this codon, and these AUGs are apparently
not used as initiation codons.?

The coding region of the polio genome contains a single, long, open-reading frame that
encodes 2209 consecutive amino acids that would give rise to a polyprotein having a mo-
lecular weight of 247,000 daltons. Such a giant polypeptide is not actually generated during
a poliovirus infection because at least two viral proteinases are known to cleave precursor
polypeptides during translation?** to yield the functional capsid and noncapsid proteins.
The mature, viral polypeptides synthesized during a poliovirus infection have been grouped
according to where they are encoded in the viral genome (using the nomenclature of Rueckert
and Wimmer).?® As shown in Figure 1, the proteins derived from the left end of the viral
RNA are cleaved from the P1 precursor. These proteins include the capsid proteins VPO,
VP4, VP2, VP3, and VP1. The middle region of the genome encodes the P2 precursor that
can be cleaved to yield 2A, 2BC, and 2C, and in the final cleavage also 2B.?’ The proteins
derived from the P2 precursor are all nonstructural polypeptides. The functions of 2B and
2C are largely unknown. There was a previous suggestion that 2C is a viral proteinase.?®
However, if 2C is a proteinase, it does not carry the activity that cleaves the majority of
polio polypeptides at either glutamine-glycine (Q-G) or tyrosine-glycine (Y-G) bonds?**?
(see below). Experiments with guanidine-resistant mutants of poliovirus and host-range
mutants of human rhinovirus type 2 suggest the protein 2C may have a role in RNA
synthesis.?®-*® The only P2 cleavage product with a known function is the 2A polypeptide
that was recently shown to be the enzyme responsible for Y-G cleavage of the polio polyprotein®
(see below).

The polypeptides derived from the right end of the viral RNA are processed from the P3
precursor polypeptide. The proteins cleaved from the P3 precursor include 3DP*! (the viral
RNA polymerase), 3CP™ (a viral proteinase), VPg (the genome-linked protein), and 3AB
(a membrane-associated precursor to VPg). There are two other precursor polypeptides
derived from P3: (1) 3CD, a 72-kdalton protein that contains the amino acid sequences of
3Cr and 3D*' and (2) a protein originally designated as 4a, which may be an unstable
precursor to the functional RNA polymerase.*'*> Note that in Figure 1, polypeptide 4a is
not shown. It is a protein that contains all of the 3D sequences as well as 60 amino acid
residues derived from the carboxy terminus of 3CP.*2 In addition, there are two polypeptides
(3C’ and 3D’) that are alternate cleavage products of precursor 3CD. Except for 3CP and
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FIGURE 1. Protein processing map of the polypeptides encoded by the poliovirus genomic RNA. The horizontal
line with the nucleotide numbers above it depicts the viral RNA. The thickened portion of the RNA denotes the
polyprotein coding region. The boxes beneath the genomic RNA represent polio-specific polypeptides. The filled
triangles (4 ) represent Q-G cleavage sites. The open triangles (A) represent Y-G cleavage sites. The open diamond
() depicts an N-S cleavage site in VPO. The numbers in parentheses are the polypeptide molecular weights
(X 10-3 daltons).

3Dr!, the functions of the P3-derived proteins are unknown. Both 3CD and 3C’ contain the
amino acid sequence of proteinase 3CP™, but it is not known whether either of these proteins
can process polio precursors. It has been suggested®*-** that protein 3AB may be involved
in initiation of RNA synthesis within a membrane-bound replication complex, but no bio-
chemical evidence for such a role has been presented. Thus, like most of the P2-derived
polypeptides, the majority of the proteins generated by cleavage of the P3 precursor have
not been functionally defined as to their biochemical roles during a poliovirus infection.

The assignment of the map positions of the polio proteins (described above) to specific
regions on the viral genome is a result of both pactamycin®**-* and tryptic peptide mapping
experiments.”’*7*® A more precise cleavage map was obtained when data from amino acid
sequence analysis was compared to the amino acid sequence predicted by the complete
nucleotide sequence of the viral RNA.!7***2 These data revealed the exact amino acid pairs
that are cleaved in the polyprotein precursor to generate more than 17 viral-encoded proteins.
Most of the viral proteins are cleaved from precursors between Gln—Gly (Q-G) amino acid
pairs. Thus, Gln becomes the carboxy-terminal amino acid of one of the cleavage products,
and Gly becomes the amino-terminal residue of the other cleavage product. In addition to
the Q-G pairs, two other amino acid pairs in the polyprotein sequence were shown to be
utilized as cleavage sites. Cleavage at Tyr—Gly (Y-G) sites was shown to occur at the VP1-
P2 junction and at the 3C’-3D’ border.?*“%*? A cleavage between Asn—Ser (N-S) in VPO
to generate VP4 and VP2 has also been demonstrated.

Cleavage of the poliovirus polyprotein at defined sites requires a specific interaction
between the viral proteinases and their precursor substrates. Since there are three classes of
cleavage sites in polio proteins (i.e., Q-G, Y-G, and N-S), one would predict that more
than 1 proteinase is responsible for complete polyprotein processing. Indeed, there have
been 2 viral-encoded proteinases identified as the enzymes responsible for Q-G and Y-G
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cleavages in the polio polyprotein.?*?* In two separate studies employing similar experimental
approaches, Hanecak et al.>*** and Toyoda et al.”” used cleavage inhibition with monospecific
antibodies to proteins 3C and 2A, respectively, to demonstrate that 3C carried out Q-G
cleavages and that 2A was responsible for Y-G cleavages. The antibodies were also used
in subsequent experiments to immunoprecipitate polio-specific polypeptides generated from
c¢DNA cloned into bacterial expression vectors. In these experiments, gene segments con-
taining the sequences of 3C and 2A (plus additional polio sequences corresponding to part
of the precursor polypeptides from which these two proteins are derived) were cloned
downstream from inducible prokaryotic promoters in bacterial expression plasmids. Upon
induction, bacteria harboring the plasmids synthesized precursor polypeptides that were
subsequently cleaved by either the 2A or 3C proteinase. Demonstration that the cleavage
activities resided in the 2A or 3C proteins was provided by linker insertion mutagenesis or
deletion analysis. Interestingly, the results from the 3C expression experiments strongly
suggest that generation of the 3C polypeptide itself occurs by an intramolecular cleavage
mechanism.*® Such a mechanism was originally proposed for the generation of the ence-
phalomyocarditis (EMC) virus 3C proteinase.**

The functional diversity of structural and nonstructural polypeptides required for successful
completion of the polio infectious cycle cannot occur at the level of viral RNA replication
or selective translation (since there is only single known species of viral mRNA and only
a single known start site for in vivo protein synthesis). Instead, poliovirus controls the
relative amounts of viral proteins in the cell during the course of an infection by protein
processing. The control of protein processing by the 3C and 2A proteinases must certainly
involve recognition of the Q-G and Y-G amino acid pairs, respectively, that will ultimately
be cleaved. However, processing determinants other than the amino acid pairs that are
cleaved must exist because 4 of 13 Q-G pairs and 8 of 10 Y-G pairs predicted to occur in
the amino acid sequence of the polio polyprotein are apparently not used as cleavage sites.*
Secondary recognition signals may also exist that ‘‘guide’’ the proteinases to the correct Q-
G or Y-G cleavage sites in precursor polypeptides. Alternatively, the availability of Q-G
and Y-G cleavage sites may be based entirely upon the correct folding of the precursor
substrates that places a Q-G or Y-G site in a position (or context) that is accessible for
recognition and cleavage by 3C or 2A. If the folding of precursor polypeptides is important
in the presentation of cleavage sites to the viral proteinases, then the order in which specific
processing events occur could be a major factor in controlling the relative amounts of viral-
specific proteins in the cell during the course of an infection. It is the regulation of protein
production that must determine the sequence of events leading to successful completion of
the poliovirus life cycle. An overview of this life cycle is presented in the next section.

B. Survey of the Poliovirus Infection Cycle

The major landmarks of molecular events that occur during a poliovirus infection of a
primate cell in culture are shown schematically in Figure 2. The viral infection is initiated
by attachment of virion particles to the cell surface via a specific receptor. For poliovirus,
these receptors are only normally present on cells of primate origin.*s Following adsorption
and uncoating of the virion particles, the viral RNA released into the cytoplasm associates
with the protein synthesis machinery of the cell to engage in viral-specific translation. Two
events that occur early during a poliovirus infection are important to note at this point. First,
polio mRNA that is associated with polyribosomes does not contain VPg at its 5’ terminus.
Either as a prerequisite for association with ribosomes or as a consequence of that association,
VPg is removed from the viral RNA by a so-called unlinking enzyme.*’ This enzyme is
present in uninfected HeLa cells as well as in several other different mammalian cell types.
The contribution of the unlinking activity to the expression of polio genetic information is
unknown. The presence of VPg at the 5’ ends of viral RNAs does not interfere with ribosome
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FIGURE 2. Diagrammatic overview of the poliovirus life cycle. Taken in part from References 1 and 3.

binding in vitro, nor does VPg interfere with in vitro translation of polio RNA.** Perhaps
polio uses the unlinking activity to regulate which progeny RNAs are destined to be mRNA
and which RNAs are to be packaged into virion particles.

A second important event that occurs early during a poliovirus infection is the shut-off
of host-cell protein synthesis. The inhibition is quite rapid, and within 1 hr postinfection
cell protein synthesis is severely impaired. This inhibition leads to the preferential translation
of polio-specific RNAs over the capped, cellular mRNAs. The defect in host-cell protein
synthesis is thought to involve the inactivation or proteolytic cleavage of polypeptides
associated with a cap-binding protein complex.**-** Although an intact genomic RNA appears
to be a requirement for polio shut-off of cellular translation,*® it is not known which polio-
specific polypeptide(s) is the mediator of this inhibitory action. Recent data employing partial
purification of an activity from polio-infected cells that cleaves a large polypeptide component
(p220) of the cap-binding protein complex suggest that the two known viral proteinases
(3CP and 2AP®) are not directly involved in the shut off of cap-dependent, cellular trans-
lation.>*>8

Among the protein products synthesized from the genomic RNA of infecting virions are
viral replicase complexes of unknown structure. The replicase complex is known, however,
to contain the virus-encoded core RNA polymerase 3D ¥ (formerly called NCVP4, p63,
p3-4b) that is most likely associated with other viral*'-*'*? and host®** proteins when it is
active in the cell. The replicase complex must first copy some of the infecting plus strand
viral RNAs into complementary strand intermediates (minus strands) that will subsequently
serve as templates for the synthesis of new plus strand RNAs. As will be discussed below,
the RNA synthesis occurs in membrane-bound replication complexes. The progeny plus
strands of RNA (generated in the replication complexes) that are synthesized early in infection
then engage in further virus-specific protein synthesis, resulting in a large amplification of
polio gene products in the infected cell. After several rounds of protein synthesis and viral
RNA replication, infected cells accumulate a pool of capsid protein precursors that self-
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assemble into procapsids.®® The procapsids then associate with the progeny plus strand viral
RNAs to form mature virions. The association between progeny RNAs and the procapsid
structures must be specific since it is only after this interaction that the cleavage of VPO
(one of the proteins in the procapsid, refer to Figure 2) to VP4 and VP2 occurs. The origin
of the enzyme that makes this so-called ‘‘morphogenetic cleavage’ at an N-S amino acid
pair in VPO is presently unknown. However, recent data from crystallographic studies on
the three-dimensional structure of human rhinovirus and poliovirus suggest that autocatalytic
cleavage of VPO may occur as a result of viral RNA insertion into the procapsids.®®*’ The
particles produced by packaging progeny RNA and cleaving VPO are mature, infectious
virions. These virions eventually cause lysis of infected cells and then initiate infection of
other cells.

C. Selected Differences Between Poliovirus RNA and the Genomic RNAs of Other
Picornaviruses

The overall genome structures and polyprotein organization of all picornaviruses are
roughly equivalent. The viral RNAs uniformly possess a 5'-linked VPg protein and a 3’
polyadenylate tract. The picornaviral genomes all contain a long 5’ noncoding region (500
to 1300 nucleotides) followed by a long open reading frame of 6500 to 7000 nucleotides.
(Refer to References 17 to 22 for poliovirus; 68 to 70 for foot-and-mouth disease virus
[FMDV]; 71 for EMC virus; 72 to 74 for rhinovirus; 75 to 77 for hepatitis A virus; and 78
for coxsackie virus). However, for the genomic RNAs of aphthoviruses (FMDV) and the
cardioviruses (EMC virus, mengo virus), there is a poly(C) tract of approximately 50 to 200
nucleotides that is located within 150 to 500 nucleotides of the 5’ end of the genome. The
function of the poly(C) tract is presently unknown, but it is known that both the poly(C)
tract and the 5’ noncoding sequences upstream from it are probably required for FMDV
infectivity.”®

A second difference between poliovirus RNA and that of FMDV and EMC virus is the
encoding of leader polypeptides at the amino terminus of the polyprotein coding region in
the latter two genomes. Such leader polypeptides are apparently not encoded in the enterovirus
(polio, coxsackie, hepatitus A) and rhinovirus genomes. The role of the leader polypeptides
during a virus infection has not been established. However, recent experiments employing
both prokaryotic and eukaryotic expression/mutagenesis of cDNA clones of the FMDV
genome corresponding to the L/L'-P1 region suggest that the L leader polypeptide is a viral
protease that catalyzes its own release from the viral polyprotein.®

A further distinction between the genome of poliovirus and that of FMDV comes from
differences in the proteins encoded in the polyprotein. For example, the FMDV genome
does not encode a 2A polypeptide that is normally encoded by the middle region of polio
RNA and is derived from the P2 precursor by proteolytic cleavage.*® The FMDV genome
also codes for 3 VPg polypeptides, the coding sequences of which are arranged tandemly
within the P3 region of the viral polyprotein.®' All other picornaviruses that have been
sequenced appear to code for a single VPg polypeptide.

Finally, there are numerous differences between poliovirus and the other picornaviruses
in terms of the sites of proteolytic processing that are specified by the viral RNA.* As
mentioned above, the poliovirus polyprotein is processed primarily at Q-G and Y-G amino
acid pairs. The sequence data for EMC virus suggest that cleavage of the viral polyprotein
occurs at glutamine-serine (Q-S), Q-G, tyrosine-proline (Y-P), and alanine-aspartic acid (A-
D) amino acid pairs. The accumulated data for FMDV suggests that glutamic acid-glycine
(E-G), glutamine-leucine (Q-L), glutamine-isoleucine (Q-I), L-N, A-D, glutamine-threonine
(Q-T), and possibly other sites are used in protein processing. Sequence data for rhinovirus,
hepatitus A virus, and coxsackievirus RNAs also indicate a great degree of variation in the
putative signals used in the cleavage of viral precursor polypeptides. Moreover, as mentioned
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above, for the L protein of FMDV and as suggested for complete processing of the EMC
virus polyprotein,®? the genetic map location and actual number of viral-encoded proteinases
may vary considerably among the picornaviruses. Such differences in the nature of the viral-
specific cleavage activities would not be unexpected given the large numbers of amino acid
pairs that are utilized as cleavage sites.

III. EXPERIMENTAL OBSERVATIONS OF IN VIVO POLIOVIRUS RNA
REPLICATION

The first evidence for a virus-specific RNA polymerase activity in poliovirus-infected
cells was presented by Baltimore et al.®? In that study, a microsomal fraction from virus-
infected HeLa cells was shown to contain an RNA polymerase activity that was not present
in uninfected HeLa cells. The appearance of the RNA polymerase activity during the time
course of a polio infection correlated well with the appearance of infectious virus particles,
with the polymerase activity peaking at 3 to 4 hr postinfection. These data marked the
beginning of numerous biochemical and genetic studies aimed at understanding the mech-
anism of RNA replication by poliovirus. The following section will summarize some of the
data arising from analysis of viral replication complexes and polio-specific RNA structures
found in viral-infected cells.

A. Identification of Virus-Specific Replication Complexes

The initial experiments aimed at identifying the polio replicase complex involved disrup-
tion of virus-infected cells at various times post-infection and then subjecting the cell-free
extracts to a variety of centrifugation and detergent/salt treatments. Crude fractionation of
infected cells followed by sucrose gradient sedimentation showed that polio RNA polymerase
activity was associated with a large, heterogeneous replication complex that is membrane-
bound.®"#*¢ Treatment of infected-cell extracts with detergent (deoxycholate) released the
replication complex from cytoplasmic membranes. This released replication complex was
shown to sediment in sucrose gradients with a sedimentation value of 250 S and was apparently
free of cellular ribosomes.% Similar structures associated with viral RNA polymerase activity
were also observed in FMDV-infected cells®” and mengovirus-infected cells.®® The precise
nature of the interaction of the polio replication complex with cytoplasmic membranes is
unknown. However, it has been demonstrated by isopycnic banding of cytoplasmic extracts
from polio-infected HeLa cells that the majority of viral RNA polymerase activity is found
in the smooth membrane fraction.**5%-%° In addition, the majority of labeled, virus-specific
RNA is found in the smooth membrane fraction of HeLa cells following short pulse-labeling
with *H-uridine.®® Further evidence for the importance of the association of the polio rep-
lication complex with smooth membranes comes from the demonstration of a significant
increase in smooth membrane content of infected cells compared to that of uninfected cells.

B. Poliovirus Proteins Associated with the RNA Replication Complex

The composition of the ‘‘crude’” replication complex isolated after deoxycholate treatment
of infected cell extracts is quite heterogeneous. A large number of viral®? and cellular
polypeptides are associated with the crude replication complex along with polio-specific
RNA species.?-#¢-%3 Treatment of the replication complex with either SDS or pronase releases
viral RNAs that sediment between 30 S and 70 S in sucrose gradients.® Further steps in
the isolation of the polio replication complex were taken in order to obtain a soluble, stable
preparation of the viral RNA polymerase activity. These steps included the solubilization
of the particulate fraction of an infected-cell extract using a combination of deoxycholate
and Nonidet P40 (NP-40). This treatment resulted in the release of a 70 S RNA polymerase
complex that was active in the synthesis of polio-specific RNA.** A subsequent step that
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was later added to the purification of the viral RNA polymerase complex was the precipitation
of the complex with 2 M LiCl followed by sucrose gradient centrifugation.>® Although there
were numerous host-cell polypeptides associated with the above RNA polymerase complex,
the primary viral protein found in the complex was 3D™'. Another report employing essen-
tially the same purification scheme suggested that other viral proteins (P1, 3CD, 2C, VP1
and others) were also present in purified preparations of the polio RNA polymerase activity.
Nevertheless, the data of Lundquist et al.>® strongly suggested that viral protein 3DP°! was
the major polio protein involved in RNA polymerization.

The experiments reviewed so far in this section employed assays for polio RNA polymerase
activity that did not respond to the addition of exogenous viral RNA. That is, the replication
complexes could only catalyze the copying of endogenous viral RNA already associated
with the complex. A major advance in studies on polio RNA replication was made by
Flanegan and Baltimore,*® who reported the isolation of a soluble, polio-specific RNA
polymerase activity that would copy a poly(A) template hybridized to an oligo(U) primer.
The requirement for a poly(U) polymerase activity associated with the poliovirus replication
complex had been previously demonstrated in studies describing the biosynthesis of the 3’
poly(A) tract of polio RNA .27 Subsequently, it was shown that the same poly(U) polymerase
activity could also catalyze the in vitro copying of exogenously added poliovirion RNA in
the presence of an oligo(U) primer.*® A highly purified preparation of the primer-dependent
polio RNA polymerase activity contained only the viral protein 3D*'.°® The purified polio
RNA polymerase (3D"), therefore, represents a template- and primer-dependent enzyme
capable of efficiently catalyzing the elongation reaction of polio RNA replication.

The isolation of a different form of the poliovirus RNA polymerase that was able to
initiate the copying of exogenously added virion RNA in vitro in the absence of an oligo(U)
primer was described by Dasgupta et al.?® This so-called ‘“7S’’ form of the polio polymerase
had been purified by phosphocellulose and poly(U)-Sepharose® chromatography. It contained
viral proteins 3DP°! and 3CD as well as host proteins thought to be required for initiation of
RNA synthesis (Reference 64; see below). Although viral protein 3CD did not, by itself,
carry out any in vitro synthesis of polio RNA,® its presence suggested that perhaps viral
proteins other than 3DP' were required for a polio replicase activity capable of de novo
initiation of RNA synthesis. Data that have been interpreted to show involvement of protein
3CD in the polio replicase activity were published by Bowles and Tershak® in their study
on the breakdown of 3CD at the nonpermissive temperature for a type 3 strain of poliovirus.
This proteolytic breakdown correlated well with a concommitant reduction in the in vivo
level of RNA synthesis. In addition, Korant has suggested that stabilization of protein 3CD
by the addition of protease inhibitor correlated with a lengthened period of polio RNA
synthesis in vivo compared to infected cells that were not treated with the protease inhibitor.'™

There is also evidence for viral polypeptides other than 3D and 3CD being involved in
the in vivo replication of polio RNA. Viral polypeptide 2C has been implicated as having
a role in polio RNA synthesis by several lines of evidence. First, as noted above, protein
2C has been detected in partially-purified preparations of the poliovirus replication complex.**
Second, the polio RNA replication complex that is associated with cellular® or artificial
phospholipid membranes'*® contains polypeptide 2C. Finally, the most convincing evidence
for the involvement of protein 2C in polio RNA synthesis comes from studies with guanidine,
an inhibitor of the growth of picornaviruses.'®' Guanidine (at millimolar levels in infected
cells) has been shown to interfere with polio RNA synthesis, possibly at the initiation step
in RNA replication. %12 Poliovirus infections of primate cells in the presence of guanidine
give rise to mutant viruses that are either resistant to the presence of guanidine in the growth
medium or dependent upon its presence for growth.'®> The most precise experiments that
determined the site of action of guanidine on picornavirus proteins were carried out using
genetic recombination,'®-'% mapping of electrophoretic variants of viral-specific polypep-
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tides,'?’-1% and RNA sequence analysis of the genomes of the guanidine-resistant and guan-
idine-dependent mutants.'® Collectively, these studies demonstrate that poliovirus polypeptide
2C (and the equivalent protein in FMDV) is the target site for the inhibitory action of
guanidine. Thus, the accumulated biochemical and genetic evidence suggests a role for
protein 2C in the in vivo replication of poliovirus RNA.

The genome-linked protein, VPg, has been implicated as having a role in polio RNA
replication because it is found at the 5 ends of all nascent viral RNAs in poliovirus-infected
cells,''%-!! an observation suggesting that it may be a primer for initiation of RNA synthesis.
Several polypeptide precursors to poliovirus VPg have been detected in extracts of infected
cells using immunoprecipitation with antibodies directed against synthetic peptides.**-*'12:113
Three of these precursor polypeptides (3AB, P2-3AB, 2C-3AB; formerly P3-9, 3b/9, X/9,
respectively) contain a 22-amino acid hydrophobic domain that may serve as a membrane-
anchoring region.*-3* The same three proteins have been shown to be enriched in membrane
fractions from poliovirus-infected HeLa cells that are active in in vitro RNA synthesis.?* It
is possible that VPg is attached to the 5’ ends of nascent viral RNAs at the moment of
initiation (or shortly thereafter) by cleavage from one of the above precursor polypeptides.
Interestingly, VPg-producing cleavages occur at Q-G sites (on both its amino and carboxy
terminus) that are catalyzed by the viral proteinase 3C. Since the 3CP™ polypeptide has been
found in the membrane-bound replication complex,***? it is tempting to speculate that
initiation of RNA synthesis in vivo may be controlled by the proteolytic processing of VPg-
precursor polypeptides. Another unstable precursor polypeptide (4a) has been found in the
polio replication complex,®' and this protein is also found tightly associated with cytoplasmic
membranes.''*

C. Host-Cell Proteins Involved in Poliovirus RNA Replication

As mentioned above, the crude and partially purified RNA replication complexes from
extracts of virus-infected HeLa cells are associated with numerous host-cell proteins. The
first demonstration of a role for any of these proteins in polio RNA replication came when
Dasgupta et al.®® reported that a ‘‘host factor’’ present in uninfected HeLa cells was required
for initiation of in vitro RNA synthesis in response to exogenously added polio RNA in the
absence of an oligo(U) primer. Subsequent purification of the host factor showed that it is
a 67,000-dalton protein and is located primarily in the soluble fraction of disrupted
cells.!'*!"7 Additional evidence for the role of host factor in RNA replication comes from
the ability of antibodies against purified host factor to immunoprecipitate the poliovirus
RNA polymerase (3D"") from extracts of viral-infected cells.''” The results from the above
data suggest that host factor and 3DP! are physically associated in infected cells. This
conclusion is further supported by the demonstration that host factor can selectively bind to
an affinity column containing the viral RNA polymerase bound to Sepharose®.!''* A note of
caution should be added to the interpretation of data from the host factor-stimulated polio
RNA polymerase experiments. In the data mentioned above,**-''* there was no demonstration
of a clear-cut template specificity for poliovirus RNA over heterologous RNAs tested in the
RNA polymerase reactions carried out in the presence of host factor. Thus, the requirement
of this host factor for in vivo RNA replication has not been demonstrated.

More recent experiments with host factor have shown that the normal function of this
polypeptide in uninfected HeLa cells is that of a protein kinase that phosphorylates eukaryotic
initiation factor-2 (eIF-2) as well as itself.'’® How such an activity could be involved in
poliovirus RNA replication is, at present, unclear. However, there are additional experiments
that suggest that host factor may not be a protein kinase. Rather, Andrews and Baltimore®
have purified a 68,000-dalton ‘‘host factor’” from the soluble portion of HeLa cell extracts
and have demonstrated that this protein contains terminal uridylyl transferase activity. The
purified enzyme is capable of adding uridine residues to the 3’ poly(A) end of viral RNA.
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It was proposed® that the additional uridine residues can anneal back onto the poly(A) and
generate a hairpin primer for the polio RNA polymerase. As will be discussed below in
detail, the data and proposals regarding host factor as a terminal uridylyl transferase are
consistent with (but not proof of) a model for poliovirus replication that includes an inter-
mediate RNA molecule that is twice the size of poliovirus genomic RNA.!''® It should be
be noted, however, that other investigators have presented data suggesting that the synthesis
of double-length RNA molecules by the polio RNA polymerase in the presence of host factor
may be the result of nonspecific endonucleolytic cleavage of template RNA to generate an
internal 3'-OH group that serves as a primer for initiation.'?*'*! It remains to be determined
whether the two different activities (phosphorylation and terminal uridylylation) can actually
be ascribed to the same protein or ‘‘host factor’” and what the role of such activities is
during the in vivo replication of polio RNA.

D. Viral RNA Structures Found in Infected Cells

There are three different forms of polio-specific viral RNAs found in infected cells. These
include (1) single-stranded RNA (ssRNA) that can be either virion RNA or mRNA;'?? (2)
replicative intermediates (RI) which are heterogenous RNA molecules that are partially
double stranded and partially single stranded;*** and (3) double-stranded RNA or replicative
form (RF).'?* During a polio infection, newly synthesized RNA consists of a single major
species of RNA that sediments at 35 S in sucrose gradients and is identical to the RNA
isolated from purified virions.'*> The 35 S RNA is single stranded, has messenger polarity,
and is also identical to the viral-specific RNA associated with polyribosomes in infected
cells.'?* 126 As mentioned above, the only known difference between the ssSRNA isolated
from virions compared to that isolated from polyribosomes of infected cells is the absence
of VPg from the 5’ end of ribosome-associated polio RNA (i.e., mRNA).

The replicative intermediate forms of polio RNA are found in small quantities in virus-
infected cells and are usually detected by pulse labeling with a radioactive precursor. The
Rls are partially RNAse-resistant and have been shown to sediment heterogeneously in
sucrose gradients at 20 to 70 S.%* The RI structure consists of a full-length minus strand
template with four to eight nascent daughter strands of plus strand polarity.'?’-'?% A structure
containing a full-length plus strand template with nascent daughter strands of minus strand
polarity has not been detected.!?® As mentioned above, all nascent plus strands of RNA on
replicative intermediates contain VPg at their 5’ ends as do their template minus strands
found in these structures.!!0-!!!

The replicative form (RF) of polio-specific RNA detected in infected cells is a complete
copy of the viral plus strand RNA that is hydrogen bonded to a full-length minus strand
copy of genomic RNA.'?* One end of the RF molecule contains a heteropolymeric duplex,
while the other end contains a poly(A)/poly(U) homopolymeric duplex.'**-'*! Both ends of
the RF molecule contain a VPg covalently attached to the 5’ uridylate moiety.'*?> One
unexpected structural aspect of RF is the observation that the 3'-terminal poly(A) tract is
longer than the 5'-terminal poly(U) by up to 100 nucleotides.'*® This finding is in contrast
to the perfect duplex structure reported for the heteropolymeric end of RF,'* although another
study found that a minority fraction of RF molecules carried several additional adenylate
residues on the 3’ ends of their minus strands.'** In addition, there appear to be some forms
of RF that are missing a VPg molecule at one end.'** Interestingly, it has been reported'!®
that a small population of RF molecules are covalently linked at one end through a hairpin
structure, producing an RNA molecule that migrates in denaturing gels as a single-stranded
molecule twice the length of the viral genome. Such structures may be intermediates in a
proposed pathway for RNA replication based on a snap-back molecule that leads to self-
generation of a primer for RNA synthesis (see below). Finally, it is not known how RF
molecules fit into the scheme of RNA synthesis in vivo. Perhaps these structures are re-
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sponsible for the generation of newly synthesized minus strands as a result of inefficient,
‘‘single run’’ synthesis. '

IV. IN VITRO REPLICATION OF POLIOVIRUS RNA

The experiments which will be described below have contributed greatly toward the
development of an in vitro replication system for poliovirus and for picornaviruses in general.
However, progress in this area has not been as forthcoming as one would have predicted
following the purification of the viral polymerase 3DP°'. The prototype in vitro replication
system was developed many years before by Spiegelman and colleagues. Working with the
bacteriophage Q@, they demonstrated that incubation of the phage RNA along with a purified
viral protein resulted in the de novo synthesis of authentic viral RNA."*¢ It turned out,
however, that the purified phage protein was actually a complex of the phage-encoded
polymerase along with three host-encoded proteins which normally functioned in protein
translation’®” (see Chapter 1). An in vitro replication system, as its name implies, is strictly
defined as a system which has the ability to synthesize a replica of the input template RNA.
That is, plus strands are copied into minus strands which, in turn, serve as templates for
the synthesis of new plus strands. To date, there is no in vitro replication system of picor-
navirus RNA which meets this criterion. In order to understand this inability to develop a
system which replicates authentic picornavirus RNA, it is necessary to examine the strategies
that have been used to study poliovirus replication. The strategies can be clearly divided
into two general approaches: the first utilizes purified polypeptides and an exogenous source
of RNA, while the second utilizes a crude membrane mixture from infected cells and is
dependent on endogenous RNA.

A. Soluble, Purified Replication Systems

Although the bulk of virus-specific polymerase activity can be found in membraneous
replication complexes from infected cells,®** the membranes themselves do not appear to
be required for the activity. Treatment of these membrane complexes with detergents suc-
cessfully solubilized the polymerase activity, while leaving it independent of added tem-
plate.86-87.%4 Analysis of the products synthesized in this solubilized system indicated that
both plus and minus strand RNA were produced,'s? but initiation did not appear to occur in
these in vitro systems. As described above, the assay developed by Flanegan and Baltimore
was instrumental in the isolation of a soluble, template-dependent poly(U) polymerase.®
This activity, along with the copurifying RNA polymerase activity, was shown to be de-
pendent upon an oligo(U) primer. Such a finding was quite interesting, since it suggested
that 3DP°! was capable of catalyzing only RNA chain elongation. It was also apparent that
oligo(U) did not function as the primer in vivo since it has never been found either free in
the cytoplasm or bound to the poly(A) tails of messenger RNA. An in vitro system would
therefore have to address both the mechanism of RNA initiation and also the linking of VPg
to progeny strands.

One step in this direction was taken by Dasgupta et al.®* Using the Qf system as an
example, these investigators looked in an uninfected HeLa cell ribosomal salt wash for an
activity which would allow initiation of RNA synthesis in the absence of an oligo(U) primer.
As mentioned above, they isolated a protein termed ‘‘host factor’” which did not appear to
correspond to any of the known initiation or elongation factors for protein synthesis, but
released the polio RNA polymerase from its primer-dependent block. Antibodies made
against purified host factor, isolated from uninfected cells, were able to inhibit this primer-
independent activity, but had no effect on reactions in which oligo(U) was used as the
primer.'*® This suggested that host factor was required for the initiation of minus strand
RNA synthesis in vitro. It should be pointed out that the experiments carried out in the
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purified soluble system utilize VRNA (plus-sense) and therefore represent only minus-strand
RNA synthesis. Moreover, this synthesis is characterized by a single-cycle transcription: the
polymerase copies the template VRNA and when it reaches the end, it is released from
template and product, unable to initiate another round of transcription by using the newly
synthesized double-strand RNA as a template.

Unfortunately, the above finding failed to explain the mechanism by which VPg is linked
to the nascent RNA and at what step in replication the linkage occurs. An answer to these
questions appeared to come from in vitro experiments using purified 3DP'; host factor, and
VRNA as template. Immunoprecipitation of the newly synthesized RNA products using anti-
VPg antibodies revealed VPg-related polypeptides which were covalently bound to the
RNA .113.140.141 Gince the only sources of VPg-related polypeptides were the purified 3Dr!
and the template VRNA, it was assumed that small amounts of VPg-containing polypeptides
copurified with the polymerase and served as donor for VPg on newly synthesized RNA
strands. It was further shown that this host factor-dependent in vitro transcription system
required ATP for RNA initiation. "> It was suggested that this ATP requirement was necessary
for a protein kinase activity which copurified with host factor.''®* Whether such protein kinase
activity is required for RNA initiation in vivo is unknown.

Experiments performed in another laboratory produced quite different results using the
same set of purified components in an in vitro transcription system. Young et al.''® showed
that some of the product RNA synthesized in the presence of host factor was twice the size
of the input template RNA. This was the result of a covalent linkage between the newly
synthesized RNA and the template RNA. The product RNA had the structure of a double-
stranded molecule resulting from snap-back at the 3’ end of the template strand and synthesis
of a new complementary strand. Shortly thereafter, Andrews and Baltimore®* reported a
novel terminal uridylyl transferase activity (TUT) which copurified with the host factor they
used in the in vitro experiments. Further work'** showed that TUT could replace host factor
(as determined by incorporation of a labeled nucleotide) in the purified in vitro transcription
system, although the products of transcription of VRNA template were not presented. Based
on these findings, these authors suggested that TUT added uridylate residues to the 3" end
of the template (that is, onto the poly(A) tract of the template RNA). When a sufficient
number of uridylates are in place, the oligo(U) tail will hydrogen bond to the poly(A) and
TUT will be released. The resulting molecule would supposedly be a suitable substrate for
3Dr! elongation activity.

In light of the finding that the template RNA and the product RNA were covalently linked
following the in vitro transcription reaction, it was suggested that the previously reported
immunoprecipitation of de novo synthesized products with anti-VPg may be due to VPg
present on the template RNA.'*-!*5 Treatment of the template RNA with proteinase K prior
to the in vitro reaction or use of an RNA template lacking VPg prevented the immunopre-
cipitation of the product RNA by anti-VPg. The newly synthesized VPg-linked RNA strands
may therefore be the result of end-labeling the fragmented, VPg-linked template RNA 144145
These results do not completely explain data by Morrow et al.'*! who reported that some
immunoprecipitated RNAs were linked to a 45-kdalton VPg-related polypeptide.

Further analysis of product RNA synthesized in the presence of host factor, using single-
strand polio cDNA as a probe, indicated that the product RNA was of both plus- and minus-
strand polarity, and that a small fraction of the product could be larger than the template
RNA. "¢ In contrast, the product RNA primed with oligo(U) was exclusively of minus-strand
polarity. This suggested that the generation of both plus- and minus-strand products was the
result of the same mechanism, although, as it will be pointed out, the action of terminal
uridylyl transferase can only explain the production of new minus strands.

Recent experiments from a number of different groups have been performed in an attempt
to clarify the contrasting observations concerning the purified soluble replication system.
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These studies have focused on the nature of the template RNA used in the in vitro reaction.
Using RNA synthesized by an SP6 RNA polymerase from truncated cDNA clones repre-
senting both the 5’ and 3’ termini of plus- and minus-stranded RNA, Lubinski et al.'** have
shown that end-linked, double-stranded structures were formed in the reaction. It was sug-
gested that the synthetic templates were degraded by endonuclease(s) such that snap-back
structures could be formed that, in turn, served as primers for 3D, In addition, neither
the poly(A) tract of plus-strand RNA, nor heteropolymeric sequences at the 3’ termini of
either plus- or minus-strand RNA were required for the synthesis of dimer-length product.'*°
Hey et al.'?! analyzed the end-linked products they obtained with host factor and 3D,
using virion RNA as template. None of the products contained poly(A)-poly(U) as was
expected from the mechanism proposed by Flanegan and colleagues. Hey et al.'?' also
suggested that the synthesis of end-linked structures is the result of endonucleolytic pro-
duction of 3’ termini suitable for priming the 3DP! elongation reaction. This conclusion was
further supported by the biochemical results of periodate oxidation of the 3’ terminal adenylate
residue of the template vRNA. If RNA synthesis is the result of addition of nucleotides to
the poly(A) tract, then oxidation should prevent initiation on such a template. It was found,
however, that the oxidized RNA remained an efficient template for 3DP' when host factor
was added during or prior to the reaction.'”! Indeed, it was found that host factor alone
could remove poly(A) from the template RNA.'?' These data can be used to explain why,
in reactions leading to end-linked structures, the products are extremely heterogeneous in
length and why the end-linked poliovirus RF (twice the length of genome RNA) is only a
minute fraction of these products.''® It should be pointed out that no TUT activity was
observed in the host factor preparations used by Lubinski et al.’*® or Hey et al.'*' Thus, it
is not known whether host factor preparations used in different laboratories exhibit the same
activity, a dilemma that should be solved by an exchange of reagents among the investigators.

B. Membrane-Associated Replication Systems

As was mentioned previously, poliovirus RNA synthesis occurs primarily in a membranous
environment.**34-8%-8 In vitro RNA synthesis assays using a crude membrane fraction from
infected cells demonstrated that the membrane fraction is responsible for the majority of
virus-specific RNA synthesis. This crude replication complex (CRC), as it has been called,
can synthesize all three forms of viral-specific RNA under the appropriate in vitro conditions.
Analysis of the RNA synthesized in vitro in the presence of [a-*?P]JUTP by two-dimensional
gel electrophoresis of RNase T1-generated oligonucleotides suggests that it is similar to
authentic viral RNA.!#7-14¢ Only very recently, however, has it been possible to synthesize
VPg-linked RNA in vitro, that is, RNA resulting from faithful initiation of RNA synthesis.'*
The 5' VPg-linked RNase T1 oligonucleotide (VPg-pUUAAAACAGp) migrates slower than
the other oligonucleotides during electrophoresis in the first dimension of the two-dimensional
gel. If conditions are used which account for this aberrant migration, the 5’ VPg-linked T1-
oligonucleotide can be identified in a fingerprint of RNA synthesized by CRC in the presence
of labeled [a-*P]JUTP.'* Although plus-strand RNA is the predominant source of oligo-
nucleotides in the fingerprints, oligonucleotides derived from minus strands can also be
observed.'*® It thus appears that plus and minus RNA strands can be synthesized in CRC.

All known virus-specific polypeptides and their precursors can be found in the CRC. The
affinity for membranes of most of these polypeptides is very high since neither high salt
nor 4 M urea are sufficient to dissociate CRC.**!'* Protease protection studies have shown
that 3AB is partially protected by the presence of the membranes, an observation supporting
the proposed insertion of 3AB into membranes due to its 22-amino acid hydrophobic re-
gion.*>* The addition of nonionic detergent prior to the addition of protease results in 3AB
becoming protease-sensitive. Attempts to purify polypeptide 3AB have been hampered by
tight association with other polypeptides (especially 2C) (our unpublished observations).
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The interaction of 3AB with other viral polypeptides is probably an important feature of the
viral replication complex.

The isolation of antibodies which recognized VPg and its precursors advanced the study
of the CRC.*3*112 Using the anti-VPg antibodies, Takegami et al.'*® were able to develop
an assay that detected the structures representing the 5’ ends of both plus- and minus-strand
RNA. A similar result was obtained also by Vartapetian et al.'*® who used a CRC obtained
from Ehrlich ascites cells which had been infected with EMC virus. Small amounts of VPg-
pUpU were also found in poliovirus-infected cells labeled in vivo by Crawford and Balti-
more.'”' The assumed role of the membranes in initiation of polio RNA replication is
supported by the observation that synthesis of VPg-pUpU in CRC was completely inhibited
by the addition of nonionic detergent.'**'%°

Although the in vitro synthesis of VPg-pUpU could be reproducibly achieved by Takegami
and colleagues,'*® the low yields of the nucleotidyl-peptide made it impossible to investigate
its role in chain elongation. However, treatment of the CRC with DEAE-cellulose to remove
endogenous nucleoside triphosphates and the addition of an ATP regenerating system greatly
stimulated the yield of VPg-pUpU.'** Conditions were then found which allowed [a-*?P]VPg-
pUpU to be chased into longer products, as the chain elongation reaction was assayed by
the detection of the 5 VPg-linked T1-oligonucleotide. Interestingly, conditions for efficient
formation of VPg-pUpU are different from the optimal conditions of RNA chain elonga-
tion,'**'%° an observation suggesting two distinct processes. Unfortunately, the mechanism
of VPg uridylylation has not been elucidated. In addition, it is not even known whether
VPg-pUpU formation is dependent on a viral template. Attempts to remove endogenous
template from CRC by micrococcal nuclease and *‘reactivate’” the activities with added viral
RNA have not met with success.

V. MODELS FOR RNA SYNTHESIS AND INITIATION

A. Initiation

The earliest analyses of virus-specific RNA structures found in infected cells strongly
suggested that poliovirus RNA synthesis may proceed in steps unique among replication
schemes of RNA viruses. First, the 5'-terminal nucleotide was found to be a pyrimidine
(U) and not a purine, the preferred base for enzymes that initiate RNA synthesis de novo.
Second, newly synthesized RNAs were all VPg-linked, even the nascent strands of R1, and
no trace of pppN-termini could be found.* These observations were interpreted to suggest
that VPg is involved in the initiation of RNA synthesis.* This notion was strongly supported
by the finding that the poliovirus-specific RNA polymerase 3D is a primer-dependent
enzyme: it was considered possible that uridylylated VPg could serve as a primer for 3D
similar to the deoxycytidylylated terminal protein of adenovirus that serves as primer for
the adenovirus-specific DNA polymerase (reviewed by Wimmer).* An alternative model
was subsequently introduced by Flanegan and colleagues who proposed that RNA molecules
allow “‘self-priming’’ on snap-back structures at their 3’ termini such that covalently bound
heteroduplex RNA molecules are formed.!'® VPg (or a precursor thereof) was then proposed
to cleave the hairpin and subsequently link itself to the newly synthesized RNA strand. As
we discussed above, this model has received considerable support through a number of
publications. However, recent data have raised important questions about the validity of the
hairpin priming mechanism for in vivo RNA synthesis.'2*-'*!

1. Initiation of RNA Synthesis by Protein Priming

If VPg is directly involved in the priming of RNA synthesis, one would have expected
to find considerable amounts of the oligopeptide in infected cells. In fact, no free VPg was
found in cells until Crawford and Baltimore'*! observed that the detection of unbound VPg
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FIGURE 3. Model of VPg-pUpU primed initiation of RNA synthesis. 3AB is the membrane-
bound poliovirus protein, the COOH terminus (wavy line) of which is VPg, 3C is the virus-
encoded proteinase (responsible for the cleavage between 3A and 3B), 3D, the primer-
dependent RNA polymerase, and 2C, an auxiliary viral protein, mutations of which (g") lead
to an altered phenotype of RNA synthesis in vivo. The possibility of the involvement of a
“‘host factor’” is indicated, although there is no evidence to support such factor in the
membrane-bound replication complex. This model can account for the initiation of both plus
and minus strand RNA. (Modified from Takegami, T., Kuhn, R. J., Anderson, C. W., and
Wimmer, E., Proc. Natl. Acad. Sci. U.S.A., 80, 7447, 1983.)

and uridylylated derivatives thereof is complicated by their physical properties. Takegami
et al.,>1*® on the other hand, argued that a precursor of VPg, most likely 3AB,>*-**1* may
participate in the initiation reaction. Since proteins larger than VPg have never been detected
in a linkage with the nascent RNA strands, it was assumed that the precursor is rapidly
cleaved by the proteinase 3C to yield VPg-RNA. 3AB is a membrane-bound polypeptide**
and thus well suited to serve as donor for VPg in the membrane-associated machinery of
poliovirus RNA replication. The model depicting the events leading to VPg-primed RNA
synthesis is shown in Figure 3.'*® 3AB is uridylylated and subsequently cleaved by 3Cr;
at the same time, the uridylyl-VPg functions as primer for 3DP'. Whether or not any host
factor is involved in this process remains to be seen. Also, the role of polypeptide 2C in
the events of initiation, if any, is unclear. It is possible that 2C functions as helicase for the
release of the nascent strands, but this has not been proven.

Apart from studies of virus-specific proteins such as 3AB, this model is based upon
experiments of RNA synthesis with the membraneous, crude replication complex isolated
from infected HeLa cells. As mentioned in the previous section, VPg-pU and VPg-pUpU
can be synthesized in vitro® and preformed VPg-pU can be chased into VPg-pUpU.'*®
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Moreover, kinetic evidence suggests that the preformed VPg-pUpU can be chased into
authentic elongation products.'* All of these reactions are highly sensitive to the addition
of nonionic detergents such as NP-40, an observation suggesting that an intact, membraneous
environment must be maintained to uridylylate VPg and to release single stranded RNA
from CRC.'*® The possibility cannot be excluded, however, that the uridylylation itself can
proceed in the absence of membranes, but that the enzyme catalyzing this reaction is sensitive
to detergent. A major question remains to be solved: what is the activity that catalyzes the
uridylylation of the Tyr residue in VPg? Using mutants mapping in the 3’ end of the viral
RNA, Toyoda et al.'*® have obtained evidence that implicates 3D in the formation of VPg-
pUpU. Such an observation is not unreasonable since the adenovirus-specific DNA poly-
merase has also been shown to link dCMP onto the adenovirus protein.

A large panel of mutants in VPg are currently being constructed (using recombinant DNA
techniques) by Kuhn et al.'*® with the objective of finding a phenotype that would shed light
onto the events shown in Figure 3. It has become evident already that the NH,-terminal
sequence of VPg is highly sensitive to alteration. For example, if the VPg sequence
H,N-GAYTGL... (where the Y is the linker amino acid to the RNA) is changed to
H,N-GAYYGL... or H,N-GATYGL..., the constructs are rendered noninfectious.'*® A
change at amino acid Number 6, on the other hand, from L—-M (H,N-GAYTGM...) was
found to yield infectious virus. This result is also of practical value, since VPg can now be
labeled with **S-methionine which makes its detection easier. So far, no ts phenotype
mapping in VPg has been found.

2. The Role of ‘‘Host Factor’’

As has been mentioned before, a host factor HF of 67,000 Mr was implicated in poliovirus
RNA replication in an in vitro RNA synthesis system that did not require an oligo(U) primer.
In the presence of HF, the product RNA appears to be full-length, that is, the product RNA
represents complete, noncovalently linked complementary strands.''® Indeed, if negative-
stranded RNA (prepared from cDNA clones using SP6 polymerase) is used as template for
3Dr! and HF, infectious poliovirus RNA (containing nonviral sequences at either terminus)
can be synthesized.'*? It was originally thought that RNA transcribed with 3D*' and HF
was linked to a protein containing VPg sequences and that the reaction was thus indicative
of protein-primed initiation.''*-!“%-14! As was mentioned before, however, this conclusion
has been disputed recently by two groups'**'*> who found that the majority (if not all) of
the VPg-linked product RNA originates from the covalent linking of poliovirion template
RNA to the transcripts. Currently, there are opposing views as to what ‘‘host factor’’ is and
what role it plays in poliovirus replication.

3. The Hairpin Model

Flanegan and colleagues reported that in the in vitro transcription of poliovirion RNA,
using purified 3D?! and HF, molecules were produced in which template and product RNA
are covalently linked at one end.''® In contrast, when oligo(U) was added to the transcription
mixture, none of the products were end-linked since initiation occurred on the oligonucleotide
primer. It was concluded that, in the absence of oligo(U), HF serves to modify the 3’ end
of the template RNA topographically such that its 3'-terminal nucleoside can function as
primer (Figure 4).

The hairpin model of initiation received support by Andrews et al.**'** who reported that
HF is a terminal uridylyl transferase (TUT). Accordingly, these authors suggested that the
3’ end of the template is uridylylated. The product then forms a snap-back structure, the 3’
end of which serves as primer for 3D™'. The addition of U residues to 3’ termini of RNA
was found to occur most efficiently on poly(A) tails. These observations are credible for
initiation of RNA synthesis at the 3'-terminal poly(A) of poliovirus plus strands, but make
it difficult to explain initiation of plus strands at the 3’ end of minus strands (see below).
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FIGURE 4. Self-priming by template RNA. A host factor (either a kinase or a terminal
uridylate transferase) produces a hairpin at the 3’ end of the template RNA that serves as a
primer for 3D After some elongation has taken place, VPg (or its precursor) will cleave
the hairpin, thereby attaching itself to the 5’ end of the nascent RNA strand. If nicking does
not occur, an end-linked RF molecule is formed; as shown here, the homopolymeric segments
of the RF would be covalently bound. We have named those structures ‘‘homo-linked’’ RF.
Hairpin-mediated initiation and complete transcription of minus-stranded template would
yield “‘hetero-linked’’ RF molecules. (This drawing was kindly provided by the courtesy of
Dr. J. B. Flanegan.)

The self-priming hairpin model has recently suffered from new data that strongly suggests
the involvement of endonuclease(s) in the in vitro reactions leading to random degradation
of template with the fortuitous formation of snap-back structures.'?>'?! Lubinski et al.,'?
in addition to the nicking mechanism, have proposed yet another mechanism that may
function in the formation of end-linked products. This mechanism states that snap-back
structures occur in certain full-length product RNA (a phenomenon resembling reverse
transcription), but not in template RNA. Taken altogether, the transcription experiments
with purified or semipurified polypeptides in completely soluble medium have never pro-
duced authentic poliovirus RNA. Instead, they have yielded rather conflicting results that
have not yet uncovered how initiation of poliovirus RNA synthesis occurs in vivo. Moreover,
even if end-linked molecules are intermediates in poliovirus replication, what protein sup-
posedly cleaves the loops? VPg or a precursor to VPg?
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4. The Problem of Template Recognition and of Initiation at Different Termini

Whatever the mechanism, the poliovirus RNA replication machinery must be capable of
initiating RNA synthesis at two very different 3’ termini: the homopolymeric segment
[poly(A)] of plus strands, and the heteropolymeric terminus ((CAGUUUUAA,) of minus
strands. The only feature common to these ends are two terminal —AA;; residues. Clearly
VPg-pUpU, a structure that can be synthesized in a replication complex in vitro'**:!4> and
that has been detected in infected cells,'' could recognize and bind to such a terminal
dinucleotide prior to initiation. Similarly, both termini of plus or minus strands could be
oligouridylylated by TUT to form snapback structures. If so, one would predict that the
termini of minus strands isolated from infected cells would carry extra U residues that
remained there after the assumed cutting by VPg. As mentioned above, no U residues have
been found at the 3’ termini of minus strands of RF.'*%!3* Unfortunately, a similar study
on minus strands of RI has not been performed.

Two A residues at the 3’ terminus of an RNA can hardly be the sole determinant of
template selection since nearly all cellular mRNAs are polyadenylylated. Thus, the poliovirus
polypeptide must recognize sequences other than the ends of the RNA. Of course, numerous
primary or secondary structures distant to the termini could serve as recognition signals. No
such signals have been discovered as yet. Experiments to assay for these signals are difficult
because (1) an in vitro replication system is not available, and (2) deletions in the genome
of DI particles are restricted to the P1 capsid region (see below). These observations, which
contrast with other RNA virus replication systems (e.g., vesicular stomatitis virus or to-
gaviruses), do not allow an easy search for the minimum genome sequence still capable of
replicating through complementation with wild-type virus. The in vitro construction of DI
genomes, based upon the highly efficient phage T7 RNA polymerase transcription system,'*?
has recently been achieved, but no ‘‘viable’’ deletion mutants have been found as yet
(Bradley, Wimmer, Girard, and van der Werf, unpublished results).

B. Elongation

The RNA polymerase 3D is probably the only activity produced by poliovirus capable
of elongating the nascent RNA strand. It is unknown as yet whether the newly synthesized
RNA is released from the template by strand displacement (in RI molecules with a double-
stranded backbone) or prevented from hybridizing to the template RNA by polypeptides in
the replication complex (in single-stranded RI molecules). If strand replacement is the
mechanism, one would predict that an RNA-specific helicase would be involved in replication
also.

When genomes of DI particles were sequenced, it was found that the deletions in the
capsid region always occur in the P1 region and in frame of the polyprotein’>* (compare
Volume II, Chapter 9). Kuge et al.’>* suggested that poliovirus genomes may need their
own replication proteins (originating from the P2 and P3 regions) for RNA synthesis, that
is, that some P2 or P3 proteins may function only in cis. This proposal finds support in a
genetic analysis of Bernstein et al.'*> who found that specific mutants in the P2 and P3
region generated in vitro by manipulations of cDNA clones, cannot be complemented. More
data, however, must be generated to define the specificity of viral proteins for heterologous
or homologous template RNA. For example, if 3D can indeed only act in cis (that is, on
the RNA only from which it was translated) it is difficult to envision the events that lead
to RI structures with multiple growing strands. It is possible that 3DP! acts in cis only to
produce minus strands but can funtion in trans to produce plus strands.

VI. SUMMARY AND FUTURE DIRECTIONS

The study of poliovirus RNA replication, now in its 24th year and pursued by many
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investigators, has proven to be exceptionally tedious and frustrating. As has been pointed
out before® the search for the ultimate in vitro replication system followed the classical
strategy by Spiegelman and contemporaries involving the purification of cellular and viral
polypeptides and their subsequent reconstitution to a functional complex. So far, this strategy
has been largely unsuccessful. The authors of this review are convinced that an essential
component of the in vitro replication complex is a hydrophobic environment provided by
cellular membranes where polypeptides can be anchored and processed to participate in
RNA replication. Indeed, only a membraneous replication complex has yielded authentic
virion RNA so far.'* Clearly, the membrane may be replaceable by an artificial hydrophobic
environment, but attempts to achieve this have so far not been successful.

The major problems that should be solved in the near future to elucidate the mechanism
of poliovirus RNA replication are

1. An efficient assay for the uridylylation of VPg or its precursors in vitro. This would
allow an elucidation of the mechanism of initiation.
2. The elucidation of essential components of the membraneous endogenous replication

complex. This includes particularly the role of 2C and the question of the participation

of any host cellular protein in RNA synthesis.

The problem of template selection, e.g., the search for recognition signals.

4.  The explanation of why virus-specific protein synthesis and RNA replication are tightly
linked.

w
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I. INTRODUCTION

Among the various groups of plant RNA viruses with a positive strand RNA genome are
viruses with a mono-, a bi-, and a tripartite genome (see Table 1).! Monopartite viruses,
like tobamoviruses (e.g., tobacco mosaic virus, TMV), tymoviruses (e.g., turnip yellow
mosaic virus, TYMV), and potyviruses (e.g., potato virus Y, PVY), contain the information
for virus multiplication within a single RNA molecule, whereas in viruses with a bipartite
genome, like comoviruses (e.g., cowpea mosaic virus, CPMV) and nepoviruses (e.g., tomato
black ring virus, TBRV), this information is divided among two single-stranded RNA
molecules and in viruses with a tripartite genome, like bromoviruses (e.g., brome mosaic
virus, BMV) and alfalfa mosaic virus (AMV), among three RNA molecules. With bipartite
and tripartite genome viruses the different segments of the genome are separately encapsidated
so that infectious preparations of such viruses consist of mixtures of two or three nucleoprotein
particles.

The different plant RNA virus groups are further characterized by the structures found at
the 5' and 3’ termini of their genomic RNAs. The predominant structures at the 5’ ends are
a cap (=m’GpppQ) similar to the structure found on eukaryotic messenger RNAs and a
protein, VPg (viral protein, genome linked), linked to the 5'-terminal phosphate. Twelve
different virus groups are known to carry a cap at the 5’ ends of their genomic RNAs; among
which are the bromoviruses, the tobamoviruses, the tymoviruses, and alfalfa mosaic virus,
whereas for six groups it has been proven that their genomic RNAs are supplied with a
VPg. To the latter viruses belong, among others, the comoviruses, the potyviruses, and the
nepoviruses.

With respect to the 3’ terminus three different structures are found. For six groups, among
which the tobamoviruses, tymoviruses, and bromoviruses, it has been described that they
have a tRNA-like structure which can be aminoacylated in vitro, whereas in six other plant
virus groups, including the comoviruses, potyviruses, and nepoviruses, the genomic RNAs
terminate with a poly(A) tail, and six more groups, including alfalfa mosaic virus and
sobemoviruses (e.g., southern bean mosaic virus, SBMV) have neither a poly(A) tail nor a
tRNA-like structure. The various RNA segments of a given bi- or tripartite genome virus
always have the same structures at their respective 5’ and 3’ ends.

For the expression of their genetic information, three different main strategies are used
by various groups.

I.  With some groups of viruses the viral RNA is a monocistronic messenger resulting in
the synthesis of a polyprotein from which functional smaller proteins are generated
by proteolytic cleavages. This is found, for example, in comoviruses and potyviruses.

2. Inother groups of viruses the expression of genomic RNA is limited to the 5’ proximal
gene and the virus produces subgenomic mRNAs to express other viral genes. This
strategy is found, among others, in tobamoviruses, bromoviruses, and alfalfa mosaic
virus.

3. Still other groups of plant viruses use a combination of the two previous strategies
and express the information in their genomic RNAs partly by polyprotein synthesis
and proteolytic processing and partly by synthesis of subgenomic mRNA for the
expression of other viral genes. Tymoviruses and sobemoviruses are examples of plant
viruses which express their genetic information by this strategy.

There is no clear correlation between the genomic 5'- and 3’-terminal structures and the
mode of expression of the genomic RNAs with the exception of viruses which have a 5’
VPg and a 3’ poly(A) tail. This combination has so far been found with the monopartite
potyviruses and the bipartite comoviruses and nepoviruses. All three groups happen to use
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Table 1
ORGANIZATION AND STRATEGY OF THE POSITIVE-STRAND PLANT RNA
VIRUSES
Terminal structures
of
genomic RNAs
Type Molecular weight Mode of
Virus group member® genomic RNAs 5’ end 3 end expression
Monopartite Genome Viruses
Tymoviruses TYMV 2.0 x 10° cap tRNA-like Polyprotein proc-
essing subgen-
omic RNA
Tobamoviruses T™MV 2.0 x 10° cap tRNA-like Subgenomic RNA
Potexviruses PVX 2.0—-2.5 x 10¢ cap polyA ?
Sobemoviruses SBMV 1.4 x 10° VPg Xou Polyprotein proc-
essing subgen-
omic RNA
Luteoviruses BYDV 2.0 x 10° VPg Xou Polyprotein proc-
essing subgen-
omic RNA
Potyviruses PVY 3.2 x 10° VPg polyA Polyprotein
processing
Tobacco necrosis virus TNV 1.4 x 10° pPPA Xon ?
Tombus viruses TBSV 1.5 x 10¢ cap Xon ?
Closteroviruses SBYV 2.2—6.5 x 10¢ ? ? ?
Bipartite Genome Viruses
Tobraviruses TRV 2.4 x 10° cap Xou Readthrough,
0.6—1.4 x 10° subgenomic
RNA
Furoviruses BNYVV 2.3 x 10¢ cap polyA Readthrough,
1.6 x 10° subgenomic
RNA ?
Comoviruses CPMV 2.02 x 10° VPg polyA Polyprotein
1.22 x 10° processing
Nepoviruses TRSV 2.8 x 10° VPg polyA Polyprotein
1.3—2.4 x 10° processing
Pea enation mosaic vius ~ PEMV 1.8 x 10° VPg ? ?
1.4 x 10°
Dianthoviruses CRSV 1.5 x 10° ? ? ?
0.5 x 10°
Tripartite Genome Viruses
Bromoviruses BMV 1.1 x 10° cap tRNA-like Subgenomic RNA
1.0 x 10°
0.7 x 10°
Cucumoviruses CMV 1.27 x 10° cap tRNA-like Subgenomic RNA
1.13 x 10¢
0.75 x 10°
Hordeiviruses BSMV 1.5 x 10° cap tRNA-like Subgenomic RNA
1.35 x 10°
1.05—1.35 x 10°
Alfalfa mosaic virus AMV 1.1 x 10° cap Xou Subgenomic RNA
0.8 x 10°

0.7 x 10°



52 RNA Genetics

Table 1 (continued)
ORGANIZATION AND STRATEGY OF THE POSITIVE-STRAND PLANT RNA

VIRUSES
Terminal structures
of
genomic RNAs
Type Molecular weight ———— Mode of
Virus group member? genomic RNAs 5' end 3’ end expression
Tripartite Genome Viruses
Harviruses TSV 1.1 x 10° cap Xou Subgenomic RNA

0.9 x 10°
0.7 x 10°

2 AMV: alfalfa mosaic virus, BMV: brome mosaic virus, BNYVV: beet necrotic yellow vein virus, BSMV:
barley stripe mosaic virus, BYDV: barley yellow dwarf virus, CMV: cucumber mosaic virus, CPMV: cowpea
mosaic virus, CRSV: carnation ringspot virus, PEMV: pea enation mosaic virus, PVX: potato virus X, PVY:
potato virus Y, SBYV: sugar beet yellows virus, TBSV: tomato bushy stunt virus, TMV: tobacco mosaic virus,
TNV: tobacco necrosis virus, TRSV: tobacco ringspot virus, TRV: tobacco rattle virus, TSV: tobacco streak
virus, TSWV: tomato spotted wilt virus, TYMV: turnip yellow mosaic virus.

translation into a polyprotein with subsequent processing of the polyprotein in smaller viral
proteins as expression strategy.

Expression of the viral genome is required for virus RNA replication, and it seems plausible
that the variation in translation strategies, together with the different number of viral functions
encoded by the genome of various groups of viruses, will also result in several mechanisms
for viral RNA replication. Naturally there is a common basic pattern of viral RNA replication
in the understanding that plant RNA viruses with a positive RNA genome replicate through
the formation of a complementary negative strand that subsequently is used as template for
the synthesis of progeny viral RNAs. Such a replication mechanism demands an RNA-
dependent RNA polymerase (RNA replicase) for the transcription of both the positive and
the negative viral RNA strands. In recent years it has become clear that probably most —
if not all — plant RNA viruses encode their own specific RNA replicase just as RNA
bacteriophages and animal RNA viruses (see Chapter 1). Since the transcription starts at the
3’ end of the template molecule, the viral replicase must be able to specifically recognize
the 3’ termini of both positive and negative viral RNA strands, which are not similar. Besides
the viral-encoded RNA polymerase, other virus-encoded and/or host cell proteins may be
required for the specific selection of viral RNA molecules in the initiation of RNA replication.

Having explained to a certain extent the diversity of plant RNA viruses with their variation
in genome structure, expression, and replication we shall exclusively engage further in this
chapter with one virus group and discuss the present state of knowledge on the replication
of comoviruses.

II. COWPEA MOSAIC VIRUS IS TYPE MEMBER OF THE
COMOVIRUS GROUP

The comoviruses are a group of 14 different plant viruses that have the same structural
organization of genomic RNAs and virus particles, and use the same mechanism for expres-
sion and replication of the viral RNAs (see Reference 2 for review). Cowpea mosaic virus
(CPMV) is type member of the comoviruses and the only comovirus that has been thoroughly
examined with respect to genome structure, translation, and replication strategy.?* In the
following, we shall therefore mainly discuss the results obtained from studies on CPMV.
CPMV has acquired this exceptional position because in many respects it is an easy virus
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to work with. CPMV multiplies rapidly in its natural host Vigna unguiculata (L.) and as a
result, purified CPMV can be obtained in gram amounts.?* Therefore, the virus has lent
itself very well for studies on the molecular properties of the virus particles and the genomic
RNAs. Moreover, cowpea mesophyll protoplasts are in vitro efficiently and approximately
synchronously infected with CPMV and this has greatly contributed to the understanding of
the expression and replication mechanism of the virus.®

CPMYV has a bipartite genome consisting of two positive strand RNA molecules that each
are encapsidated in icosahedral particles with a diameter of 28 nm. The two nucleoprotein
particles are denoted B and M components and have similar capsids composed of 60 copies
of each of two different coat proteins, a large one with a molecular weight of 37 kdaltons,
VP37, and a smaller one with a molecular weight of 23 kdaltons, VP23.5# The B and M
components differ in nucleic acid content, B containing a single RNA molecule (B-RNA)
with a molecular weight of 2.04 X 10°, and M, a RNA molecule (M-RNA) with a molecular
weight of 1.22 X 10%.°'° Both B- and M-RNA have a small protein, VPg, covalently linked
to the 5’ end and a poly(A) tail at the 3’ end.'""'* The RNAs are translated in vitro and in
vivo into large polyproteins that are subsequently cleaved through a number of steps into
several functional proteins.?>

Both B and M components, or their RNAs, are required for virus multiplication in plants,
but B-RNA is self supporting with respect to RNA replication in cowpea protoplasts.'®'?
B-RNA that is expressed and replicated in cowpea protoplasts in the absence of M-RNA is
not assembled to virions.'®'® Conversely, M-RNA is completely dependent on B-RNA
expression for its replication. These findings demonstrate that B-RNA encodes functions
required for replication whereas M-RNA carries information for the virus capsid proteins.

IfT. EXPRESSION OF COMOVIRUS RNAs

So far as different comoviruses have been examined, the genomic RNAs of comoviruses
are in vitro translated as monocistronic messengers into large polyproteins corresponding to
about 80% of their estimated coding capacity (see Reference 3 for review). The primary
translation products are then processed into smaller viral proteins by specific proteolytic
cleavages.??

Only for CPMV there is a rather complete picture of the expression mechanism of the
viral RNAs, substantiated by knowledge of the nucleotide sequence of M- and B-RNA, a
detailed analysis of the polyprotein processing and characterization of the viral proteins
produced.?*?' For CPMV the viral protein synthesis has been studied both in vitro and in
vivo, resulting in the current model for the expression of the two CPMV RNAs as drawn
in Figure 1 and briefly discussed in the following.

A. Expression of CPMV-B-RNA

The sequence of B-RNA, 5889 nucleotides excluding the poly(A) tail contains a single
open reading frame of 5598 nucleotides, spanning from the AUG-codon at position 207 to
the UAG-stopcodon at position 5805 (Figure 1).'° In full agreement with the single long
open reading frame, B-RNA is translated in vitro as well as in vivo into a 200-kdalton
protein. The 200-kdalton protein is rapidly cleaved into 32- and 170-kdalton proteins, and
this processing can even start before the chain of the 200-kdalton primary translation product
is completed.?®-?* The 170-kdalton protein is then further processed via two alternative routes:
either the 170-kdalton is cleaved into 60- and 110-kdalton proteins or, by another cleavage,
into 84- and 87-kdalton proteins.**** The 110- and 84-kdalton proteins can undergo an
additional cleavage to give rise to the 87- and 60-kilodalton proteins, respectively, together
with a 24-kdalton protein.?*?¢ The 60-kdalton protein is the direct precursor of VPg.?"¢
Whereas the cleavage steps mentioned so far occur in vivo and in vitro, processing of the
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FIGURE 1. Expression of M- and B-RNA of CPMV. M- and B-RNA each contain a single, open reading frame
represented by the open bars. The position of the translational start and stop codons is indicated. Translation of
M-RNA in vitro starts at the AUG codon at position 161, but more efficiently at the AUG codon at position 512.
B-RNA is translated into a 200-K (Kilodalton) polyprotein and M-RNA into 105- and 95-K polyproteins which
are subsequently processed by specific proteolytic cleavages at the indicated sites into smaller functional proteins.
(K = kilodalton.)

60-kdalton protein into 58-kdalton with the release of VPg has never been observed in vitro.
All five final cleavage products of the 200-kdalton polyprotein encoded by B-RNA (see
Figure 1) are detectable in CPMV-infected protoplasts, if in varying amounts. Free VPg has
not been detected in vivo, but it occurs either in precursor form or linked to the 5’ phosphate
of the terminal uridyl-residue of B- and M-RNA. Beside the final cleavage products, the
processing intermediates 170-, 110-, 84-, and 60-kdalton are also found in considerable
amounts in infected cells which suggests that they may also represent functional molecules.?'®

The order of the cleavage products NH,-32 kdaltons-58 kdaltons-4 kdaltons (= VPg)-24
kdaltons-87 kdaltons-COOH, in the 200-kdalton B-RNA-encoded protein, initially estab-
lished by comparison of the different proteins by peptide mapping and by immunological
techniques, has been confirmed by determining the amino terminal sequences of the various
B-RNA-encoded proteins and locating the coding regions for these proteins on the B-RNA
sequence.?'?>?72° Such sequence analysis, moreover, revealed the cleavage sites used in
the proteolytic processing of the 200-kdalton polyprotein. It was found that three types of
proteolytic cleavage sites were used: a glutamine-serine pair (2x), a glutamine-methionine
pair (1x), and a glutamine-glycine pair (1x) (see Figure 2).?° The proteolytic activity involved
in cleaving at all three pairs is located in the 24-k/dalton protein encoded by B-RNA 3!:31a.31b
In contrast to what was thought previously, the 32-kdalton protein does not bear proteolytic
activity .32

B. Expression of CPMV-M-RNA

The sequence of CPMV-M-RNA is 3481 nucleotides long, not including the poly(A) tail,
and also contains a single, large, open reading frame running from the AUG codon at
position 161 to the UAG stop codon at position 3299.° Nevertheless, M-RNA produces upon
in vitro translation two polyproteins with molecular weights of 105 and 95-kdaltons. These
two proteins have overlapping carboxy-terminal ends and arise because initiation of trans-
lation does not only start at the AUG codon at position 161, but also, and even to a greater
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FIGURE 2. Genetic map of CPMV. The single, open reading frames in M- and B-RNA are represented by the
open bars. The indicated positions of the coding regions of the different functional protein domains in the reading
frames are drawn to scale. (K = kilodalton.)

extent, at the AUG codon at position 512 in phase with the open reading frame.®20-2!-30-33
Both M-RNA-encoded polyproteins are proteolytically cleaved and produce overlapping 58-
and 48-kdalton proteins and a 60-kdalton protein which is the direct precursor of the two
capsid proteins VP37 and VP23 (see Figure 1). A second cleavage generates the two coat
proteins from the 60-kdalton protein.?0-%-*

By locating the coding region of VP37 and VP23 on the nucleotide sequence of M-RNA,
the proteolytic cleavage sites used to release the capsid proteins from the 105- and 95-
kdalton primary translation products have been determined to be a glutamine-methionine
pair and a glutamine-glycine pair (see Figure 2).>* The cleavages at both sides are achieved
by the B-RNA-encoded, 24-kdalton protease. Cleavage at the glutamine-methionine pair
requires, moreover, the 32-kdalton encoded by B-RNA as a cofactor.'+31

The model for CPMV M-RNA expression depicted in Figure 1 has been derived from in
vitro translation studies. In vivo, the capsid proteins are the only M-RNA-encoded products
which are easily detectable. To verify whether this model also holds in vivo, a search in
CPMV-infected cells was undertaken for other proteins occurring in the processing scheme.
Using specific antibodies, it appeared possible to detect in CPMV-infected protoplasts small
amounts of the 60-kdalton capsid precursor, and also of the 48-kdalton protein, but the 58-
kdalton protein has not been found.** This demonstrates that in any case, the 95-kdalton
polyprotein is synthesized in vivo, which is then rapidly cleaved into 48- and 60-kdalton
products, followed by a second rapid cleavage of the 60-kdalton precursor to release the
two capsid proteins. The 105-kdalton polyprotein is either not produced in vivo or only in
amounts which are below the level of detection. It is therefore unclear if expression of M-
RNA into a 105-kdalton protein has a role in vivo. In this connection it is striking that M-
RNA of four other comoviruses, cowpea severe mosaic virus, bean pod mottle virus, red
clover mottle virus, and squash mosaic virus, also direct in vitro translation of two poly-
peptides of approximately the same size as CPMV M-RNA .**° The occurrence of two AUG
codons which give rise to translation in two large-sized proteins is apparently a common
feature of comovirus M-RNA, which suggests that it may have biological significance.

IV. DISTINCTIVE FEATURES OF THE STRUCTURE OF CPMV RNA AND
ITS REPLICATIVE FORM

The two genomic RNAs of CPMV are templates for both translation and replication. Once
virus particles have invaded a host cell, the viral RNAs are released and first translated to
produce proteins necessary for specific replication of virus RNA. From then onward the
viral RNA also functions as template for the production of progeny RNA strands. Since in
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FIGURE 3. Structural organization of the nontranslated regions of the CPMV genome. The 5’ and 3’ nontranslated
regions in B- and M-RNA are represented as open bars. Within these bars two stretches with more than 80%
nucleotide sequence homology between the RNAs are indicated (shaded areas); for further details see text.

CPMV-infection B- and M-RNA are multiplied by the same B-RNA-encoded replication
machinery, it may be expected that both RNAs have features in common for their function
in RNA replication. Indeed the 5'- and 3'-terminal noncoding regions of B- and M-RNA
show conspicious sequence homology suggesting that these sequences contain recognition
signals for various interactions with different viral and/or host protein involved in RNA
replication (Figure 3).9-19404! The first 44 nucleotides in the two 5’ leader sequences show
89% homology, and the last 65 nucleotides preceding the poly(A) tails show 82% homology.
Particularly striking is a stretch of 11 nucleotides, UUUUGAUAAAA, in the homologous
parts of the S’ leader sequences of both RNAs, which is complementary to the first four
A’s of the poly(A) tail and the last seven nucleotides before the beginning of the poly(A),
allowing one G-U base pairing. Hence, it follows that the complementary negative strands
of each genome segment have sequences at their 3" termini similar to those of the 3’ ends
of the positive viral RNAs. Such sequences may therefore constitute a recognition sequence
for the viral RNA replicase.

The poly(A) tails of B- and M-RNA are heterogeneous in size and vary between 10 to
170 residues for B-RNA and between 20 to 400 residues for M-RNA.#? It is not known
whether the poly(A) tail is required for virus infectivity. The poly(A) tails are transcribed
in the replication process, as is suggested by the absence of a polyadenylation recognition
sequence AAUAAA in the region preceding the poly(A) tail, but has become apparent by
the finding that poly(U) stretches are present at the 5’ termini of negative strands of CPMV
RNA replicative-form molecules.? 104043

The functional significance of the protein VPg covalently linked to the 5’ ends of B- and
M-RNA is also not clear. Removal of VPg from the 5’ termini by incubation with proteinase
K does not lead to loss of infectivity of the viral RNA.'? The protease treatment of isolated
CPMV RNAs has equally been shown not to influence the messenger activity of the viral
RNAs in cell-free systems.'? Moreover, in rabbit reticulocyte lysates more than 90% of the
VPg linked to CPMV RNA is removed and degraded within the first 10 min of incubation
without any noticeable effect on the translational activity of the RNA.* A role of VPg in
the translation of RNA is therefore not likely, and it appears that VPg has no function in
establishing virus infection and replication.

Another possibility is that VPg, when linked to the virion RNAs, has no actual function,
but represents a vestige of the process of RNA replication in which the RNA has been
produced. VPg is encoded by B-RNA of CPMV as described in the previous section. It
consists of a chain of 28 amino acid residues which is released from its precursors by
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cleavages at a glutamine-methionine pair and a glutamine-serine pair, respectively (Figure
2). VPg is linked to the 5'-terminal uridylic acid residue of the CPMV RNAs by a phos-
phodiester linkage with the ~OH-side chain of its amino terminal serine.*” Since B-RNA
encodes proteins involved in viral RNA replication, it seems plausible that VPg is linked
to the 5’ ends during viral RNA synthesis. A role of VPg, or the generation of VPg, in
viral RNA synthesis is substantiated by the finding that complementary negative strands in
viral RNA replicative form are also provided with VPg at their 5' ends.** A possible role
of VPg in viral RNA replication will be discussed in Section IX of this chapter.

V. REPLICATION OF CPMV RNA

Replication of CPMV RNA is associated with vesicular membranes of characteristic
cytopathic structures in the cytoplasm of infected cells.*® These cytopathic structures, con-
sisting of arrays of vesicles surrounded by electron-dense material, the chemical nature of
which is unknown, appear in cells early in infection with CPMV 4648 By fractionation of
virus-infected cells it has been demonstrated that these structures contain CPMV-specific
double-stranded RNAs and viral RNA replicase capable of synthesizing in vitro double-
stranded RNA, and possibly some single-stranded viral RNA on endogeneous template
RNA #4647 In cowpea protoplasts inoculated in vitro with B components of CPMV alone,
B-RNA is expressed and replicated and the development of similar cytopathic membrane
structures is observed.*® This suggests that the induction of the membrane proliferation for
the vesicular structures is achieved by a B-RNA-encoded function and may fulfill an essential
role in viral RNA synthesis.

During the early stages of infection, CPMV replication is inhibited by actinomycin D,
but no longer once virus replication is established at about 8 hr after infection.®*° Similar
inhibition of virus replication by actinomycin D has been reported for bean pod mottle virus,
another member of the comovirus group.>'-*? This inhibition of CPMV replication at an early
stage of infection indicates that host DNA-dependent RNA synthesis is required to allow
virus RNA replication and suggests that some host-specified component, the synthesis of
which is induced by viral infection, is essential at that stage.

Involvement of a host factor in CPMV RNA replication is also demonstrated by a CPMV
mutant that is no longer able to grow in cowpea, but still able to replicate in bean plants,
Phaseolus vulgaris var. Pinto.>® The mutation responsible for this behavior is located in B-
RNA which codes for functions involved in viral RNA replication. The effect of the mutation
may be interpreted as a defect in a specific interaction between a B-RNA encoded protein
and a host factor necessary for the formation of a functional viral RNA replication complex.
By the mutation, this interaction has become defective in cowpea, but is apparently still
effective in beans.

Since addition of actinomycin D during active RNA replication does not affect virus
synthesis and neither is there any effect on the activity of viral RNA replication complexes
in vitro, actinomycin D does not seem to interfere with the process of viral RNA replication
per se, but rather with the establishment of viral RNA synthesis in the infected cell. It is
possible that host-dependent RNA synthesis is required for the development of the vesicular
membrane structures as sites for virus RNA replication. Another possibility is that de novo
synthesis of a host protein is necessary to supply an essential function for virus RNA
replication.

In accordance with the location of viral RNA replication in the membranes of the cytopathic
structures in CPMV-infected cells, the crude membrane fraction of CPMV infected leaves
was found to contain RNA-dependent RNA polymerase activity capable in vitro of fully
elongating nascent viral RNA chains initiated in vivo.** The completed chains are all positive
strands and exclusively found in double stranded replicative forms. Beside the RNA replicase
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associated with negative strand viral RNA as template, the crude membrane fraction appeared
to hold another RNA-dependent RNA polymerase. This second RNA-dependent RNA po-
lymerase activity is also detectable in the membrane fraction of uninfected leaves in very
small amounts, but is greatly increased in CPMV-infected leaves.*® This host-encoded RNA
polymerase transcribes endogenous plant RNA, and in infected plants also viral RNAs, into
small (4 to 5 S) negative strand RNA molecules.* In CPMV-infected cowpea leaves the
activity of the host-dependent RNA polymerase activity is enhanced at least 20-fold and
almost overshadows the viral RNA replicase activity which represents less than 5% of the
total RNA-dependent RNA polymerase activity in the crude membrane fraction. The viral
replicase and the host RNA polymerase are, however, distinguished by virtue of the different
products of their respective activities, which show that they are functionally different.>*

The host RNA-dependent RNA polymerase activity can be separated from the CPMV
RNA replication complex, as the binding of the host RNA polymerase to the membranes is
much weaker than the binding of the replication complex. As a result, the host enzyme can
be readily released from the membranes by washing with Mg* *-deficient buffer whereas
the CPMV RNA replication complex remains firmly bound under these conditions. The
host-encoded RNA polymerase has been purified by successive steps as outlined in Figure
4, and the purified enzyme proved to be a monomeric protein with a molecular weight of
130,000 daltons (130 kdaltons).>> Using antibodies raised against purified enzyme prepa-
rations in an antibody-linked polymerase assay on nitrocellulose blots, the 130,000-dalton
protein could definitely be identified as a RNA-dependent RNA polymerase.>® It was also
demonstrated, using the antibodies against the host RNA polymerase, that the increase of
its activity in CPMV-infected leaves is indeed due to an increase in the amount of the 130-
kdalton protein and not to activation of enzyme already present.’” The increase has been
further shown to be restricted to CPMV-infected cells within the leaf tissue and does not
occur in leaf cells in which no virus multiplication takes place.*’

Strikingly, no increase of 130-kdalton host-encoded, RNA-dependent RNA polymerase
was found to accompany CPMV-RNA replication in cowpea mesophyll protoplasts upon
inoculation with CPMYV in vitro, indicating that the increased production of host RNA-
dependent RNA polymerase is not a prerequisite for CPMV-RNA replication.*’

VI. CHARACTERIZATION OF PURIFIED CPMV RNA REPLICATION
COMPLEX

By definition, the native CPMV RNA replication complex consists of RNA replicase
molecules bound to template viral RNA and is detectable by its capacity in vitro to elongate
nascent in vivo-initiated viral RNA chains to full-length molecules. In CPMV-infected
cowpea leaves this viral RNA replicase activity is first detectable in the crude membrane
fraction one day after inoculation and then increases to reach a maximum 2 to 3 days later.
At the time that the replicase activity has attained its maximum, the 130-kdalton host-
encoded, RNA-dependent RNA polymerase has also strongly increased, and that makes the
separation of the host-encoded RNA polymerase activity from the CPMV RNA replication
complex the major problem to surmount in the purification of the viral RNA replicase.>
The different steps in a procedure which has resulted in a highly purified CPMV RNA
replication complex are summarized in Figure 4.5*% The main feature of this procedure is
that in the purification the replication complex is maintained functionally intact, which allows
distinguishing the viral RN A replicase activity from the host-encoded, RNA-dependent RNA
polymerase. Washing of the crude membrane fraction of CPMYV infected leaves with Mg™* *-
deficient buffer removes the vast majority of the 130-kdalton host RNA polymerase and
leaves the viral replication complex intact in the membranes. The CPMV RNA replication
complex can then be solubilized by treating the washed membranes with Triton®X-100,
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FIGURE 4. Separation and purification of CPMV RNA replication complex and host-encoded,
RNA-dependent RNA polymerase from CPMV infected cowpea leaves. The host-encoded activity
produces short (4- to 55-base), negative strand RNAs from plant and viral RNA templates. The
virus-encoded replicase elongates in vitro nascent chains initiated in vivo to full-length, plus-
type viral RNA mainly found in double-strand form (RF, and RF,). For details see text and
references therein. (K = kilodalton.)

whereupon most of the contaminating proteins are removed by Sepharose®2B chromatog-
raphy. After this step, the CPMV replication complex was free of the 130-kdalton host
enzyme which was no longer detectable using Western blot analysis.>” Further purification
of the CPMV RNA replication complex was obtained by glycerol gradient centrifugation
while the capacity of elongating nascent RNA chains to full-length viral RNAs was still
preserved.® The active preparation after glycerol gradient centrifugation contained three
major polypeptides of 110, 68, and 57 kdaltons. Using antisera against various viral proteins,
the 110-kdalton, protein was proven to be a viral protein encoded by CPMV B-RNA. (Figure
2). The 68- and 57-kdalton polypeptides did not react with antibodies against viral-encoded
proteins and presumably are host proteins which may either have a function in the viral
RNA replication complex or be contaminating proteins. Since the amount of B-RNA encoded
protein associated with the replication complex is correlated with the polymerase activity in
the purified complex, the 110-kdalton protein has been assigned to represent the viral-encoded
core polymerase in the CPMV RNA replication complex.
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In the next section we shall first discuss the similarities between plant comoviruses and
animal picornaviruses and, more specifically, the analogy in genome structure, expression,
and replication mechanism between CPMV and poliovirus. These similarities have consid-
erably influenced the ideas about the possible involvement of viral proteins in the replication
of CPMV RNA.

VII. SIMILARITIES BETWEEN CPMV AND PICORNAVIRUSES

The detailed studies on the expression and replication of CPMV have revealed a striking
similarity between the genome strategy of comoviruses and that of animal picornaviruses
(see also the chapter by Semler, Kuhn, and Wimmer in this volume).> Apart from their host
range and other biological properties, the major difference between comoviruses and pi-
cornaviruses is that in comoviruses the genome is divided in two RNA molecules whereas
that in picornaviruses is a single RNA molecule. On the other hand, the genomic RNAs of
comoviruses and picornaviruses have both a VPg at their 5’ terminus and a 3’ terminal
poly(A) tail. The genomic RNAs of the two virus groups are expressed by translation into
large-sized polyproteins which are processed to functional proteins by virus-encoded protease
activities (this chapter).”® Both CPMV and polioviruses induce in inoculated cells the for-
mation of vesicular membrane structures which represent the sites of viral RNA replica-
tion.*¢-4%.% The capsids of CPMV are built of two proteins present in 60 copies, each which
are processed from a common precursor protein.®* Similarly, the capsid of poliovirus is
made up of 60 copies of each of four proteins derived from a common precursor.* More
recent crystallographic studies on CPMV and poliovirus have shown that the polypeptide
chain of the two capsid proteins of CPMV are folded in such a way as to produce three
distinct B-barrel domains similarly arranged as in the poliovirus capsid.®!¢

The analogy between CPMV and poliovirus is not confined to the structural organization
of the capsids, features of the genomic RNAs, and their mode of expression. In addition,
there is significant sequence homology between nonstructural (58-, VPg, 24-, and 87-kdalton)
proteins contained in the CPMV B-RNA-encoded polyprotein and four nonstructural proteins
of poliovirus, 2C, VPg, 3C, and 3D, which are found in similar relative positions in the
genetic map and probably provide analogous functions in RNA replication (Figure 5).%*
Protein 3D has been identified as the core polymerase of the polioviral RNA replicase. The
protein exhibits 20.9% amino acid sequence homology to the sequence of the 87-kdalton
protein of CPMV. This homologous region of the 87-kdalton protein moreover contains a
block of 14 amino acid residues consisting of a GDD (Gly—Asp—Asp) sequence flanked by
hydrophobic residues at both sides, and a second block with the conserved sequence

S S . . .
¥GxxxTxxxN¥ (in which x may be any amino acid residue) 37 residues upstream from the

first conserved region, found in all viral RNA-dependent RNA polymerases characterized
so far.*

This provides strong evidence that the 87-kdalton B-RNA encoded protein represents the
core polymerase of CPMV replicase. This is in agreement with the occurrence of the B-
RNA-encoded 110-kdalton protein in purified CPMV RNA replication complexes; for the
110-kdalton protein contains the sequences of the 87- and the 24-kdalton proteins.

The homology between the 24-kdalton CPMV protein, which has been shown to carry
specific protease activity, and the poliovirus protease 3C adjoining the polymerase sequence
is located in their C terminal sequences. In that part of the polypeptide chain both proteases
have the features of the active site of a thiol protease, consisting of a Cys residue and a His
residue approximately 14 to 18 residues apart.

The function of poliovirus protein 2C (formerly P2-x) has not yet been biochemically
defined, but there is evidence that this protein, or derivatives thereof, is associated with the
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FIGURE 5. Comparison of the functional organization in CPMV and polioviral polyproteins. Similar functions
are found in similar relative positions in the genomes of CPMV and poliovirus. Moreover, in the B-RNA-encoded
polyprotein, three regions show more than 20% amino acid sequence homology to regions in the polioviral
polyprotein (hatched boxes). These homologous regions reside in proteins which probably have similar functions
in viral RNA replication. (K = kilodalton). (From Franssen, H., Leunissen, J., Goldbach, R., Lomonossoff, G.,
and Zimmem, D., EMBO J., 3, 855, 1984. With permission.)

vesicular membranes where polioviral RNA replication is located in infected cells.*> More-
over, recent analyses of guanidine-resistant and guanidine-dependent isolates of poliovirus
revealed that these contain a mutation in the central domain of about 140 amino acid residues
of the protein 2C, which is strongly conserved among picornaviruses and shows 30% se-
quence homology to the central region of the 58-kdalton protein of CPMV %3566 Since the
major effect of guanidine appears to be blocking of viral RNA synthesis, these observations
provide additional evidence that the protein 2C of poliovirus plays a role in this process.
By analogy, a similar role may be attributed to the 58-kdalton protein encoded by CPMV
B-RNA.

The strong analogy between CPMV and poliovirus in structural organization and expres-
sion strategy, together with similar genetic organization and amino acid homology of viral
proteins involved in RNA replication, prove that CPMV and poliovirus are somehow evo-
lutionary related. Therefore, in view of the similarities between CPMV and poliovirus, it
is natural to anticipate that the mechanism of CPMV RNA replication will be very similar
to that of poliovirus RNA replication. In the following sections we shall take that line in
further discussion of the replication of CPMV RNA.

VIII. CPMV RNA REPLICATION DIFFERS FROM THE RNA REPLICATION
OF TMV, BMV, AIMV, AND CMV

If sequence conservation in nonstructural viral proteins which are involved in viral RNA
replication defines a group of positive RNA viruses with a similar mechanism of viral RNA
replication, then CPMV belongs to a different group of plant viruses than TMV, BMV,
AIMV, and CMV. Although TMV is a monopartite genome virus and BMV, CMV, and
AIMYV are tripartite genome viruses, TMV is similar to BMV, CMV, and AIMV in containing
cistrons for four viral proteins. Two of these proteins — the coat protein and a protein
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thought to be involved in transfer of virus from cell to cell in infected plants — are not
required for RNA replication, whereas both other proteins appear to be involved in viral
RNA synthesis. The latter two proteins of TMV, BMV, and AIMV contain distinct domains
with sequence homology, but do not show homology with the virus-encoded proteins involved
in replication of CPMV RNA beyond the GDD-associated sequences noted above.*:%-7°
Obviously then, the plant RNA viruses of which the genome structure and expression
mechanism has been elucidated can so far be classified into two groups: one containing
viruses like TMV, BMV, CMV, and AIMV, and another represented by CPMYV and viruses
such as the nepoviruses, which appear similar to CPMYV in genome structure and translation
strategy. Each group has a mechanism of viral RNA replication with characteristics based
on similar functions of the proteins or the domains of proteins with conserved function. This
would imply that functionally equivalent replication complexes are formed for the various
viruses of each group. A major difference between the two groups could be that the viral
RNA replicase of CPMYV, just as the replicase of poliovirus, is a RNA-dependent RNA
polymerase that requires for its activity not only a template, but also a primer.*° In contrast,
the replicase of the other group of viruses, as has been demonstrated for BMV replicase
and AIMYV replicase, do not require a primer, but can transcribe a template starting at a
specific recognition sequence.”’”® Such difference will imply a different mechanism of
initiation of viral RNA replication for each group.

IX. INITIATION OF CPMV RNA REPLICATION

Although the CPMV RNA replication complex has been purified, and the virus-encoded
RNA polymerase identified, virtually nothing is known about the mechanism of initiation
of viral RNA synthesis. It is tempting to ascribe to the small protein, VPg, a role in the
initiation of viral RNA replication, if only to explain its occurrence at the 5’ end of the viral
RNA. There is, however, as yet no direct evidence for such a role of VPg. Neither for
poliovirus is the mechanism of initiation of viral RNA replication and the possible role of
VPg in this process completely understood. On the one hand it has been shown that a crude
membrane fraction from poliovirus-infected HeLa cells is capable of synthesizing in vitro
the uridylated proteins VPgpU and VPgpUpU, which under conditions of RNA synthesis
are further elongated into much longer stretches of 5’ terminal poliovirus RNA.” Such data
suggest that VPgpU might function as a primer for viral RNA synthesis. On the other hand,
Flanegan and co-workers have reported that purified poliovirus replicase synthesizes in vitro
dimer products with virus RNA as a template in the presence of a host factor.”’® According
to these authors, the host factor represents a terminal uridylyl transferase that elongates the
poly(A) tail at the 3’ end of the template RNA with a number of U residues which can form
a hairpin with the poly(A) tail.””-”® The virus-encoded replicase then starts elongation at the
hairpin primer and further transcribes the viral RNA template producing RNA products up
to twice the length of the genome. Addition of VPg subsequently resulted in cleavage of
the dimer molecule at the hairpin and linkage of VPg to the 5’ end of the newly synthesized
RNA strand. Such data conflict with a primer role for VPg, but, on the contrary, propose
a role of VPg in the nucleolytic cleavage of the hairpin.

For CPMYV there is no experimental evidence for either mechanism since no in vitro
initiating system for CPMV RNA elongation has been developed. Free VPgpU or uridylation
of VPg or uridylation of its direct 60-kdalton precursor has never been observed, nor has
the occurrence of dimer length RNA molecules as possible intermediates in viral RNA
synthesis so far been demonstrated. The only observation to suggest a role of VPg in an
early stage of CPMV RNA replication is that VPg is found both at the 5’ end of negative
and positive RNA strands in the replicative forms isolated from virus-infected leaves.*
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X. ROLE OF PROTEIN PROCESSING IN STARTING VIRAL RNA
REPLICATION

The occurrence of VPg at the 5’ end of each progeny viral RNA strand raises more
questions concerning the viral RNA replication mechanisms. VPg of CPMV is encoded by
B-RNA which is translated into a 200-kdalton primary translation product. This polyprotein
has to complete several successive processing steps (Figure 1) to make VPg available
for RNA synthesis. Only a single VPg is released each time a 200-kdalton translation product
is processed, and this must happen for each molecule of B and M-RNA to be produced. In
this way protein processing appears to have a dominant role in the replication of CPMV
RNA, and both processes seem to be closely connected. Indeed, the translation-expression
mechanism used by CPMV implies the production of equimolar amounts of polymerase
molecules and other B-RNA-encoded proteins involved in replication, i.e., since VPg, the
core polymerases (110 or 87 kdaltons) and the 58-kdalton membrane protein, together with
the 32-kdalton protein are produced from a common B-RNA-encoded polyprotein, the latter
proteins are simultaneously produced with VPg. For that reason a viral polymerase molecule
needs on the average to synthesize only a single RNA molecule to keep step with the
production of VPg. On that line of reasoning it is conceivable that the viral RNA polymerase
molecules lose their activity upon releasing their first template. For example, it may be
imagined that the 110-kdalton protein is involved in binding to template RNA and initiation
of transcription. If subsequently the 110-kdalton protein is processed into 24- and 87-kdalton
proteins by an intramolecular cleavage carried out by the proteolytic activity in the 24-
kdalton domain of the 110-kdalton protein, reinitiation will be prevented. Such restriction
of the polymerase molecules would fit with the observation that isolated CPMV replication
complexes contain polymerase molecules which are only able to complete nascent chains
from their endogenous template, but are not capable of accepting added template molecules.

XI. A MODEL FOR CPMV RNA REPLICATION

In Figure 6 a model is depicted in which the possible linkage between processing and
CPMV RNA replication is illustrated. In this model a complex is formed between the 60-
and 110-kdalton B-RNA-encoded proteins, with the 60-kdalton protein tightly associated
with the membranes of the cytopathic structure in infected cells. Template RNA and possibly
a host factor are bound to the complex in such a way to allow initiation of transcription.
The 60-kdalton protein has to supply VPg, while the 110-kdalton protein contains the 24-
kdalton domain which is able to release VPg by proteolytic cleavage. VPg may become
uridylated at its N-terminal serine prior to initiation. Since the 60- and 110-kdalton proteins
are derived from the common 170-kdalton precursor, formation of the initiation complex
may also start with the binding of 170-kdalton protein to the membrane, whereupon cleavage
into 60- and 110-kdalton protein occurs. Following the release of VPg, the 87-kdalton
polymerase domain in the 110-kdalton protein starts transcription of the template, possibly
using uridylated VPg as a primer. It has been noticed that the 58-kdalton protein contains

an amino acid sequence, GxxxxGKg, which is similar to the consensus sequence found in

proteins with ATPase/GTPase activity and in virus-encoded proteins involved in viral RNA
replication for several viruses.” This sequence may represent a binding site for nucleoside
triphosphates. While remaining attached to the 58-kdalton protein, the 87-kdalton polymerase
domain within the 110-kdalton proteins continues the elongation of the RNA strand which
is transcribed from the template. When transcription is completed, template RNA is released
from the protein complex. In the meantime, the 3’ terminal end of the template RNA may
be used in the formation of another initiation complex. This has to take place at another 60-
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FIGURE 6. Model for membrane-bound CPMV RNA replication com-
plex. Three stages in CPMV RNA replication are outlined: the replication
complex just before RNA synthesis is initiated, an intermediate stage in
which VPg has been linked to the 5" end of the nascent RNA chain, and
the protein complex remaining when the newly synthesized viral RNA and
the template have been released. For discussion of the model, see the text.
(K = kilodalton.)
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to 110-kdalton complex, as the site used (see Figure 6) is now devoid of VPg and, therefore,
not capable of initiating the synthesis of a viral RNA strand.

The model may account both for the synthesis of negative and positive strands. It proposes
an essential role for VPg in the initiation of viral RNA synthesis, which is speculative and
needs to be tested. In the model are, however, incorporated the different observations which
must be accounted for in CPMV RNA synthesis. The essential part of the model is the close
linkage between protein processing and viral RNA replication. The host factor in the model
may have a role in the uridylation of VPg for the priming of RNA synthesis. Alternatively,
if the initiation of viral RNA synthesis proceeds by hairpin priming, as has been proposed
for poliovirus, the host factor may represent the terminal uridylyl transferase activity for
elongating the 3’ end of the template. The occurrence of terminal uridylyl transferase has
been demonstrated in cowpea.®

The model does not explain the presence in infected cells of B-RNA-encoded 84- and
87-kdalton proteins, which are produced by alternative cleavage of the 170-kdalton poly-
peptides. Possibly it does not make much difference whether the 170-kdalton protein is first
cleaved into 60- and 110-kdalton polypeptides or into 84- and 87-kdalton polypeptides if
viral RNA replication as caricatured in Figure 6 can be established from either pair of
polypeptides. This would imply that the 84-kdalton polypeptide also can supply VPg and
the 87-kdalton polypeptide is active as polymerase. Alternatively, it must be seriously
considered that a second pathway for cleaving the 170-kdalton polypeptide may be significant
in regulating viral RNA replication in a way not yet understood.

XII. CONCLUSION

It will be clear from the discussion above that if we think we know the alphabet of CPMV
RNA replication, we do not yet understand its grammar. Further biochemical identification
of the activities of the various virus-encoded polypeptides and host factors involved is required
to elucidate their role in CPMV RNA replication. It will be necessary to develop a system
in which the initiation of CPMV RNA replication is reconstituted to resolve the speculations
about the mechanism of viral RNA replication and to answer the questions raised by the
model. For elucidating the functioning of the virus-encoded proteins involved in RNA
replication, it may be equally helpful to have access to mutants of CPMV which each bear
a single mutation at a well-defined site in the genomic RNA or in one of the virus-encoded
proteins. Recently, full-size DNA copies of B- and M-RNA have been cloned in our lab-
oratory and it was shown that such DNA copies can be transcribed in vitro into RNA
molecules which were found to be infectious upon inoculation of cowpea mesophyll pro-
toplasts (Vos et al., to be published).?** With this, it seems that for CPMV a system has
become available for producing site specific mutations in B-RNA, of which the effect on
viral RNA replication can subsequently be tested. This genetic approach together with
biochemical studies may result in further unravelling of the molecular mechanism of CPMV
RNA replication.
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I. INTRODUCTION

The alphaviruses and flaviviruses are two important groups of positive strand animal
viruses which contain a number of human and veterinary pathogens. Members of each group
(about 25 for alphaviruses and 60 for flaviviruses) have evolved from common ancestors in
response to different environmental factors. Furthermore, each virus species consists of a
number of distinguishable strains that exhibit different geographical distributions and host
ranges, indicating that these viruses are continuing to evolve in response to external selection
pressures.'? Although alphaviruses and flaviviruses are similar in structure,® their replication
strategies are distinct. Their genome organizations have been deduced from the complete
nucleotide sequences of the RNAs of the type alphavirus, Sindbis virus,* and the type
flavivirus, yellow fever virus.® In addition, there exists a considerable body of comparative
RNA sequence data from different viruses®’ which has been useful for identifying conserved
functional domains and in determining the evolutionary relationships among these viruses.
Unfortunately biochemical studies of RNA replication, either in vitro or in vivo, have lagged
behind the sequencing efforts. Therefore, this chapter will focus primarily on the genome
organization and translation strategy of alpha and flaviviruses and their consequences for
viral replication.

Until recently, both of these groups were considered to be genera within the family
Togaviridae. Both groups contain plus-stranded RNA of about the same size (approximately
12 kilobases in the case of alphaviruses and 11 kilobases in the case of flaviviruses) that is
infectious after extraction from the virion and deproteinization. The RNA is present in a
nucleocapsid with apparent icosahedral symmetry, which is in turn enveloped by a lipoprotein
envelope containing proteins encoded by the viral genome. Most members of both groups
are transmitted by arthropod vectors; mosquitoes in the case of alphaviruses and either
mosquitoes or ticks (depending upon the virus) for flaviviruses.® Once the genome organ-
izations were determined, it became clear that the flaviviruses were quite distinct and they
were reclassified as the monogeneric family Flaviviridae.® The family Togaviridae currently
contains three genera, Alphavirus, Rubivirus, and Pestivirus, as well as a number of in-
completely characterized viruses still tentatively classified as Togaviridae. '

II. THE ALPHAVIRUSES

A. The Genome Organization of Alphaviruses

The genome organization and translation strategy of the alphaviruses is illustrated in Figure
1 for the type alphavirus, Sindbis virus. Sindbis RNA is 11,703 nucleotides in length
exclusive of a 60 (x)-nucleotide poly(A) tract at the 3’ end and it has a 5’ terminal cap.
The genome is comprised of two regions, encoding the nonstructural and structural proteins,
respectively. The nonstructural proteins are translated as polyprotein precursors from the
virion RNA and processed to form four final products known as nsP1, nsP2, nsP3, and
nsP4 in order of their location within the genome from 5’ to 3’. The proteolytic activity
responsible for processing the nonstructural precursor is believed to be virus encoded and
probably autocatalytic. This protease cleaves (at the arrow) in the sequence of Gly—Ala |
Ala or Gly-Ala | Gly (in five alphaviruses sequenced in this region) to separate nsP1 from
nsP2, and in the sequence Gly—Ala | Ala or Gly—Cys | Ala to separate nsP2 and nsP3;
the cleavage site for producing nsP4 is Gly-Gly | Tyr or Gly-Ala | Tyr."

In Sindbis virus, Middelburg virus,'? and Ross River virus'® there is an opal termination
codon (UGA) at the COOH terminus of nsP3. The predominant polyprotein made thus
contains nsP1, nsP2, and nsP3 (Figure 1); readthrough of this termination codon is required
to produce nsP4. The mechanism of readthrough is not understood, but nsP4 is only produced
in small quantities relative to the other three products. On the other hand, in Semliki Forest
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10 20

| ~nNsP4 ]
R R § R R T E Y KK ¢ T 66 VvV 6 6 Y I f s T 0

SIN CGC AGG AGC AGG AGG ACU GAA UAC UGA CUA ACC GGG GUA GGU GGG [UAC AUA UUU UCG ACG GAC

E F E R L T S A X L D R A G A Y I F S S 8]
MID GAG UUC GAA CGU UUA ACG UCA GCA UGA CUA GAC CGG GCG GGG GCC |UAC AUA UUC UCA UCG GAU

6 D I D F D @ F Xl L 6 R A G A |¥ I F S S D
RR GGC GAU AUU GAU UUU GAC CAA UUC UGA CUA GGC AGA GCG GGG GCG|UAC AUC UUC UCG UCU GAU

F G D F D D v L R L G R A G A Y I F S S D
SF UUC GGA GAC UUC GAC GAC GUC CUG CGA CUA GGC CGC GCG GGU GCA [UAU AUU UUC UCC UCG GAC

c S D T D E E L R L D R A G G Y I F S S D
ONN UGC UCG GAC ACA GAC GAA GAG UUA CGA CUA GAC AGA GCA GGG GGU|UAC AUA UUC UCC UCU GAC

FIGURE 2. Alignment of sequences at the stop codon. Translated sequences of Semliki Forest virus (SF),'*
Middelburg (MID) and Sindbis (SIN) viruses,'? and Ross River (RR) and O’Nyong-nyong (ONN) viruses'> around
the stop codon are shown. The stop codon (X) is boxed and the beginning of nsP4 (as determined from amino
acid sequencing of the isolated protein for SFV and from protein homology in the other cases) is indicated.

virus'* and O’Nyong-nyong virus,'® the opal codon has been replaced by a sense codon
(CGA, encoding Arg) and nsP4 can be produced without readthrough (Figure 2). For SFV
at least, nsP4 does appear to be produced in amounts larger than that found during Sindbis
infection, but it is still not equimolar with nsP1, nsP2, and nsP3, suggesting that production
of nsP4 is somehow attenuated in this virus as well. It is unclear why nsP4 is underproduced,
but it has been suggested that it serves some regulatory role during virus replication. All
four nonstructural proteins are probably involved in replication of the viral RNA, which
involves production of a full-length minus strand template and transcription of this template
to produce plus-stranded genomes as well as the 26S subgenomic RNA. The subgenomic
26S RNA is translated into a polyprotein which is ultimately cleaved to form the nucleocapsid
protein, two envelope glycoproteins, and two small peptides which are usually not present
in virions.'*"!7 Processing of the structural polyprotein is believed to occur by a combination
of virus-encoded and cellular proteases.'''” Cleavage of the capsid protein from the precursor
occurs by autoproteolytic cleavage.'®?® From mapping of temperature-sensitive mutants
defective in this activity and comparison of the sequences of alphavirus capsid proteins with
those of serine proteases, it has been proposed that the capsid protein is a serine autopro-
tease.?""2 Removal of the capsid protein from the N terminus of the polyprotein precursor
reveals a new amino terminus which functions as a signal sequence to insert precursor
glycoprotein PE2 into the rough endoplasmic reticulum. The 6K protein located between
glycoproteins E2 and E1 functions as an internal signal sequence leading to the insertion of
glycoprotein E1.%* The cleavages after E2 and before E1 which liberate the 6K protein are
postulated to be performed by signalase,’®'” a cellular enzyme active in the lumen of the
endoplasmic reticulum.

Finally, there is a late cleavage of PE2 to produce E2 and remove a small amino terminal
domain of PE2 called E3. This cleavage is similar in many respects to cleavages of gly-
coprotein precursors of other enveloped animal viruses which occur during the transit through
the Golgi apparatus or in vesicles during transport to the cell surface. This cleavage occurs
after two or more basic amino acid residues and is believed to be due to a Golgi protease
which processes a number of cellular components as well.**!” Alphavirus glycoproteins are
known to pass through the Golgi and are modified by a number of other Golgi enzymatic
functions.*

About 90% of the polysome-associated, virus-specific mRNA in infected cells is 26S,
and structural proteins are produced in great molar excess over nonstructural proteins. Since
more than 200 copies of the structural proteins are needed to package a single RNA molecule,
such a mechanism to produce predominantly structural proteins is clearly efficient and
advantageous. It is notable that utilization of the coding capacity of the alphavirus genome
is quite efficient even though overlapping reading frames are not used, as is the case for
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many of the minus strand viruses. Thus, in a genome almost 12 kilobases in size, only about
80 nucleotides at the 5’ end, about 50 nucleotides in the junction region, and 100 to 500
nucleotides at the 3’ end are not translated into protein, and at least part of these nontranslated
regions play a role in replication of the viral RNA.

B. Alphavirus RNA Replication

During the alphavirus replication cycle, three distinct RNA synthetic activities are needed:
early in infection, a replicase is needed to synthesize a full-length minus strand template
from the genomic RNA; in addition, starting early in infection, a replicase transcribes full-
length genomic RNAs from this minus strand template, leading to amplification of the
infecting RNA (later in infection, when large amounts of genomic RNA are produced for
incorporation into progeny virions, this mode predominates); and an efficient transcriptase
is produced that initiates internally on the full-length minus strand template and produces a
large quantity of 26S messenger RNA. The various modes of virus-specific RNA synthesis
are regulated both quantitatively and temporally (see the time course shown in Figure 3).
By comparative sequence analysis of several alphaviruses, a number of conserved sequence
elements have been identified which may serve as promoters for these various synthetic
functions.?*-** These conserved sequences are mapped on a schematic representation of the
genome in Figure 4.

The conserved 19-nucleotide sequence element adjacent to the poly(A) tail at the 3’
terminus of the RNA is postulated to be a promoter sequence for initiation of minus strand
synthesis.?® However, since 26S mRNA (which is 3’ coterminal with the 49S genomic RNA)
is not a template for minus strand synthesis, some additional non-26S sequence must also
be required. There is a conserved double-loop sequence found near the 5' terminus of the
genomic RNA, marked ‘‘51 nt’’ in Figure 4, that could conceivably play a role in discrim-
inating between genomic RNA and 26S RNA.* The alphaviruses also contain a conserved
21 nucleotide domain just upstream of the beginning of 26S RNA which may form the
recognition sequence for initiation of transcription of this subgenomic message.>® Finally,
there is a stem and loop structure, as well as a short nucleotide sequence at the 5’ end which
is conserved, which is postulated to be a promoter (in the minus strand) for initiation of
plus-stranded genomic RNA synthesis.?” Several lines of evidence indicate that it is the
structure rather than the linear sequence that is important (also see below).? It is of interest
that for alphaviruses, like most plus stranded RNA viruses, the 3' ends of the minus strand
templates are quite different from the 3’ ends of the plus strand templates, unlike the case
for the minus strand viruses where both plus and minus strands contain the same short 3’
terminal sequences.

The function of these conserved sequence elements in RNA replication has been tested
in a defective interfering RNA system.*-° In these experiments DI RNA was cloned as
c¢DNA and inserted into a bacterial plasmid. DI RNA was then transcribed from this plasmid
with bacteriophage SP6 RNA polymerase, and the resulting RNA used to transfect cells that
had been infected with wild-type Sindbis virus. If the in vitro transcribed RNA functioned
as DI RNA it would replicate and be packaged, and within two or three passages become
established as a dominant RNA which interfered with wild-type virus replication. The
function of these promoter elements was tested by deletion analysis in which different
domains were removed from the cloned DNA copy of the DI RNA. The most straightforward
results tested the function of the 3’ terminal 19-nucleotide sequence element. Deletions
upstream of the sequence element, which left exactly 19 nucleotides of the RNA at the 3’
terminus adjacent to the poly(A) tract intact, resulted in a functionally active DI RNA; but
the deletion of even two nucleotides into this domain, leaving only the 17 3’ terminal
nucleotides, resulted in an inactive RNA. Thus, the original postulate that this 19-nucleotide
sequence element served as a promoter required for viral RNA replication seems to be valid.
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FIGURE 3. Growth curve of Sindbis virus in chicken embryo fibroblasts
at 30°C. (A) Release of progeny virus into the extracellular fluid. (B) Cells
were infected with Sindbis virus and pulsed for 1 hr at the times specified
with radioactive uridine. Open symbols (O) are total radioactivity incor-
porated into acid-insoluble form. Solid symbols (®) indicate incorporation
into minus strand RNA (note that the scale for minus strand differs by ten-
fold from that for total RNA). (From Strauss, E. G. and Strauss, J. H.,
in The Togaviridae and Flaviviridae, Schlesinger, S. and Schlesinger, M.,
Eds., Plenum Press, New York, 1986, chap. 3. With permission.)

On the other hand, the function of the 51-nucleotide sequence element could not be
determined from DI studies. Deletion of this sequence element resulted in a DI which was
viable,? but less efficient, and whose efficiency of replication depended upon the 5’ terminal
sequence element present in the DI RNA.*' Thus, it appears that this S1-nucleotide sequence
element is important for viral RNA replication, but the exact nature of its function is unclear.
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GENOME ORGANIZATION OF ALPHAVIRUSES

5" 3
44 51

nt nt 21nt 1ont
Cap [H} —— {IPoly (A)

7 .4kb 4. 1kb
0.1kb
Cap {Poly (A)
26S RNA

FIGURE 4. Location of conserved sequences in alphavirus RNAs. The four boxes show the location of four
regions of conserved sequence or structure. These are (right to left) the 19-nucleotide (19nt) sequence adjacent to
the 3’ poly(A) tract, the 21nt sequence at the junction region, the 51nt domain near the 5’ end, and the 5’ terminal
44 nucleotides. (From Strauss, E. G. and Strauss, J.H., in The Togaviridae and Flaviviridae, Schlesinger, S. and
Schlesinger, M., Eds., Plenum Press, New York, 1986, chap. 3. With permission.)

This 51-nucleotide sequence is also not necessary for encapsidation, since DI RNAs lacking
it can be packaged.

DI RNAs have been isolated that have a number of sequences as their 5' termini.?3?
These include DI RNAs with the standard viral sequence at the 5’ end, those with sequences
from the 5’ end of 26S RNA as their 5’ end, and others which have as their 5’ end a host
cell transfer RNA. Thus, it is clear that a number of sequence elements at the 5’ end suffice
for replication and encapsidation of DI RNAs. The deletion experiments performed in the
cDNA system showed that in fact, one or some combination of these sequences were required
for DI replication because deletion of these 5’ terminal sequences resulted in an inactive
product.?

Finally, the function of the 21-nucleotide sequence element junction region has not been
tested to date in such an in vitro system.

We know that since the naked RNA is infectious, the products of translation of the incoming
49S genomic RNA are sufficient to replicate the RNA and transcribe 26S RNA. However,
at the current time, individual enzymatic activities cannot be unambiguously assigned to
nsP1, nsP2, nsP3, or nsP4. Genetic analysis suggests that all four contain domains involved
in RNA replication, since four complementation groups (groups A, B, F, and G) of tem-
perature-sensitive mutants have been isolated which fail to produce RNA at the nonpermissive
temperature.®* Although these mutants have not been mapped, the phenotypes of a number
of them have been examined by temperature shift experiments in which infection is initiated
at the permissive temperature, followed by shift up to nonpermissive temperature and ex-
amination of the RNA phenotype. After shift, the group F mutants fail to make any form
of RNA, either plus or minus, 49S or 26S, and are presumably defective in a major elongation
function. After shift, the group B mutants stop making minus strands, possibly due to
disfunction of a minus strand initiation factor. Groups A and G both make proportionally
less 26S mRNA after shift, suggesting a defect in transcription rather than replication. A
number of group A mutants have been examined and they appear to have diverse pheno-
types,* thus implying that the group A polypeptide contains a number of different functional
domains which can be independently modified. Indeed, part of the difficulties with the
genetic analysis may be that all of the activities enumerated above are due to complexes
involving more than one polypeptide. In addition, host cell factors have been implicated in
alphavirus replication.®?’

As alluded to in the introduction, attempts to purify an active alphavirus RNA replicase
have been only partially successful; no laboratory has succeeded in obtaining a preparation
which is free of endogenous template RNA and capable of virus specific initiation of RNA
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synthesis. However, partially purified complexes have been characterized and it appears
clear that nsP1 is a major component of them; minor amounts of both nsP2 and nsP4 are
also seen in some preparations, but nsP3 has yet to be identified in a replicase complex.®
Because the nonstructural proteins until recently have been characterized only by their
apparent molecular weights on acrylamide gels, and these apparent molecular weights vary
significantly from virus to virus and sometimes even between research groups, it is somewhat
difficult to decipher the early literature in this field and determine which polypeptides are
indeed present in the replication complexes isolated.

C. Evolution of Alphaviruses

Although a number of alphaviruses have been examined in the region encoding the
structural proteins, >7-3¢-37 only two complete genomic sequences are known; that for Sindbis
virus* and for Semliki Forest virus.'* The deduced amino acid sequences of all the proteins
encoded by these two viruses have been aligned and compared in Figure 5. Sindbis and
Semliki Forest are two of the most distantly related alphaviruses, both on the basis of
serological cross-reactions (which examine primarily external domains of the glycopro-
teins),* and on the evolutionary tree derived from the N terminal sequences of their El
glycoproteins.* As seen in Figure 5 and Table 1, the proteins of the two viruses average
overall =55% amino acid sequence homology. The homology is strikingly nonuniform,
however; some proteins are more highly conserved than others, and within proteins there
are conserved and nonconserved domains. The structural proteins share less amino acid
sequence homology (46% on average) than the nonstructural proteins (59%). In the structural
proteins, El is the most highly conserved virion glycoprotein (49%). The capsid protein
exhibits two distinct domains, an N terminal domain exhibiting little conservation (31%)
and a C terminal domain that is highly conserved (69%). Analogous considerations apply
to the nonstructural proteins. nsP4 is the most highly conserved protein among alphaviruses,
exhibiting 74% amino acid sequence homology between Sindbis and Semliki Forest viruses,
and even here, the central core of the protein is more highly conserved than the ends. At
the other extreme, the C terminus of nsP3 of Sindbis contains 80 amino acids which have
no counterpart in Semliki Forest virus. Note that throughout the protein sequence, the
hydrophobicity profile is conserved whether or not the amino aicd sequence is conserved
(Figure 5).

Even though there is extensive amino acid sequence homology between different alpha-
viruses, the nucleotide sequence encoding any conserved amino acid domain has diverged
markedly to the extent permitted by the degeneracy of the amino acid code. An example of
this is shown in Figure 6 where a domain of nsP4 and the RNA encoding it is compared
for four different alphaviruses. The nine amino acids in this domain are perfectly conserved
among all four alphaviruses, but the nucleotide sequence has diverged, as indicated, to use
many different codons for conserved amino acids. Quantitative comparisons have shown
that codon usage for conserved amino acids is essentially completely randomized between
any two alphaviruses.® Thus, the evolutionary separation of any two viruses has been ex-
tensive and selection for conservation of sequence has been at the level of amino acid
sequence and protein function.

Such an analysis makes clear that when nucleotide sequences are found which are con-
served among different alphaviruses, conservation is occurring at the level of the nucleotide
sequence per se, suggesting that these conserved nucleotides play an essential role in viral
RNA replication, transcription or encapsidation. The locations of several conserved RNA
sequences in alphavirus genomes were shown in Figure 4, and their roles in RNA replication
were discussed above.

The high degree of conservation of particular domains within the nonstructural proteins
of alphaviruses may reflect differing evolutionary pressures upon different viral components.
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Table 1
Amino acids
Protein (total —_— Number identical
positions)* SINe SFv< (% homology)®
Nonstructural
nsPl  (541) 540 537 339 (62.7)
nsP2 (810) 807 798 481 (59.4)
nsP3  (556) 5494 482¢ 208 (37.4)
nsP4 (614) 610 614 453 (73.8)
Totals 2521 2506¢ 2431 1481 (58.7)
Structural
C 279) 264 267 149 (53.4)
E3 67) 64 66 30 (44.8)
E2  (427) 423 422 170 (39.8)
6K (60) 55 60 17 (28.3)
El (439 439 438 215 (49.0)
Totals 1272 1245 1253 581 (45.7)

*  Total positions include gaps introduced for alignment.

® % Homology = number identical/total positions.

¢ SIN = Sindbis virus; SFV = Semliki Forest virus.

4 The N terminus of nsP3 is taken as the amino acid im-
mediately following the nsP2/nsP3 cleavage site (amino
acid 1336 of the Semliki Forest polyprotein or 1348 of
the Sindbis polyprotein). The C terminus is taken as the
amino acid immediately preceding the nsP3/nsP4 cleavage
site in SFV (position 1817) or the amino acid immediately
preceding the opal termination codon in SIN (position
1896).

¢ The SIN open reading frame totals 2513 amino acids,
which include seven positions between the C terminus of
nsP3 and the N terminus of nsP4.

L F K L G K P L
SIN CUG UUU AAG UUG GGU AAA CCG CuUC

L F K L G K P L
MID CUC UUU AAG CUC GGA AAA CCG CUG

L F K L G K P L

RR UUA UUU AAA CUA GGU AAA CCU UUA
L F K L G K P L
SH CUG UUC AAG UUG GGU AAG CCG CuA

CODONS 3 2 2 3 2 2 2 4

FIGURE 6. Randomization of codons used for conserved amino acids among alphaviruses.
A short stretch of conserved protein sequence found in nsP4, about 80 amino acids from the
C terminus, is shown for four alphaviruses along with the nucleotide sequence that encodes
it. The first leucine is amino acid 2431 in the Sindbis nonstructural polyprotein. The bottom
line gives the number of different codons used at each position. The single-letter amino acid
code is used. Abbreviations for the virus names are the same as in Figure 2. The data are
from Ou et al. 2 (From Strauss, E. G. and Strauss, J. H., in The Togaviridae and Flaviviridae,
Schlesinger, S. and Schlesinger, M., Eds., Plenum Press, New York, 1986, chap. 3. With
permission.)
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FIGURE 7. Genome organization and amino acid homologies of Sindbis virus and three plant viruses: alfalfa
mosaic virus (AMV), bromegrass mosaic virus (BMV), and tobacco mosaic virus (TMV). The conventions are
the same as those used in Figure 1. Within the translated regions there are three areas of homology indicated with
different types of shading (hatching, stipling, and crosshatching); these regions were also indicated in Figure 5.
All genomes are shown to scale. (From Ahlquist, P. E., Strauss, E. G., Rice, C. M., Strauss, J. H., Haseloff,
J., and Zimmem, D., J. Virol., 53, 536, 1985. With permission.)

Structural proteins, especially the glycoproteins, change relatively rapidly in response to the
immunological defenses of the host. Changes in host range are probably also a source of
alteration in the glycoproteins in that a change in affinity for host-cell receptors may permit
infection of new cell types or new host species. Evolutionary pressures upon the nonstructural
proteins, on the other hand, are of a different nature and appear to select against diversity.
Replicase proteins have many interactions with one another to form different types of
complexes, with host factors as yet unidentified, and with both genomic and virus-comple-
mentary RNA during RNA replication and transcription. Most alterations in the replicase
are presumably deleterious and selected against in the absence of concommitant changes in
the moieties with which they interact. Changes in proteins that interact with host cell factors
or that are involved in RNA chain elongation would be expected to be particularly rare.

D. Relationship of Alphaviruses to Certain Plant Viruses

The replicase proteins of the alphaviruses have been found to share amino acid sequence
homology with the corresponding proteins of three groups of plant viruses represented by
tobacco mosaic virus (TMYV), alfalfa mosaic virus (AMV), and brome mosaic virus (BMV).*!#2
These three groups of plant viruses have different morphologies: TMYV is a helical rod; BMV
is a simple icosahedron; and AMYV is bacilliform. Three areas of sequence homology are
illustrated in Figure 7 which also points out similarities in the replication and translation
strategies used by these viruses. All of these viruses utilize a subgenomic messenger RNA
to produce the structural protein(s) required for virion assembly. In addition, TMV has an
amber termination codon in its replicase-encoding region which leads to synthesis of two
proteins. The readthrough portion of this protein shows amino acid sequence homology with
the readthrough portion of the Sindbis polyprotein and with the region encoded on a separate
RNA segment (RNA2) in the case of BMV and AMV. Thus, in each case there is either
demonstrated or potential regulation of the amounts produced of the nonstructural protein
corresponding to nsP4 of Sindbis virus. The domains of homology to plant viruses were
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FIGURE 8. Organization and processing of proteins encoded by the yellow fever virus genome. Conventions are
the same as those in Figure 1. The single-letter amino acid code is used for sequences flanking assigned cleavage
sites. Two other potential cleavage sites are shown as dotted vertical lines. Structural proteins, identified nonstruc-
tural proteins, and hypothesized nonstructural proteins are indicated by solid, open, and hatched boxes, respectively.
(From Rice, C. M., Lenches, E. M., Eddy, S. R., Shin, S. J., Sheets, R. L., and Strauss, J. H., Science, 229,
726, 1985. With permission. Copyright 1985 AAAS.)

indicated also in Figure 5, in which Sindbis and Semliki Forest virus proteins were compared.
It is of interest that the domains with homology to plant virus proteins also are the most
conserved between Sindbis and Semliki Forest viruses (see Figure 5). A particularly striking
example of this is the N terminal half of nsP2 where the Sindbis and Semliki Forest proteins
demonstrate 74% amino acid sequence homology compared to an overall conservation of
59% for nsP2 as a whole.

The finding of three extensive regions of amino acid sequence homology among the
replicase proteins of these four groups of viruses suggests that they have all descended from
a common ancestor, perhaps an insect virus. If so, during evolution, as the viruses adpated
to new hosts, the morphology of the virions and the sequence of the structural proteins have
changed so dramatically that no detectable homology remains, although it is possible that
detailed structural information from X-ray crystallography might reveal structural similarities
in the proteins. For RNA viruses, replication strategy and genome organization may prove
to be a more accurate predictor of evolutionary relationships than the morphological criteria
currently used.

II. THE FLAVIVIRUSES

A. Genome Organization of Flaviviruses

The complete sequences of the type flavivirus, yellow fever virus,® and that of West Nile
virus,**-* have been obtained as well as partial nucleotide sequences for Murray Valley
encephalitis virus,*” St. Louis encephalitis virus,*® Japanese encephalitis virus,* and two
serotypes of Dengue virus.>*>2 The genome organization and translation strategy utilized by
the flaviviruses is illustrated in Figure 8 for yellow fever virus. The entire genome is 10,862
nucleotides in length and contains but a single, long, open reading frame of 10,233 nu-
cleotides. It has been postulated that this open reading frame is translated into one large
polyprotein which is proteolytically processed to produce both the structural and nonstructural
flavivirus proteins. A combination of cellular proteases (to process the structural proteins
in a manner analogous to alphaviruses) and virus-encoded proteases (to process the non-
structural proteins) have been postulated.””-!' The structural proteins are found at the amino
terminus of the precursor polyprotein, which allows overproduction of structural proteins
relative to nonstructural proteins by attenuation and ribosome fall-off during translation.
Nonetheless, in contrast to alphavirus infection, nonstructural proteins are made in significant
quantities during flavivirus infection. Similar to the alphaviruses, there is an N terminal
nucleocapsid protein, C, which is quite basic, and two envelope proteins. One envelope
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protein, M, which is not glycosylated, is derived from a precursor glycoprotein called prM.
Cleavage of prM to produce M is an event very similar to the situation for alphavirus PE2;
the same cleavage site is used and the same cellular protease is probably involved. The
second envelope protein, E, is glycosylated in many, but not all, flaviviruses. This protein
is the major envelope protein and carries the hemagglutinating and neutralization activities
and the cellular attachment site. There is also a nonstructural glycoprotein, NS1, whose
function during virus replication and assembly is unknown. These proteins, C, prM, E, and
NS1, are postulated to be separated from one another by cellular signalase, similar to the
case for alphaviruses. The remaining nonstructural proteins have been called ns2, NS3, ns4
and NSS5, and are thought to be components of the viral RNA replicase. These proteins
appear to be separated from one another by a virus-encoded protease that cleaves after two
basic residues in succession. Once again this is postulated to be an autoproteolytic activity,
at least for the initial cleavage events; an autoprotease, once it released itself from the
precursor, could then act as a diffusible protease for other cleavage events, as occurs with
the major poliovirus protease. As was the case for the alphaviruses and is true for RNA
viruses in general, utilization of the coding capacity of the genome is very efficient, although,
like other plus-stranded RNA viruses, flaviviruses do not use overlapping reading frames
to increase coding capacity.

A number of features of the flavivirus genome suggest that flaviviruses are only distantly
related to other groups of RNA animal viruses and that they deserve their recent reclassi-
fication as a separate family, Flaviviridae. The gene order and translation strategy, with
structural proteins 5’ terminal in the genome and translation of the entire genome as a single
polyprotein, is a feature they share with Picornaviruses. The cleavage sites to separate the
polyprotein precursor are very different from those utilized by Picornaviruses, however, as
are details of RNA replication and virus maturation. Flaviviruses also lack a 3’ poly(A)
tract, a feature which distinguishes them from all other plus-stranded animal RNA viruses.
They have instead a structure at the 3’ end, shown in Figure 9, which is probably important
in RNA replication and is reminiscent of those found at the 3’ end of a number of plant
virus RNAs. Finally, flaviviruses possess at the 3’ end of the plus strand a limited number
of nucleotides which are also found at the 3’ end of the minus strand. This feature is unique
among plus-stranded RNA viruses, but characteristic of minus strand RNA viruses. These
common sequence elements are probably important in initiation of RNA synthesis, implying
that the replicases for both plus and minus strand synthesis are very similar if not identical,
and suggest that flaviviruses may be more closely related to the minus strand viruses than
to the other plus-stranded RNA viruses. No amino acid sequence homologies have been
found between flaviviruses and other groups of RNA viruses, except for very limited sequence
homology in NS3,” of the type reported by Kamer and Argos,* which these authors use to
suggest that all RNA viruses have evolved from a common ancestor.

B. Comparison of Flavivirus Sequences

There are about 60 members of the flavivirus family and the sequence relationships among
the members of the family resemble in many ways the situation with the alphaviruses.
Individual proteins demonstrate 25 to 90% sequence homology between two flaviviruses,
depending upon the protein and the flaviviruses being compared. A comparison of the amino
acid sequences of yellow fever and West Nile viruses is shown in Figure 10; these viruses
represent members of two different serological subgroups among the mosquito-borne fla-
viviruses, and thus they are well separated, but not the most distantly related of flaviviruses.
The structural proteins, especially the capsid protein, demonstrate much less sequence ho-
mology than do the nonstructural proteins (in particular, NS3 and NS5 which are probably
the major components of the replicase). Within the structural protein E, there are domains
specific for a given virus, domains shared among related viruses (for example, between
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FIGURE 9. Possible secondary structure at the 3’ terminus of yellow
fever virus 17D genomic RNA. Circled nucleotides are shared with the 3’
terminus of the yellow fever minus strand. AG values were calculated
according to Tinoco et al.* Form 2 assumes hydrogen bonding between
the nucleotides indicated by the dashed arrows. (Adapted from Rice, C.
M., Lenches, E. M., Eddy, S. R., Shin, S. J., Sheets, R. L., and Strauss,
J. H., Science, 229, 726, 1985. With permission. Copyright 1985 AAAS.)

Murray Valley encephalitis virus and West Nile virus or between Dengue 2 virus and Dengue
4 virus) and domains conserved among all flaviviruses. These may correspond to the type,
subcomplex, and group specific antigens which have been described for glycoprotein E.*
Once again, the hydrophobicity profiles are remarkably well conserved, being virtually
superimposable, even in domains sharing little amino acid sequence homology. Note in
particular the ns2 region, where sequence homology is low. This suggests that the overall
structures of the various proteins are the same for all flaviviruses, and that within this
conserved structure some domains can accommodate little sequence variability while re-
taining function, whereas in other domains, the linear amino acid sequence is not crucial as
long as the hydrophobicity relationships are maintained.

Like the alphaviruses, the flaviviruses have virtually randomized the codon usage even
within domains of high amino acid conservation. In Figure 11 a conserved domain in the
E protein is shown for four flaviviruses. Although the amino acid sequence is perfectly
conserved in all four sequences, the codon usage varies considerably.
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FIGURE 10. Comparison of the flavivirus polyproteins. The method of analysis is the same as that for the
alphaviruses shown in Figure 5. Polyproteins of yellow fever virus® and of West Nile virus***° are compared.
Boundaries of the individual polypeptides are indicated.

P P F G D S Y I
YF CCA CCU UUU GGA GAC AGC UAC Auwu

P P F G D S Y I
WN CCC CCG UUU GGU GAC UCU UAC AUC

P P F G D S Y I
MVE CCA CCC UUC GGA GAC UCA UAC Auu

P P F G D S Y I
DEN2 CCU CCA UUC GGA GAC AGC UAC AUC
CODONS 3 4 2 2 1 3 1 2

FIGURE 11. Codon usage randomization in flavivirus proteins. A short
stretch of nucleotide sequence encoding a portion of the E protein is shown
for yellow fever virus (YF),> West Nile virus (WN),* Murray Valley
encephalitis virus (MVE)*” and Dengue 2 virus (Den 2)*? along with the
encoded amino acids. The number of codons used at any position is shown
below. (Adapted from Rice, C. M., Strauss, E. G., and Strauss, J. H.,
in The Togaviridae and Flaviviridae, Schlesinger, S. and Schlesinger, M.,
Eds., Plenum Press, New York, 1986, chap. 10. With permission.)
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A number of conserved sequence elements or structures have been found in flaviviruses,
and these are probably important for RNA replication or packaging. As was shown in Figure
9, in the 3’ terminal 80 nucleotides of yellow fever are capable of forming a structure with
a high calculated thermostability.® This structure has been found to be conserved among
flaviviruses.*¢*->¢ It could form a promoter element to which the replicase of the virus binds
in order to initiate transcription of the minus strand. Just upstream of this sequence element
are two stretches of nucleotides that are highly conserved between yellow fever, Murray
Valley,>” and West Nile.*® These sequence elements are approximately 20 nucleotides in
length, and one of them is repeated in Murray Valley and in West Nile, although not in
yellow fever. Because of their position, they could form a binding site for a replicase that
is bound to this sequence as well as to the 3’ terminal structure.

As was noted above, there are also short stretches of nucleotide sequence which are present
at the 3’ end of both plus and minus strands. These sequences are conserved among flavi-
viruses and could form part of the promoter element for binding of viral replicases.’

C. Flavivirus RNA Replication

The intracellular events occurring during flavivirus infection are difficult to study, in part
because host macromolecular synthesis is not shut off in infected cells, and in part because
flaviviruses in general replicate to low titer. The intracellular localization of synthetic events
has not been clearly delineated, but it is believed that RNA synthesis, viral protein synthesis,
and virion morphogenesis are all membrane associated.>

Several types of viral-specific RNA can be found in infected cells. These include the 408
genomic RNA, minus strand RNA of the same size, ribonuclease-resistant replicative forms,
and partially resistant replicative intermediates. However, no subgenomic RNAs have been
described for flavivirus infection and it is believed that the 40S genomic RNA is the only
mRNA in flavivirus-infected cells.

Crude cell-free extracts have been isolated by a number of laboratories which contain
flavivirus polymerase activity, and in all cases, the polymerase appears to be a membrane-
associated complex. Recent experiments have shown that for West Nile virus such complexes
contain NS3 and NS5, and that antibodies to NS3 inhibit in vitro polymerase activity.>®
Although the 3 termini of both plus and minus strands have short sequence elements in
common, regulation of synthesis of the two strands is different since only approximately
10% of flavivirus-specific RNA found in cells is of minus polarity.>® At this time it is not
known what distinguishes the plus strand replicase complex from the minus strand replicase.

D. Comparison of Yellow Fever Strains 17D and Asibi

Two strains of yellow fever virus have now been sequenced in their entirety. One is the
17D vaccine strain® which has been widely used to inoculate people against yellow fever.
The second is the parental virulent Asibi strain,® from which the avirulent 17D strain was
derived. These two strains differ by some 240 passages in chicken cells in culture, and a
comparison of the sequences is of interest both in order to quantitate the rate of change in
RNA genomes with passage and also to understand the molecular basis of virulence. The
two viruses differ in 68 nucleotides (0.63% difference) which lead to a change in 32 different
amino acids (0.94% difference). Thus, approximately 0.25 nucleotide changes and 0.12
amino adic changes became fixed on average per passage in cell culture. These changes are
not randomly distributed over the genome, but cluster in certain areas. Figure 12 illustrates
the positions of both nucleotide and amino acid substitutions between the two strains. Proteins
which are highly conserved among flaviviruses, such as NS3 and NS5 (compare Figure 10),
show few changes between Asibi and 17D, and many nucleotide changes that do occur are
silent or result in conservative amino acid substitutions. Presumably, changes in this region
are detrimental to virus growth and are selected against. On the other hand, amino acid
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FIGURE 12. Location of differences between the Asibi strain of yellow fever virus and the 17D vaccine strain.
Lines above and below the schematic of the yellow fever genome indicate changes in amino acids (above) and
nucleotides (below). Half-length lines show clonal differences in the Asibi strain. Asterisks indicate nonconservative
changes. Data are from Hahn et al.*

changes in proteins that show great sequence divergence among flaviviruses, such as ns2
and ns4, are more frequent between the two strains. The envelope protein also shows a
disproportionate number of changes and a large fraction (12 of 15) of the nucleotide changes
in the E protein region lead to amino acid substitutions. Because the E protein carries the
viral hemagglutinin and neutralization sites and binds to cellular receptors to initiate infection,
it seems reasonable that changes occurring in E might lead to avirulence due to altered tissue
tropisms. Growth of the virus in tissue culture would select for strains of virus that are able
to bind rapidly and efficiently to chicken cells in culture and might lead to loss of or reduction
in the ability to bind and replicate in cells from primates, the sole natural vertebrate hosts
of yellow fever in nature. Further work will be required to determine if the changes in the
E protein have in fact been responsible for the loss of virulence or whether changes in other
regions of the genome are also involved.

IV. CONCLUDING REMARKS

In this brief review we have outlined the genome organization and translation strategies
used by two important groups of RNA animal viruses, the alphaviruses and the flaviviruses,
and have tried to describe some aspects of what is known about variation in RNA sequences
among these viruses. It is clear that RNA genomes are quite mutable and thus able to diverge
rapidly. In nature, alphaviruses and flaviviruses have both evolved into a fairly large number
of family members which differ sufficiently to be considered as separate viruses and show
limited serological cross reaction, but which all have essentially the same structure and share
considerable amino acid sequence homology. These different viruses are simultaneously
present in the field and can have either overlapping or distinct geographical distributions.
This is similar to the situation for a number of other groups of RNA animal viruses, such
as the picornaviruses, and in marked contrast to the case of influenza viruses, where despite
their ability to undergo extensive genetic alteration, only one or a few strains of the virus
predominate in the human population at any given time (although other strains are present
in other hosts such as birds). The necessity for alpha- and flaviviruses to undergo an obligate
alternation between the arthropod vectors (very often distinct for different members of the
group) and a wide range of mammalian or avian hosts may affect their evolution in ways
which are unclear at present.
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I. INTRODUCTION

Despite a widespread awareness over the last 15 years or so of the importance of in vitro
studies on the replication of plant RNA viruses, our understanding of the subject remains
remarkably incomplete.'* The ability to amplify viral RNA in vitro using an enzyme purified
from infected plant tissue is still a long way off. In this article, we discuss the state of our
knowledge of the replication of those (+)-stranded RNA viruses of plants, the RNAs of
which have capped 5’ termini and can be aminoacylated at the 3’ end."* Emphasis is placed
on brome mosaic virus (BMV) and, to a lesser extent, turnip yellow mosaic virus (TYMV);
the status for related viruses has been reviewed recently.® Similar replication strategies are
probably used by all of the viruses with aminoacylatable 3’ ends, and also by alfalfa mosaic
virus (AIMV) and the ilarviruses, which do not bind amino acids, but do have very similar
genomic organization.® Table 1 lists these groups of viruses and their type members. Much
of the discussion in this article can be cautiously applied to the entire group, although
idiosynchratic differences between viruses in certain instances are to be expected. Abbre-
viations used throughout the chapter are as follows:

CCMV  cowpea chlorotic mottle virus
12-M dodecyl-B-D-maltoside

® BMV brome mosaic virus

L TYMV  turnip yellow mosaic virus
® AIMV  alfalfa mosaic virus

® ™V tobacco mosaic virus

o CMV cucumber mosaic virus

°

°

II. A PERSPECTIVE ON RESEARCH ON PLANT VIRAL REPLICATION

An understanding of the reasons for our poor knowledge of the biochemistry of the
replication of the (+)-stranded RNA plant viruses is important in order to delineate the most
productive approaches for future research. Although the first attempts were made in the
early 1970s to study replication in vitro, consistent efforts have been made by only a few
research groups; several investigators have been drawn away from this important field of
study to work on other aspects of viral function. Research on replication has been frustrated
by the fact that extracts from many healthy plants are able to incorporate ribonucleotides
into acid-precipitable form when viral (or other) RNAs are offered as templates. These
activities are often enhanced by viral infection, sometimes to the point where they catalyze
the incorporation of similar or even greater amounts of [**P]JUTP than do viral-specific
activities. Unless products are carefully scrutinized, at least two activities (terminal trans-
ferase and RNA-dependent RNA polymerase) that are distinct from the activity responsible
for the specific replication of viral RNA can confuse studies of viral replication.

Efforts to ascribe viral replicase function to host activities” have certainly obscured the
study of true replicase, an enzyme characterized by its specificity for copying cognate viral
RNA. Only recently has it become generally accepted that viral replication is indeed de-
pendent on a unique and specific RNA-dependent RNA polymerase (replicase) present only
in infected tissues. There is some evidence, discussed below, that the core polymerase of
this replicase is of viral origin; other host- and virus-encoded proteins may well participate
in the function of the enzyme. One of the intentions of this article is to demonstrate that a
careful analysis of the products of in vitro polymerase reactions makes the separation of
true replicase activities from the various host activities straightforward. With the application
of powerful new techniques, such as RNA engineering®'® and the use of antibodies to help
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Table 1
GROUPS OF (+) RNA PLANT VIRUSES RELATED TO
BMV®
Virus group Type member Characteristics
Tripartite viruses
Bromoviruses Brome mosaic virus RNAs bind tyrosine
Cucumoviruses Cucumber mosaic virus RNAs bind tyrosine
Hordeiviruses Barley stripe mosaic virus ~ RNAs bind tyrosine
Alfalfa mosaic virus Alfalfa mosaic virus .
Coat protein needed for
Harviruses Tobacco streak virus infectivity
Monopartite viruses
Tymoviruses Turnip yellow mosaic RNA binds valine
virus
Tobamoviruses Tobacco mosaic virus RNA binds histidine

*  Classification after Matthews.*”

define the function of the nonstructural, virally encoded proteins,'' we see a bright future
for research on plant virus replication. It-is worth noting that progress has not only been
slow in plant virology, but also with the (+)-stranded viruses of animal systems, '? indicating
that this field of research is inherently difficult. The replicase from the bacteriophage Q3
is the only system capable of catalyzing in vitro the entire cycle of viral replication,'? that
is, the amplification of genomic RNA. The QP replicase system remains a useful model for
the plant viral replicases.'

III. RNA-DEPENDENT RNA SYNTHESIZING ACTIVITIES IN PLANTS

When cytoplasmic extracts of plants infected with virus are incubated with RNA templates,
incorporation of nucleoside monophosphates (usually studied with radiolabeled UTP) into
an acid-precipitable form can readily be demonstrated. Such incubations are usually done
in the presence of actinomycin D to prevent DNA-dependent transcription. The activities
obtained, typical of RNA polymerases, are insensitive to inorganic phosphate, but strongly
inhibited by pyrophosphate. Studies from a number of virus-plant combinations show basic
similarities in the types of activities found, although absolute levels and some properties of
these activities vary, depending on the plant species. The extracts studied are the supernatants
of low-speed centrifugation, which is designed to remove the nuclei and, hence, the bulk
of the DNA-dependent transcriptional machinery.

Throughout this article we refer to the polymerase(s) responsible for specific viral RNA
synthesis as the viral replicase(s). Synthesis of full-length (+) and (—) strands from the
complementary viral RNA templates will be referred to as RNA replication, and synthesis
of subgenomic RNA as viral transcription. The nature of the plant viral replicases is unknown,
but a reasonable working hypothesis is that they exist as a complex consisting of a virally
encoded core polymerase and one or more associated factors that may be important in template
selection. The removal, addition, or substitution of such factors would enable the core
polymerase to synthesize ( +), (—), and subgenomic viral RNAs. The nonviral (host) RNA-
dependent RNA polymerase activities produce their complementary products by a process
referred to as transcription.

A. Viral Replicase
Activity responsible for the synthesis of full-length, double-stranded viral RNAs is in-



94 RNA Genetics

Table 2
METHODS USED TO SEPARATE VIRAL REPLICASES FROM
OTHER MEMBRANE-ASSOCIATED, RNA-DEPENDENT RNA
SYNTHESIZING ACTIVITIES

Example Treatment Comments
BMV-infected barley'? Nonionic detergent; 1% Replicase remains in particulate
dodecyl-B-D-maltoside fraction
TYMV-infected Nonionic detergent; 5% Replicase solubilized
chinese cabbage'* Lubrol® WX
CPMV-infected Mg?™ -deficient buffer Selective removal of host RNA-
cowpeas'® wash; 1 mM EDTA dependent RNA polymerase
and terminal transferases from
membranes
CCMV-infected High salt wash; 0.5 M Selective, but incomplete re-
cowpeas* KCl moval of host activity from
membranes

variably membrane associated, and pelletable by 10,000 g'* to 100,000 g'° centrifugation.
Many plants have other RNA-dependent RNA-synthesizing activities of unknown function
associated with cytoplasmic or organellar membranes, but these can be separated from the
viral RNA-specific replicase. This has been accomplished by treatment of membranes with
nonionic detergents, by washing membranes with salt, or with Mg?*-deficient buffer (see
Table 2); critical evaluation of the size, origin, and polarity of products is necessary in
developing an appropriate protocol. The viral RNA-specific activity found in pellets rep-
resents preinitiated replication complexes, bearing (—) strand templates and initiated but
incomplete nascent (+) strands, which can be elongated in vitro to produce complete or
nearly complete complementary strands.'®'® These extracts are therefore unable to accept
exogenous templates without further treatment. The synthesis of all genomic viral RNAs is
observed, and in some cases subgenomic RNA elongation also occurs.'® The fact that most
preinitiated replication complexes are engaged in (+) strand synthesis is consistent with
their role in RNA amplification, and presumably reflects a preferential initiation on (—)
strand templates. Some methods that have been used to further study these replication
complexes, and to make them dependent on exogenous template, will be discussed below.

The association of viral replication with membranes has also been concluded from electron
microscopic studies of infected plant tissues. The appearance of membrane vesicles con-
taining fibrillar material, considered to be viral RNA, is characteristic of infections of these
(+)-stranded RNA viruses.'® The association of the vesicles with particular membranes or
organelles occurs in a pattern characteristic of the particular virus. The best studied case is
the association of TYMV replication with the outer chloroplast envelope.?%-2!

B. Host RNA-Dependent RNA Polymerase Activity

An activity exists in many plants that is capable of synthesizing double-stranded RNA
products from a wide range of RNA templates.” This activity typically increases slightly
after mock inoculation, but much more so after viral infection; total levels in extracts of
infected leaves may be considerably higher than those of true replicase.!'®-?? The literature
contains many reports of such activities, but the relationship between those studied in different
plants is not clear.

The best studied activity is that present in cowpea mosaic virus-infected cowpea leaves. '6-24
On extraction, this activity was membrane associated and existed in a complex with bound
RNA template. The products after in vitro incubation represented both CPMV-specific and
unidentified host RNA sequences of negative polarity and consisted mostly of single-stranded
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RNAs with short, double-stranded segments.'® The transcribed (—) strands were hetero-
disperse, 4 to 5 S, and appeared to be initiated at multiple sites. Specific solubilization of
this activity was achieved by washing the membranes with 1 mM EDTA in the absence of
Mg?*, a treatment leaving the viral RNA-specific replicase intact and still membrane as-
sociated.'® The removal of endogenous template from the solubilized host polymerase by
DEAE-Sepharose® chromatography yielded a template-dependent activity that was able to
transcribe short sections of cowpea mosaic virus RNA. However, there was no specificity
for viral RNA. On further purification, the enzyme was identified as a 130-kdalton monomeric
protein. This activity is clearly functionally different from the viral replicase'® and is defin-
itively absent from the CPMV RNA replication complex.>* The normal function of this
enzyme in cowpea plants is not understood.

Host RNA-dependent RNA polymerase activities detected in other virus-infected plants
make products similar to those from the cowpea enzyme, namely, polydisperse 4- to 7-S-
sized RNAs transcribed from longer single-stranded RNAs.?2-%28 In many cases, the activity
is distributed between the soluble and particulate compartments,’?>?7-*° but may also be
predominantly soluble.?¢-®

All reports mentioned above cite increases between 2- and 20-fold in the host RNA-
dependent RNA polymerase activities following viral infection. However, even the strongest
former proponents of the notion that these enzymes are responsible for viral replication no
longer believe this to be the case.?’ None of the earlier reports describing replicase-like
activity dependent on a host enzyme have been followed up, and the biological significance
of these observations remains uncertain. Indeed, there are no obvious roles for such an
activity in healthy plants. We believe that insufficient efforts have been made to exclude
the possibility that the observed RNA-dependent RNA polymerase activities may be due to
an artifactual activity of enzyme(s) normally engaged in other functions in vivo. DNA-
dependent RNA polymerase from Escherichia coli is able to utilize single-stranded RNA as
a template in vitro, but there is no evidence for such an activity in vivo.3? Further, purified
RNA polymerases II from tomato and wheat germ are able to synthesize full-length copies
of viroid RNA templates in vitro.?® The fact that the host RNA-dependent RNA polymerase
activity is stimulated on viral infection suggests that it may be due to one of a number of
proteins, such as the so-called pathogenesis-related proteins,** involved in defense responses
of the plant. It is interesting that RNA transcriptional factors have been identified among
heat shock proteins in both prokaryotes and eukaryotes,* and their induction may in general
be associated with stress responses; in many systems, viral infection induces some of the
heat-shock proteins.® A critical reexamination to determine whether the host activities can
be ascribed to DNA-dependent polymerases seems worthwhile.

C. Host Terminal Transferases

A number of different terminal transferase activities have been reported from various
cytoplasmic plant extracts. A nonprocessive uridylyl transferase has been studied from
cowpeas,* and processive transferases capable of adding long tracts of nucleoside mono-
phosphate residues, not necessarily restricted to UMP, are apparently present in various
plants. These activities have been reported from both soluble and particulate fractions in
different species.?”*”** The terminal transferase activities can also be enhanced by viral
infection,?”-* but they are easily distinguished from true RNA-dependent RNA polymerases.
Even though products appear full length on denaturing gels, all are single stranded, and
radioactivity is only incorporated terminally.

IV. GENOMIC ORGANIZATION OF BMV AND RELATED VIRUSES

The viruses of Table 1 have similar replication and gene expression strategies, and similar
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FIGURE 1. Genomic organization of (a) brome mosaic virus and (b) tobacco mosaic virus, drawn to scale. Boxed
regions are the protein-coding sequences, with homologous domains represented by similar shading. The open
diamond represents a stop codon that is partially readthrough in TMV. The thickened line segments at the 3’ ends
of the BMV RNAs represent the circa 200-nucleotide-long conserved regions that include the tRNA-like structure.
TMV RNA also possesses a tRNA-like structure, not indicated. (Adapted from Ahlquist, P. E., Strauss, E. G,
Rice, C. M., Strauss, J. H., Haseloff, J., and Zimmem, D., J. Virol., 53, 536, 1985.)

coding capacity. However, there are two different types of genomic organization: that of
the tripartite viruses, including BMV ** and that of the monopartite viruses, including TMV
and TYMV.4%4! The genomic makeup of BMV is depicted in Figure la. The three genomic
RNAs encode four proteins, with RNA3 being dicistronic. Three of the viral genes encode
nonstructural proteins: protein B1 (109 kdaltons), protein B2 (94 kdaltons),** and protein
B3 (32.5 kdaltons).** The single structural gene is a silent cistron in the 3’ half of RNA3
and encodes the coat protein which assembles into capsids composed of 180 identical
subunits; the coat protein is translated only from the subgenomic RNA4, whose entire
sequence is present within RNA3.** RNA4 is thus not required for infection.** The expression
of coat protein via a subgenomic RNA is a strategy used by both the tripartite and monopartite
viruses, and is presumably a mechanism by which structural gene expression is delayed until
after replication of the genomic RNAs has been established.

All four BMV RNAs are messenger RNAs with 7-methyl guanosine 5'-ppp-5'guanosine
caps, but lacking methylation of penultimate nucleotides.** A distinctive feature at the 3’
end of each of the four RNAs is the presence of a highly conserved sequence of about 200
nucleotides.*® This region has long been recognized as being responsible for the specific
esterification of tyrosine at the -CCA terminus by host aminoacyl tRNA synthetase.*” Viral
RNAs are tyrosylated during an infection in barley,*® and virion RNAs can be stoichio-
metrically tyrosylated in vitro by wheat germ* or yeast (Dreher, unpublished results) syn-
thetases. Aminoacylatability is a common feature of this group of viruses (except for AIMV
and the ilarviruses; Table 1), but its role has not yet been elucidated. The tRNA mimicry
of plant viral RNAs is indeed a remarkable phenomenon, extending to a number of other
tRNA-associated activities,® the most important of which are the ability to form a ternary
complex with GTP and elongation factor, and the ability of CTP,ATP:tRNA nucleotidyl
transferase to repair truncated or incomplete 3' ~CCA termini.

Recent advances in our understanding of the structure of BMV and other plant viral RNAs
have explained the structural basis for the tRNA-like properties by describing the formation
of a plausible aminoacyl acceptor stem. In tRNAs, this stem is formed by the base-pairing
of both 5" and 3’ termini, with the 3' “CCA terminus free and available for aminoacylation.
For the plant viral RNAs, recent structural models have suggested a novel solution to the
problem of aminoacyl acceptor stem formation in the presence of long tracts of genomic
RNA to the 5’ side of the tRNA-like regions. In these elegant models, construction of the
acceptor stem is achieved by coaxial stacking of disconnected helical segments® (Figure 2);
the continuation in the 5’ direction of the antiparallel strand that is base-paired to nucleotides
near the 3’ terminus is accomplished by the sharp turn of a ‘‘pseudoknot’’.*'-* Thus, the
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FIGURE 2. Representations of the tertiary conformations of the (RNA-
like structures of BMV and TYMV RNAs and of tRNAPe. The viral
structures are based on solution structural studies; pseudoknots are essential
features in the construction of an aminoacyl acceptor stem in these RNAs.
Anticodon triplets are boxed. (Adapted from Rietveld, K., Linschooten,

K., Pleij, C. W. A., and Bosch, L., EMBO J., 3, 2613, 1984. With
permission. )

overall structures of the plant viral RNAs have analogies to that of tRNA (Figure 2), although
there are only very restricted sequence homologies to the isoaccepting tRNA. The tRNA-
like structures shown in Figure 2 are the basic sequences required for the tRNA-associated
functions.>-* It is known for BMV that the tRNA-like structure also functions as the specific
promoter used by BMYV replicase to initiate (— ) strand synthesis.>® The relationship between
the tRNA-like activities and replication is discussed below.

In TMV, the only monopartite virus of Table 1 that has been completely sequenced, there
are also four encoded proteins*®-#!-5¢ (Figure 1b). Both coat protein and the 30-kdalton protein



98 RNA Genetics

(T3) that is possibly analogous to protein B3 of BMV are translated from subgenomic RNAs.
Two large proteins (T1, 126 kdaltons and T2, 183 kdaltons)*® are translated from the genomic
RNA, the larger as a readthrough product beyond a leaky termination codon.*” The genomic
organization of TYMV RNA is not yet as well characterized as that of TMV and BMV,
and only a part of the sequence has been reported. The primary translation product of 150
kdaltons and a readthrough protein of 195 kdaltons may correspond to the 126- and 183-
kdalton proteins of TMV, but there is some evidence for proteolytic processing of the
readthrough protein.*® No gene product analogous to protein 3 of the other viruses has been
reported, but the coat protein gene is situated at the 3’ end of the genome and translated
from a subgenomic RNA as in the other viruses.” The RNAs of the monopartite viruses
have 5’ caps and tRNA-like structures analogous to that of BMV.%

V. FUNCTION OF VIRAL GENES IN REPLICATION

Very little is known about the function of the virally encoded nonstructural proteins. The
completion of the sequences of the entire genomes of a number of RNA plant viruses over
the last few years has permitted some refinement of our knowledge about the proteins they
encode. Amino acid homologies have been observed in proteins 2 and in two domains of
proteins 1 between the tripartite viruses BMV, CMV, and AIMV; these homologies extend
to the large proteins of TMV®-2 and indeed also to nonstructural proteins of the alphaviruses
of animals®® (see Chapter 4, Section IL.D. of this Volume). The functions of these proteins
are hence almost certainly related in the different viruses. Although there is no clear bio-
chemical or genetic data ascribing detailed functions to any of the three nonstructural proteins
of the viruses of Table 1, some observations permit conclusions suggesting likely functions.

A. Role of Gene 2

It is now established for BMV that RNA1 and RNA2 together, but not alone, are able to
replicate in barley protoplasts in the absence of RNA3.%-%7 The same is true for AIMV,%
except for a requirement for coat protein bound to inoculum RNA. The two large viral
proteins are thus the only ones directly involved in RNA replication, presumably in concert
with host proteins. Computer-assisted comparisons of amino acid sequences have shown
strongly conserved regions among the RNA-dependent polymerases from two main groups
of animal viruses, the reverse transcriptases of retroviruses, and the RNA-dependent RNA
polymerases of picornaviruses.%” Conserved sequences related to known RNA-dependent
polymerases were detected in the sequence of protein B2 of BMV, and in the analogous
proteins of other viruses of Table 1. Proteins 2 of BMV, CMV, and AIMV, and the 183-
kdalton readthrough protein of TMV may thus be RNA-dependent RNA polymerases. It is
not known whether these putative enzymes are able to replicate RNA without other viral or
host factors, or whether they are in fact the core polymerases of replication complexes.

B. Role of Gene 1

There are no concrete observations relating a detailed function to protein 1. One possibility
is that this protein has a role in the capping of viral RNA. Many viruses that replicate in
the cytoplasm and that rely on the translation of capped viral mRNAs supply their own
enzymes to accomplish RNA capping. This is necessary because the host capping system
is localized within the nucleus.®*% Cytoplasmically replicating viruses with (— )-stranded
RNA, double stranded RNA, or DNA (especially Vaccinia) genomes have been shown to
encode capping activities comprising both guanylyl transferase and guaninine-7-methyl trans-
ferase.%®* A unique methy! transferase has recently been detected in cells infected with the
alphavirus Semliki Forest virus.” Similar activities should be encoded by the (+ )-stranded
RNA plant viruses. Similar arguments have been made by van Kammen.? The capping
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enzymes of Vaccinia exist as a 120- to 130-kdalton complex of two or three polypeptides,
with the guanylyl and methyl transferase activities residing in separate proteins.*® However,
the separation of the various capping functions, and indeed of the polymerase activity, to
individual proteins is not obligatory. Vesicular stomatitis virus, for example, encodes a 241-
kdalton RNA-dependent RNA polymerase which also functions in capping, methylation,
and polyadenylation.”" We suggest that gene | of the (+)-stranded RNA plant viruses of
Table 1 may encode a capping enzyme. The two conserved domains®® within this protein
may represent domains responsible for guanylyl and methyl transfer that are present on the
same protein. It follows that the 183-kdalton protein of TMV could thus carry capping and
polymerase activities on the one polypeptide chain. This suggested role for protein 1 is
consistent with the requirement for RNA1 for replication in BMV and AIMV; uncapped
mRNAs are known to be very unstable in both plant and animal cytoplasms.'®-72.73

C. Role of Gene 3

Since RNA3 is not required for the replication of BMV RNA (see above), protein B3 of
BMYV apparently does not have a direct role in replication, although an involvement in the
regulation of replication or of subgenomic RNA synthesis cannot be excluded. The analogous
proteins in the other viruses are probably also not obligatory for replication, and do not
show sequence homologies.®-%> With AIMV,% the absence of RNA3 from an inoculum
causes an alteration in ( —) and ( + ) strand ratios, suggesting a regulatory effect on replication
by either protein A3 or the coat protein. The observations may well reflect the requirement
for the binding of coat protein to the viral (+) RNA. The 30-kdalton protein of TMV and
the proteins 3 of the tripartite viruses are implicated in the cell-to-cell spread of virus, but
the mechanism of this effect is not understood.*

VI. STUDIES ON THE REPLICATION OF BMV RNA

A. The Replicative Cycle of BMV

In BMV, three distinct phases of RNA synthesis are necessary in completing a replicative
cycle: (—) strand synthesis using the genomic RNAs as template; full length (+) strand
synthesis on (—) strand templates to generate daughter genomic RNAs; and subgenomic
RNA synthesis. Each of these replicative modes have been studied in vitro with the objective
of understanding the characteristics of the replicase responsible for viral replication and
subgenomic transcription. Ultimately, one would hope to achieve an amplification of virion
RNAs in vitro using purified components of the replicase complex. Using the BMV replicase
preparation described below, we have observed in vitro the initiation and synthesis of (—)
strands and of the subgenomic RNA, but have to date not achieved initiation and transcription
of full-length genomic (+) strands using (—) strand templates.

B. Preparation of BMV Replicase from BMV-Infected Barley Leaves

An activity capable of specifically transcribing full-length (—) strand complementary
RNAson BMV (+) strand RNA templates exists in the particulate, presumably membranous,
fraction of cytoplasmic extracts prepared from leaves of BMV-infected barley plants.™
Symptomless second leaves of barley (Hordeum vulgare cv. Dickson) are harvested 4 to 6
days after inoculation of the primary leaves with BMV. The variety of barley is important
because many crop cultivars are selected for resistance to BMV. Leaves are ground on ice
in buffer A (50 mM Tris-HC!, pH 7.4, containing 10 mM KCl, 1 mM EDTA, 10 mM
Mg(OAc),, 10 mM DTT, and 15% [v/v] glycerol). The extract is centrifuged at 1100 g to
remove debris and nuclei, and the supernatant is then recentrifuged at high speed (50,000
to 250,000 g) to obtain a pellet containing the viral-specific RNA-dependent RNA polymerase
activity. The high-speed pellet is then suspended in buffer containing detergent in order to
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solubilize many of the membrane-associated proteins present in the replicase extract. Do-
decyl-B-D-maltoside (12-M), used at 1% (w/v) in buffer A,'* has given the most satisfactory
results of a number of detergents tested. We have not been able to use detergent to solubilize
the replicase in a template-dependent and template-specific form, and have thus preferred
to study the properties of the particulate template-specific activity obtained after 12-M
extraction of membranes. Following extraction of the membranes with 12-M by stirring at
4°C for 90 min, the extract is recentrifuged at high speed and the pellet is resuspended in
buffer A containing 0.1% 12-M. The resuspended activity is finally centrifuged through a
40% sucrose (in buffer A containing 0.1% 12-M) pad at 45,000 g in order to completely
remove solubilized proteins,'* including nucleases. All of the polymerase activity is found
in the almost colorless pellet which is resuspended in buffer B (50 mM Tris-HCI, pH 8.0,
containing 0.5 mM MgCl,, 10 mM DTT, and 0.1% 12-M).

When stored in aliquots at —70°C, the activity is stable for 6 months or longer, but the
template specificity is gradually lost during storage. There is a small amount of endogenous
BMYV RNA present in these extracts, which can serve as template during incubations. This
is routinely removed by micrococcal nuclease treatment of the replicase preparation prior
to assay.” Low levels of Mg?* in buffer B are important for efficient nuclease digestion of
the endogenous template, but the total absence of Mg** at this stage results in the loss of
replicase activity. Equivalent preparations from mock-inoculated barley plants show no
activity, and the levels of activity in the first high-speed pellet from such plants are negligible
compared with the levels in pellets from BMV-infected plants. Because it is unique to BMV-
infected tissue and is able to specifically synthesize full length complementary strands on
BMV (+) strand RNA templates, we refer to the activity present in the 12-M extracted
pellets as BMV replicase. These preparations still contain many proteins; we have thus far
concentrated on a description of the catalytic activities of the replicase, rather than to attempt
purification of an activity lacking specificity.

A typical assay for in vitro replicase activity uses 20 w€ of micrococcal nuclease-treated
replicase in a 25-u€ reaction containing 1 to 5 pg of BMV RNA (1.5 to 7.5 pmol). The
final reaction conditions are: 40 mM Tris-HCI, pH 8.0, containing 10 mM Mg(OAc),, 8
mM DTT, 0.08% 12-M, 0.5 mM ATP, GTP, and CTP, 80 pg/m{ actinomycin D, and 2
to 5 pM radiolabeled UTP. Reactions are incubated at 30°C, and complete elongation of
the complementary strands of genomic RNAs takes less than 25 min.” The products are
full-length complementary strands which are double stranded even before the phenol ex-
traction, used to terminate reactions, as evidenced by their resistance to ribonuclease digestion
in 0.3 M salt. There is no significant reinitiation on (—) strands produced in vitro.

C. Template Dependency and Specificity of BMV Replicase

After 12-M treatment, BMV replicase has rather low levels of endogenous activity, that
is, elongation of preinitiated nascent strands to make full-length viral RNA products; no
discrete products other than that of viral RN A have been observed. Treatment of the replicase
with micrococcal nuclease renders the preparation essentially totally dependent on exoge-
nously supplied template. Figure 3 illustrates the above points. The addition of individual
BMYV RNA components to an incubation with replicase results in synthesis only of its
complement, and not the complements of the other RNAs; endogenous activity is absent.
This high template dependence has made possible many types of experiments aimed at
studying the template specificity of the replicase, the characterization of the promoters
recognized within BMV RNA, and the initiation of complementary strand synthesis.

BMV replicase shows a strong preference for BMV RNAs as templates, over both viral
and nonviral RNAs. Neither nonviral RNAs nor RNAs of unrelated viruses such as Q@ and
pea enation mosaic virus™® are copied. RNAs of viruses closely related to BMV are copied,
but with efficiencies well below that for BMV RNA. CCMV RNA is about one third as
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FIGURE 3. Products (*H-labeled) synthesized by BMV replicase, analyzed by electropho-
resis and fluorography. The replicase was micrococcal nuclease-treated to make it template
dependent. The products are full-length, ribonuclease-resistant duplex RNAs. Products were
synthesized using sucrose density gradient-purified BMV RNA components as templates:
RNAs 1 and 2 (lanes 1 and 2), RNA3 (lanes 3 and 4), RNA4 (lanes 5 and 6), and an
equimolar mixture of all four RNAs (lanes 7 and 8). The products in even-numbered lanes
were ribonuclease-treated prior to analysis. (From Miller, W. A. and Hali, T. C., Virology,
125, 236, 1983. With permission.)

good a template as BMV RNA.” This is in accord with results obtained from experiments
in which the replication of pseudorecombinant mixtures between BMV and CCMV RNAs
was studied. An infection established by inoculation with BMV RNAs 1 and 2 was able to
support the replication of CCMV RNA3,” but its accumulation was quite low.

The protocol we have used in preparing BMV replicase may have applicability to related
viruses in different host backgrounds, although variations from the method may be necessary
in certain instances. From CCMV-infected cowpea leaves, we have prepared CCMV replicase
that has very analogous properties to BMV replicase.”” As others have reported, cowpeas
have fairly high activities of other RNA-dependent, RNA-synthesizing activities, especially
terminal transferase activities,>>* but these did not interfere with the replicase preparation.
The BMV replicase protocol has recently been applied to AIMV-infected bean tissue, and
a replicase activity of similar properties, also remaining particulate after 12-M treatment,
was prepared.®

D. Synthesis of (—) Strands by BMV Replicase

The template dependence of micrococcal nuclease-treated BMV replicase has permitted
many studies on the characteristics of the synthesis of (—) strand when (+) sense BMV
RNAs are offered as templates The complementary strands are synthesized following true
de novo initiation, as shown by the incorporation of y-*?P-labeled nucleoside triphosphate
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FIGURE 4. Representation of the structure of the 3’ region of (+) BMV RNA3. The
tRNA-like structure, 134 nucleotides in length, functions in vitro as the { —) strand promoter
for BMV replicase and as the core structure recognized by the tRNA-associated activities.
The regions in which sequence alterations have resulted in large decreases in promoter activity
are crosshatched; those in which sequence alterations have resulted in large decreases in
tyrosylation are stippled. Nucleotides are numbered from the 3’ terminus.

at their 5' termini. Initiation occurs with a GTP which is incorporated opposite C2 of the
(+) strand template> (Figure 4), as judged by sizing fragments synthesized in the presence
of the chain terminator cordycepin triphosphate. Two other observations are consistent with
initiation at this site: firstly, nucleotide substitutions at C2 as well as A1l were far more
detrimental to in vitro (—) strand synthesis than were substitutions at Al alone;® secondly,
removal of Al did not affect (—) strand synthesis, but removal of both C2 and Al decreased
the template activity to a level commensurate with the proportion of residual C2 present.>’

The identity of the (—) strand product has been verified by hybridization studies using
single-stranded M13 probes, and by the use of cordycepin triphosphate as a chain terminator
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during strand synthesis by the replicase activity. In this way, a ladder analogous to that
obtained in normal dideoxy sequencing and corresponding to the sequence of the (—) strand
was obtained.

The template characteristics of BMV (+) sense RNA and the nature of the signals required
for template recognition by the replicase have been extensively investigated. All of the
signals necessary for template recognition, for initiation, and for the elongation of comple-
mentary (—) strand are present in the 3’ terminal 134 nucleotides of each BMV RNA that
comprise the tRNA-like structure (Figure 4). A number of experimental approaches have
been used to define this promoter. 3’ terminal fragments of BMV RNA can be prepared
either by partial ribonuclease T1 cleavage to produce a 161-nucleotide-long fragment,” or
by ribonuclease H cleavage directed to specific sites by short complementary deoxyoligo-
nucleotides.®> A 3’ fragment 134 nucleotides in length was an active template for the
replicase, while shorter ones were not. The function of the (—) strand promoter has also
been studied in hybrid-arrest experiments, where complementary single-stranded DNAs
cloned in bacteriophage M13 were annealed to BMV RNAs offered as templates for re-
plicase.” The inactivity of double-stranded hybrids as templates suggests that conformational
features of the folded RNA structure are used by the replicase in template selection.

By far the most versatile and powerful way to study promoter function has been to produce
native (wild type) and specifically altered templates by in vitro transcription from cDNA
clones of BMV RNA.? Sufficient quantities of RNA for most biochemical applications
(1 to 20 ug) can easily be synthesized using the RNA polymerases from the bacteriophages
SP6, T7, or T3 after the cDNA has been cloned under the control of the appropriate phage
promoter.® Transcripts with correct 3’ termini and representing the 200-nucleotide-long
homologous region at the 3’ end of the BMV RNAs (Figure 1a) can be made in vitro with
SP6 RNA polymerase by transcribing DNA templates linearized at a point corresponding
exactly to the 3" end of the RNA sequence.® Such transcripts are active as templates for
replicase and can be tyrosylated by tyrosyl tRNA synthetase. Numerous alterations have
been made in the promoter region, including point substitutions and deletions, to further
study the properties of the promoter used by BMYV replicase in (—) strand synthesis. These
results are discussed below in relation to the other activities of the mutant RNAs. All results
have been consistent with the proposition that the 134-nucleotide-long tRNA-like structure
includes all the information required for promoter function, and that the folded conformation
of the RNA in this region is important in promoter function.

E. Relationship Between Replicase and tRNA-Like Activities

The properties of the tRNA-like structure of BMV RNA in (—) strand promotion and in
aminoacylation have been studied in parallel with the use of specific mutant RNAs generated
in vitro from altered cDNA-clones as described above. A comprehensive set of mutations
within the 3’ region of BMV RNA has been assembled®®! (Dreher and Hall, in preparation)
with two aims in mind. First, we wanted to map the regions of the RNA sequence and
structure required for the replicase template and tRNA-associated activities, and thereby
study the interrelationship of these activities. Second, we aimed to construct one or more
mutants which had specifically lost the capacity to be tyrosylated, but which retained high
in vitro replicase template activity. Such mutants could then be used in infection experiments
in barley protoplasts*? to learn whether aminoacylatability is an absolute necessity for efficient
replication. Although our understanding of the tRNA-like structure has increased greatly,
we still do not have an answer to that question.

It has not been difficult to obtain mutant RNAs where one of the above in vitro activities
has selectively been decreased, indicating that the replicase and tyrosyl tRNA synthetase
are unlinked enzymes and that the synthetase is unlikely to be a subunit of the replicase. It
is not known whether the presence or absence of tyrosine alters template activity in vitro,
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but it is highly unlikely that the RNAs serving as templates in a normal assay are tyrosylated
since no tyrosine is supplied in the reaction. The correct initiation of (—) strand synthesis
by BMV replicase is apparently not dependent on aminoacylation, but at present there is
insufficient evidence to conclude that tyrosylation is not required in vivo to promote high
rates of replication. This question will need to be answered by studying appropriate mutants
in vivo and by identifying the subunits of BMV replicase and their function. A limited
number of mutants with rather large deletions in the tRNA-like region have been studied in
vivo.®® All mutants that were inactive in either or both of the above in vitro assays failed
to replicate in vivo, but the large size of the deletions makes these results difficult to interpret.
However, one mutant which lacked arm D (Figure 4) and was active in the in vitro assays
was able to replicate in barley plants, demonstrating that viable mutations are indeed possible
in the 3’ region of the BMV RNAs.

The study of a number of mutations in the tRNA-like region has enabled the identification
of locations necessary for (—) strand promoter and aminoacylation activities. Regions in
which small sequence alterations result in the loss of activity may represent regions of
interaction between the RNA and the enzyme. Neither activity was inhibited by the removal
of arm D; indeed, replicase template activity was increased.®' Mutations in all other regions
of the tRNA-like structure caused loss of replicase template activity (Figure 4), reflecting
an interaction of the replicase complex with most parts of the structure. Tyrosine tRNA
synthetase, on the other hand, appears to interact with more limited parts of the structure
(Figure 4). Mutations in two entire stems are clearly selective. Arm E, to the 5’ side of the
tRNA-like structure, is important for efficient tyrosylation, but lies outside the (—) strand
promoter. Arm C, Commonly but erroneously called the anticodon stem because of the
presence in the loop of a tyrosine (AUA) anticodon, is not necessary for aminoacylation,
but is critical for promoter function (Figure 4).* Indeed, the ~AUA~ triplet appears to be a
very important sequence-specific determinant, which may be used by the replicase in specific
template recognition. Point mutations in this sequence drastically decreased template activity,
while leaving aminoacylatibility unaffected.® The overall tRNA-like conformation of the
RNA is clearly vital in the recognition by both enzymes, as evidenced by the loss of both
activities when substitutions were introduced into the pseudoknot to prevent formation of a
complete aminoacyl acceptor stem (Dreher and Hall, in preparation).

A few mutants in which small sequence alterations have resulted in the selective loss of
aminoacylation have been obtained. The effect that these mutations have on replication in
vivo is being studied, as is their effect on elongation factor binding and on 3’ adenylation
in vitro. These studies should allow an assessment of the role of aminoacylation in the
replication of the virus.

F. Use of (—) Sense BMV RNA Templates by BMV Replicase

The BMV replicase preparation is able to use (—) strand templates in the synthesis of
viral (+) sense RNA. As is the case for many aspects of current RNA virus research, the
demonstration of the template activity of (—) BMV RNA3 has been dependent on the
preparative transcription of RNAs in vitro since it has not been feasible to isolate ( —) sense
free of (+) sense RNA from infected tissue. BMV replicase preparations are able to syn-
thesize the subgenomic RNA4 from (—) sense RNA3,? but we have not yet detected full-
length (+) strand synthesis from (—) strand BMV RNA templates. We do not currently
know whether this deficiency lies in the activities present in the replicase preparation, or in
the form of the (—) strand template used. There is some evidence that (—) strands of BMV
and related viruses may have an extra G residue at their 3’ termini,*** which may be
necessary for (+) strand initiation.

There have been no direct studies permitting the definition of regions necessary for
promoter function in (+) strand genomic RNA synthesis from ( —) strand templates. Studies
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of the replicatability in barley protoplasts of RNA3 variants carrying large deletions indicate
that portions of all three noncoding regions of the RNA are required for replication.®* Because
of the autonomy of the tRNA-like structure as promoter for (—) strand synthesis in vitro,
the 5’ and central untranslated regions may be needed for (+) strand synthesis. It is of
interest that a conserved sequence, GUUCPuAPyPyCC, is present in both of these regions
of RNA3, at the 5 ends of RNAs 1 and 2, as well as at the 5" ends of CMV RNAs.¢! These
sequences may have a role in the synthesis of (+) strand by replicase.

G. Synthesis of Subgenomic RNA4 by BMV Replicase

Incubation of (—) sense BMV RNA3 templates in vitro with BMV replicase results in
the synthesis of subgenomic RNA4.? The activity level for subgenomic synthesis was similar
to that for (—) strand synthesis. As for ( —) strand synthesis, de novo initiation occurs with
GTP at a specific site, and the product strand remains annealed to the template. The initiation
event occurs internally on the (—) strand template at the point corresponding to the 5 end
of virion RNA4. This mode of subgenomic RNA formation is probably used by all the
viruses related to BMV, as well as by the alphaviruses of animals." Although the same
BMV replicase preparation is able to catalyze (—) and subgenomic (+) RNA synthesis,
we do not know whether the same related or different polymerase complexes are involved
in these two reactions. We have also not addressed the question of capping of (+ )-stranded
viral RNAs. Since incorporation of +vy-labeled GTP into subgenomic products occurs,® at
least some of the molecules are uncapped. This suggests that transcription and capping may
not be obligately linked (as in cytoplasmic polyhedrosis virus)® and may be dependent on
separate enzymes.

The promoter used by BMV replicase in subgenomic RNA synthesis has been studied
using altered (—) RNA3 templates produced by in vitro transcription.®® Core sequences
necessary for promoter function in vitro are located between the end of the poly(A) stretch,
20 nucleotides upstream of the subgenomic start site, and the start of translation of the coat
protein gene, 9 to 11 nucleotides within the subgenomic RNA sequence (Figure 5). Very
conveniently, these points correspond to Bgl II and Sal I restriction sites, respectively, in
the cDNA of RNA3. Studies with (—) RNA3 templates truncated at points close to the
subgenomic initiation site (especially at the position of the Bgl II site) have demonstrated
that the regions upstream of and including the poly(A) stretch (referring to the (+) strand
sequence) are not necessary for normal subgenomic RNA synthesis in vitro.® Removal of
the poly(U) from a full-length (—) RNA3 template, however, resulted in a substantial loss
of activity in subgenomic RNA synthesis (Marsh, Dreher, and Hall, in preparation). These
apparently contradictory results suggest that the poly(A) region may be important structurally
in providing a spacer and ensuring that the subgenomic promoter remains accessible. Ac-
cording to computer-generated predictions of the RNA folding pattern of (—) RNA3, the
poly(U) region is not involved in secondary structure and probably facilitates an open RNA
structure in the region of the subgenomic promoter. It is interesting that homologies exist
in the regions of subgenomic RNA initiation points from the plant viruses of Table 1 and
from the alphaviruses.®® The similarities between putative subgenomic promoters among the
plant viruses include the presence of surrounding A-U-rich tracts, in place of the poly(A)
present in BMV RNA3.

Studies using barley protoplasts have supported the localization of the subgenomic pro-
moter sequence to the region upstream of the Sal I site in the BMV cDNA3.#” Substitution
of the coat protein gene with a gene from another source did not prevent subgenomic RNA
production, with initiation apparently occurring at the normal site. In a number of construc-
tions studied either in vitro®*® or in vivo,?” sequence substitutions abolished the potential to
form the normal stem and loop predicted by folding programs in the wild-type subgenomic
promoter. This structure positions the subgenomic initiation site at an accessible point in
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FIGURE 5. Part of the intergenic region of (—) BMV RNA3. Sequences com-
prising the core of the promoter that is used in vitro for the generation of subgen-
omic RNA4 are indicated (stippled). The site of initiation of RNA4 is marked,
and the positions of Bgl II and Sal I restriction sites present in the cDNA are
indicated. The position corresponding to the AUG codon that initiates the synthesis
of the coat protein is boxed. The postulated secondary structure shown is based
on computer folding predictions,'® but analysis of the sequences necessary for
subgenomic RNA synthesis suggest that the stem and loop are not involved in
promoter function.

the loop (Figure 5), but is apparently not involved in the regulation of subgenomic RNA
synthesis. Recognition of the subgenomic promoter by the polymerase may thus be sequence
specific rather than secondary structure dependent.

VII. STUDIES ON THE REPLICATION OF TYMV RNA

A. Preparation of TYMV Replicase from TYMV-Infected Plants

Extracts of TYMV-infected chinese cabbage leaves carry a membrane-bound, RNA-
dependent RNA polymerase activity capable of synthesizing double-stranded, ribonuclease-
resistant products. The products appear by sucrose gradient ultracentrifugation and gel etec-
trophoresis to be in the size range of TYMV genomic RNA.'"-3® Preinitiated nascent strands
are apparently elongated on bound template during incubation in vitro since the reaction is
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not template dependent.'* Hybridization studies performed with excess virion or double-
stranded TYMV RNAs suggested that the product is (+) sense TYMV RNA, and that the
activity is typical of template-replicase complexes engaged in virion RNA synthesis. The
replicase activity is associated with chloroplast membranes,’* which correlates well with
cytological studies indicating the association of TYMV replication with chloroplast outer
membranes.?*?' The activity was found only in extracts from plants infected with TYMV .1

Using a procedure partially adapted from the purification method of Qf replicase, it was
possible both to dissociate the replicase activity from the membranes and to remove the
bound template in order to make the enzyme template dependent.'* Removal of the intact
replicase-template complex from the membranes was achieved by treatment with 5% Lubrol®
WX, a nonionic detergent. Bound RNA was then removed from the solubilized complex
by treatment with a two-phase system consisting of dextran T500 and polyethylene glycol
6000 in the presence of 4 M NaCl, yielding a template-dependent activity in the polyethylene
glycol phase. The soluble, template-dependent activity was then purified by a series of
chromatographic separations, using DEAE-cellulose, phosphocellulose, TYMV RNA affin-
ity chromatography, and sucrose density gradient centrifugation.®® The resultant enzyme was
template dependent, and showed specificity for TYMV RNA; relative to the activity with
TYMV RNA, an activity of 71% was observed with RNA from the related eggplant mosaic
virus, but only 14 and 18% for TMV and BMV RNAs, respectively. We are unaware of
any reviewed publication giving a detailed characterization of the activities and properties
of this preparation. However, the unpurified enzyme from the polyethylene glycol phase
was shown to synthesize (—) sense TYMV RNA on (+) strand TYMV RNA templates.'”
This enzyme preparation apparently was also able to use (—) strand TYMV RNAs as
templates for (+) strand synthesis,® but this activity has not been characterized. It is
unfortunate that the available reports do not show high-resolution autoradiographs of products
of the TYMYV replicase analyzed on gels, and that the earlier work investigating the polarity
of products has not been repeated with strand-specific cDNA probes. It is clear that there
is a great need for biochemical characterization of the TYMYV replicase in order to prove
convincingly that it does indeed represent at least part of the enzyme complex involved in
TYMYV RNA replication in vivo.

B. Polypeptide Components of TYMV Replicase

Study of the subunits present in the purified TYMV replicase has provided evidence that
the replicase complex may contain a virally encoded protein. Two polypeptide subunits, of
molecular weights about 115 and 45 kdaltons purified with the TYMV RNA-specific po-
lymerase activity.®® The 115-kdalton protein cross-reacted with unidentified >*S-methionine-
labeled products of an in vitro translation of TYMV RNA in a reticulocyte lysate. Surpris-
ingly, results from direct immunoprecipitation of TYMV RNA translation products with the
antireplicase serum were not reported. The 115-kdalton protein of the replicase could cor-
respond to a 120-kdalton fragment thought to be derived by proteolytic cleavage from the
195-kdalton readthrough protein.*® In contrast, the 45-kdalton protein of the replicase appears
to be of host origin.*® Evidently, TYMV encodes at least one subunit of its replicase,
presumably the core polymerase, as suggested by its similar size to other plant viral genes
provisionally identified as polymerases by amino acid homologies.®” The TYMV replicase
was shown to be distinct from any host-encoded, RNA-dependent RNA polymerase by virtue
of different template specificities, sedimentation coefficients, and chromatographic properties.®

The identity of host subunits in plant viral replicases is clearly a very important question.
The 45-kdalton protein component of the TYMYV replicase has not been identified, but recent
results have shown immunologically that the elongation factor (EF-1a), which is able to
bind valylated TYMV RNA, is not present in the template-specific replicase preparation.®
Addition of excess elongation factor did not stimulate replicase activity.

The nature of the promoter signals used in the replication of TYMV virion RNA is not



108 RNA Genetics

known. Some preliminary efforts in this direction have been reported,'” but the study was
apparently discontinued.

VIII. FUTURE DIRECTIONS

The above discussion has focused on the two best-studied examples of replicases from
this group of plant viruses. Both systems have lacked attention in major areas and are poised
for further detailed investigations. Some of the important questions remaining are discussed
below.

A. The Form of Actively Replicating Intermediates

All plant viral replicase activities studied to date complete a single passage on the RNA
template, resulting in a double-stranded RNA product. There has been speculation about
the structure of replicative intermediates in the plant viruses and the number of replicase
molecules transcribing a given template at the same time, but little definitive data exists.*
Viral double-stranded RNAs can be extracted from probably all virus-infected plant tissue,!
including plants infected with BMV>>#2 and TYMV,?® but this may be an artifact of phenol
extraction. The tremendous thermodynamic stability of long helices of double-stranded RNA
makes such molecules inconceivable as replicative intermediates® unless replication involves
the transcription of RNA duplexes as in the reoviruses.” It is probable that full-length,
double-stranded RNAs are either an artifact of extraction or are present late in infection,
where they presumably reflect the decreased metabolic capacity of sick and exhausted host
cells.® By rather indirect cytological means, it has been concluded that replicating TYMV
RNA is indeed predominantly single stranded.?® The ability of BMV replicase to use free
(—) strands to synthesize subgenomic RNA suggests that the replicative intermediates are
largely single stranded. This problem clearly requires more direct attention to verify that
replicative intermediates are not duplexes and to understand the way in which product and
template strands are kept apart. This may permit improvements in the preparation of isolated
replicases to permit the release of products synthesized in vitro and the completion of the
replicative cycle.

B. The Composition of the Active Replication Complex

As discussed above, a variety of evidence supports the conclusion that the replicase
responsible for viral replication includes one or more viral products, despite the absence of
direct biochemical verification. This concept is in accord with the situation in all characterized
RNA viruses which invariably are replicated by polymerase of viral origin. In the (+)-
stranded RNA viruses, host factor(s) is frequently part of the replicase.'? The best-charac-
terized example is the replicase of bacteriophage QpB,'* which provides a useful model for
the replicases of the plant viruses with aminoacylatable RNAs (see also Chapter 1 of this
volume).' The host factors present in the Q3 replicase are proteins normally interacting with
tRNA (elongation factors) or the ribosome (S1 protein).'* An analogous protein of host cells
(the elongation factor EF-1a) interacts with the known ( —) strand promoter of BMV RNA?®
(the tRNA-like structure), and may be a component of the replicase, although this remains
to be demonstrated. EF-1a has been immunologically detected in BMV replicase preparations
(Ravel, J. M. and Dreher, T. W., unpublished observations), but may simply be a contam-
inant. EF-1a was not detected in the TYMV replicase,®® and the identity of the 45-kdalton
subunit is unknown. Clearly, much research is needed to identify the origin and function of
polypeptides present in the plant viral replicases.

C. The Role of the tRNA-Like Structures
The tRNA-like structure of BMV RNA, being the (—) strand promoter, clearly has a
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vital role in replication. Whether the tRNA-associated activities also resident in the tRNA-
like structure are necessary for efficient promoter function in vivo has not been established.
As suggested above, the tRNA-like structures may be a device by which the tRNA mimicry
permits the binding of host protein(s) and their use as replicase subunit(s). These may act
analogously to the transcriptional factors of eukaryotic nuclear RNA polymerase 1l and
polymerase 111 systems®* ¢ in directing the viral polymerase (protein 2) specifically to viral
RNA templates, and guiding its positioning on the template to permit correct initiation of
complementary strand. Alternatively, the viral polymerase may itself provide the specificity
for viral templates, but the host factors could function in stabilizing the complex, or facil-
itating the initiation of elongation.

Other roles for the tRNA-like structure are very likely. The tightly folded structure of the
RNA is itself probably an advantage in the battle against nuclease degradation, and this
stability could be enhanced by aminoacylation. Host CTP,ATP:tRNA nucleotidyl transferase
probably also plays an important role in maintaining intact 3’ termini, and indeed is likely
to be an activity required for the completion of viral (+) strands.> In TYMV, most virion
RNAs lack the 3’ terminal A which must be added in vivo to permit their valylation.® In
BMYV, viral double-stranded RNAs isolated from infected barley tissue lacked a 3’ terminal
A, implying that this nucleotide is not normally added by the replicase.™ It will be recalled
that the complementary U is absent from (—) strand templates, since their initiation occurs
at C2 of the (+) strands. Nucleotidyl transferase is thus probably a necessary activity in
completing the replication cycle.

Additional roles for the tRNA-like structures have been proposed which do not necessarily
exclude those discussed above. The binding of tRNA-associated proteins at the 3’ end may
accomplish a control over the relative rates of translation and replication.***” Further analysis
of this multifunctional region of the viral genome will undoubtedly uncover many surprises.

IX. CONCLUSIONS

The BMV and TYMV replicase systems described above provide good examples of
techniques and approaches that can be applied to studies on the replication of related plant
viruses. Frustration resulting from the confusing presence of various host DNA-independent,
RNA-synthesizing activities, a great problem in the past, can be avoided by the use of
rigorous analysis of products to focus on viral RNA-specific polymerases. One can expect
significant and rapid advances in the development of replicase systems from other plant
viruses, and there have recently been very encouraging results from research on CCMV?
and AIMV®“# replicases. Studies on the replication of a number of different viruses will
certainly stimulate the entire field.
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[. INTRODUCTION

Coronaviruses are a group of enveloped viruses with a nonsegmented, positive-sensed
RNA genome. These viruses have common morphology with characteristic petal-shaped
spikes, and were grouped together as Coronaviridae in 1974.' Coronaviruses have been
isolated from many animal species. Among these are several economically and clinically
important viruses which infect various species, causing a variety of respiratory and gas-
trointestinal illnesses. For instances, porcine transmissible gastroenteritis virus (TGEV),
bovine coronavirus (BCV), avian infectious bronchitis virus (IBV), and feline infectious
peritonitis virus (FIPV) all cause severe infections in livestocks and other domestic animals.
Human coronaviruses are responsible for approximately 20% of common colds in winter,’
and may play an increasingly important role in acute or chronic diarrhea.® Furthermore,
human coronaviruses have been linked to multiple sclerosis.*

In addition to morphological similarity, coronaviruses share many biochemical features
which distinguish these viruses as a unique taxonomic group. Many of these biochemical
characteristics have only recently begun to be understood. Studies have revealed that cor-
onaviruses have unique pathways of virus replication, particularly with regard to the mech-
anisms of RNA replication and transcription. The scope of this review is to discuss the
mechanisms of RNA synthesis of coronaviruses and the implication of these mechanisms
to RNA genetics. For other aspects of coronaviruses, the readers should refer to recent
reviews by Sturman and Holmes,” Wege et al..® and Siddell et al.”

II. STRUCTURE AND ORGANIZATION OF CORONAVIRUSES

A. Structural Proteins

Coronavirus virions are spherical, enveloped particles ranging from 80 to 160 nm in
diameter. On the surface of virus particles are spikes, or peplomers, of roughly 20 nm in
length.® The spikes have an appearance of a crown, or corona, thus giving the name for the
virus. Inside the virus particle is a helical nucleocapsid of 6 to 8 nm in diameter, which
could be released from the virion by mild detergents such as NP®-40 or Triton® X-100.°

All of the coronaviruses contain three or four structural proteins in the purified virion.
Most of the viruses have two classes of glycoproteins, one with a molecular weight of
approximately 180,000 daltons, and the other in the vicinity of 23,000 daltons. The 180-
kdalton protein constitutes the peplomers on the viral envelope and is designated E2.° The
peplomers are usually, but not always, cleaved into two different 90-kdalton subunits in
virions,'”!" one of which contains covalently linked palmitic acid.'® This cleavage appears
to be carried out by a cellular protease and is required for at least some of the biological
activities of the peplomers.'? The peplomers are required for the virus binding to the cellular
receptors, induction of cell fusion, induction of neutralizing antibody and cell-mediated
cytotoxicity, and may also contribute to the target cell specificity (for review, see Reference
5).

The second glycoprotein of 23 kdaltons, designated as E1, constitutes the matrix protein
of the envelope. It usually consists of several molecules with different degrees of glyco-
sylation,'>'? ranging in molecular weight from 21 to 36 kdaltons. The gene sequence of El
has so far been determined for mouse hepatitis virus (MHV)'* and IBV,'® and suggests that
El is a transmembrane molecule which spans the membrane several times.'®* The extra-
cellular domain is glycosylated. In MHV, the carbohydrate side chains are linked through
an O-glycosidic bond; thus, the synthesis of MHV EI protein is not inhibited by tunica-
mycin.'”-'* However, in IBV, only N-glycosidic bond is present.'* The intracellular domain
of E1 seems to interact with the virion nucleocapsid directly.® This interaction might provide
a focal point for assembly of virion particles.
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The third structural protein is the nucleocapsid protein, N, which is a phosphorylated
protein of 50 to 60 kdaltons. ' The phosphorylation occurs on serine residues. The N protein
appears to interact directly with the RNA of the virus, forming a helical nucleocapsid.'®* It
is the most abundant protein of the virion and in the infected cells. In an in vitro assay, the
N protein has been shown to bind to various RNAs without apparent specificity,* probably
as a result of the basic nature of the protein. A cAMP-independent protein kinase activity
has been detected in virion, which can phosphorylate the N protein in vitro.”' However, it
is not known whether this activity is responsible for the phosphorylation of the N protein
in the infected cells. Several N-related proteins of slightly different molecular weights have
also been observed in the infected cells,?® which are apparently the cleavage products of the
nucleocapsid protein.

A fourth structural protein, gp65, has been detected in some coronaviruses, such as
BCV?>2* and human coronavirus OC43.%* This glycoprotein is an envelope protein and
appears to be responsible for the hemagglutinating activity of the virus.? It is significant
that only the coronaviruses with hemagglutinating activity possess this protein.

B. RNA Genome

Coronaviruses contain a single piece of positive-stranded, nonsegmented RNA genome
with a molecular weight of 5 to 8 X 10° daltons.”>* The RNA genome is infectious. 830"
It contains polyadenylated sequences of roughly 100 nucleotides at the 3’ end?’-*? and a cap
structure at the 5’ end,* and can serve as template for in vitro translation.***> Furthermore,
oligonucleotide fingerprinting studies***” indicate that the genomic RNA and mRNAs in the
infected cells are of the same sense. Thus, it is a positive-sensed RNA by definition. The
RNA genome is contained within a helical nucleocapsid,*®-** which is unusual for a positive-
stranded RNA virus. Attempts have been made to search for negative-stranded RNA in the
virion; no such RNA was detected.** Analysis of the genetic complexity and oligonucleotide
fingerprinting studies®*” suggest that the coronavirus RNA genome does not contain sig-
nificant redundancy of sequences. Complete sequences have been obtained for the IBV
genomic RNA, which is 27.6 kilobases long,*** considerably larger than the previous esti-
mates. Other coronaviruses are likely to have an RNA genome of comparable size. Thus,
coronaviruses contain the largest RNA genome among all of the RNA viruses.

C. Lipid

The viral envelope consists of a lipid bilayer which is probably derived from the host cell
membrane. Pike and Gawes*® have found that the lipid composition of the virus particles
reflects that of host cells in which the virus was grown. However, cholesterol and fatty acid
esters are selectively deficient in virions. No information is yet available concerning the
specific membrane origin of the lipids. This information would be particularly interesting
since the virus matures by budding into endoplasmic reticulum, instead of plasma membrane
(see Section III.).

III. REPLICATION OF CORONAVIRUS RNA

A. General Pathway of Coronavirus Replication

Coronaviruses generally infect only animal species of their origin. However, some cor-
onaviruses could cross species barriers and result in epizootic infections. This possibility is
suggested by the remarkable sequence homology between BCV and human coronavirus
OC43.*' This specificity is also reflected in vitro in that the viruses generally grow only in
cells of the same species. Again, exceptions exist for some coronaviruses, such as BCV,
which grows in bovine, human, and mouse cell lines. The species specificity is probably
controlled at the level of cellular receptors for the viruses. In addition, coronaviruses also
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FIGURE 1. General pathway of coronavirus replication. In this diagram, the three polymerases are identified as
separate and distinct. They could be the modified forms of the same polymerase. The polymerase made from the
newly synthesized mRNA1 contributes to the pool of the leader and late polymerases. The NS (nonstructural)
proteins are depicted as regulating either transcription of mRNAs or replication of genomic RNA. The solid squares
represent the leader RNAs. The nomenclature of MHV is used.

show marked tissue tropism which may also be determined by the distribution of cellular
receptors.

The viruses initiate infection by binding to receptors on the surface of susceptible cells,
apparently mediated by the E2 peplomers of the viruses. Recently, receptors for MHV have
been identified in the liver and gastrointestinal tract of susceptible mouse strains.*’* After
virus adsorption, the viruses penetrate either by viropexis**** or cell fusion.**-** The process
of penetration and subsequent uncoating is poorly understood at this time.

Throughout the replication cycle, the virus is restricted to the cytoplasm of the infected
cells. This fact is supported by ultrastructural studies*’ and by the observations that MHVs
replicate in enucleated cells*®*” and that actinomycin D and a-amanitin do not inhibit viral
replication.*®*” However, it has been suggested that some coronaviruses, such as IBV, may
require some nuclear functions.**

The major biochemical events in the replication cycle of coronaviruses are summarized
in Figure 1. The first biosynthetic event after virus penetration and uncoating is probably
the synthesis of an RNA-dependent RNA polymerase, since this enzyme is not carried in
the virion*”*° and is required for the replication of viral RNA. Indeed, the requirement for
continued protein synthesis has been shown to begin immediately following virus adsorp-
tion.*>*'>2 The incoming RNA is presumably transcribed by this enzyme into a full-length,
negative-stranded RNA species®® which then serves as the template for the synthesis of
subgenomic and genomic mRNA species by a new or modified RNA polymerase.* These
mRNAs are used to code for the structural and nonstructural viral proteins. The structural
proteins are utilized for the assembly of virus particles, while the nonstructural proteins may
participate in regulation of viral RNA transcription and replication and possibly, inhibition
of host macromolecular synthesis.

After sufficient virus-specific mRNAs and proteins are synthesized, viral transcriptional
machinery is probably shifted to the replication of viral genomic RNA. The switch from
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the transcription of mRNAs to replication of viral genome is not very clear in MHV™ or
IBV,?® but is quite evident in BCV-infected cells (Keck et al., unpublished observations).
The viral genome interacts with the viral structural proteins to form virus particles which
bud into endoplasmic reticulum in the perinuclear region.*®* The mature virus particles
travel through smooth endoplasmic reticulum and are released into the extracellular space.”
The E2 envelope protein is cleaved probably by cellular proteases into two subunits during
the maturation process.'® The infected cells develop cytopathic effects (CPE), which may
include cell fusion, and are eventually killed.

The kinetics of virus growth vary considerably among different coronaviruses and cell
lines used. The MHVs in mouse cell lines generally start detectable RNA synthesis 3 to 4
hr after infection and reach the peak level of RNA synthesis 7 to 8 hr postinfection.?”-%*-%7
The CPE, such as cell fusion, becomes apparent 5 to 6 hr after infection. The production
of virus particles coincides with the appearance of CPE and does not reach the peak until
10 to 12 hr postinfection. In contrast, other mammalian coronaviruses have a much slower
growth rate. For instance, BCV or HCV takes 3 to 4 days to complete its replication cycle
in HRT cell lines. In this review, the growth curve of MHV will be used throughout, unless
otherwise indicated.

The following sections will examine in detail the steps involved in RNA transcription and
replication.

B. Negative Strand RNA

Like most of positive strand RNA viruses, the replication of coronavirus RNA goes through
a negative strand RNA. The negative strand RNA in MHV-infected cells has been examined
by conventional ‘‘Northern’’ blot analysis using a positive-sensed virion genomic RNA as
the probe.*> This study showed that only a single species of negative strand RNA of genomic
size could be detected late in the infection, and that no subgenomic-sized negative strand
RNA were detected. The negative strand RNA was diffuse in agarose gel electrophoresis,
suggesting possible heterogeneity or extensive secondary structure.®® The negative strand
RNA binds to poly(A) Sepharose® column, suggesting that it contains poly(U) sequences
(Leibowitz and Weiss, personal communication); thus, it is very likely that the negative
strand RNA synthesis initiates by copying the poly(A) tails at the 3’ end of the virion
genomic RNA. Recently the 3’ ends of several coronavirus RNAs have been sequenced. A
stretch of conserved sequences (GGGAAGAGCT) located within the 3'-noncoding region
of genome (75 to 90 nucleotides from the 3’ end) has been found in MHV, IBV, and
TGEV.¢""% This sequence corresponds to the 5’ end of the negative strand RNA, and thus
may provide the common recognition signal for regulation of negative strand RNA synthesis.

The kinetics of synthesis of negative strand RNA has been studied for MHV .>? The
negative-strand RNA was identified as the RNase-resistant fractions of the intracellular RNA
after hybridization with an excess of unlabeled virion RNA. This study showed that negative
strand RNA synthesis begins at about the same time (4 hr postinfection) as the total RNA
synthesis and peaks at 5 to 6 hr postinfection, which is earlier than the peak (7 to 8 hr) of
the total RNA synthesis.*? However, there is still a considerable amount (about 20% of the
peak level) of negative strand RNA synthesis even late in the infection. This result is in
contrast to the indirect data of Brayton et al.>® who, by using an in vitro RNA polymerase
assay, suggest that negative strand RNA synthesis begins earlier than the positive strand
RNA synthesis and stops before any significant amount of mRNAs are synthesized. These
differences could be due to the different experimental conditions used. However, one piece
of experimental data suggests that, if the negative strand RNA is synthesized late in the
infection, it would not be likely to play a significant role in mRNA transcription: the UV
transcriptional mapping studies performed by irradiating the infected cells at 6 hr postinfection
indicated that the target sizes of subgenomic mRNAs are smaller than the genomic RNA 5%



120 RNA Genetics

If the negative strand RNA synthesized late in the infection were utilized as the template
for mRNA transcription, then the UV target sizes of MHV mRNAs (see Section III.D.)
would be expected to be equal to that of the genome-length RNA. Thus, it is not clear
whether the negative strand RNA synthesized late in the infection has any biological function.

The negative strand RNA template appears to be very stable, so that the plus strand RNA
continues to be synthesized even though the synthesis of negative strand RNA is decreased
or stopped. This may be due to the fact that all of the negative strand RNA exists in replicative
intermediate (RI) form and no free negative strand RNA was detected in the infected cells.>
The negative strand RNA does not constitute more than 1 to 2% of the total virus-specific
RNA;32%% thug, each negative strand RNA molecule is utilized for multiple rounds of mRNA
transcription. A recent study using direct measurement of negative-strand RNA indeed shows
that the MHV negative-strand RNA accumulates early in the infection, and then remains
stable, but does not increase during the rest of the replication cycle.5

C. mRNA Structure and Coding Functions

During infection, positive-sensed RNAs comprise the majority of the virus-specific RNAs.
Thus, at any given time point after infection, the in vivo labeled RNA from the coronavirus-
infected cells will represent the poly(A)-containing genomic RNA and mRNAs. The poly(A)-
containing RNAs from the coronavirus-infected cells labeled in the presence of actinomycin
D have consistently been resolved into six to seven species with molecular weights ranging
from 0.6 X 10°to 6 to 7 X 1(9°.26:37:50.54.57.65-67 They are termed mRNAs 1 to 7 for MHVs
and other mammalian coronaviruses, and F to A for IBV (Figure 2). The largest poly(A)-
containing RNA (mRNA 1 for MHV and mRNA F for IBV) is equivalent to the genomic
RNA, and may include both the genome-sized RNAs used as mRNAs and those used for
packaging into the virion. The latter has been detected as an EDTA-resistant nucleocapsid
structure,*”%*%* while the former is associated with polysomes, which can be dissociated
with EDTA.* It is not clear whether there is any difference between these two classes of
genomic RNA. The rest of the mRNAs are subgenomic in size. The genetic structure of
these mRNAs has been determined by oligonucleotide fingerprinting studies,*7>*7® which
showed that these mRNAs have a 3’ coterminal, nested-set structure, i.e., all of the mRNAs
represent sequences starting from the 3" end of the genome and extending for various distances
toward the 5’ end. All of these mRNAs have been shown to be associated with polysomes,”-%
thus representing functional mRNA species in infected cells.

The coding function of each mRNA has been determined by in vitro translation of indi-
vidual mRNA species.>¢”-7"72 More recently, these gene assignments have been better
defined by sequence analysis.'*”>77 The coding assignments of various mRNAs are depicted
in Figure 2. It should be noted that only the 5'-unique portion of each mRNA is translatable
in vitro; thus, each mRNA is monocistronic, although the possibility has not been ruled out
that the downstream cistrons may also be translated if the mRNAs are degraded to the extent
that the upstream gene of each mRNA is removed. The 5'-most gene encodes a larger-than-
200-kdalton protein®** which, by analogy to other positive-stranded RNA viruses, may rep-
resent the RNA polymerases. The gene assignment in different coronaviruses is not colinear;
for instance, a nonstructural protein gene is present between the N and El genes in IBV,
while, in other coronaviruses, N and E1 genes are adjacent to each other (Figure 2). More
recently, it has been shown that BCV synthesizes an additional mRNA species between
mRNAs 2 and 3 (Keck, J., unpublished data). This may be related to the observation that
BCV contains a hemagglutinin protein, gp65,?*-** which is not found in other coronaviruses.

Recent sequence analysis of some of the mRNAs of coronaviruses suggests that there
may be more than one overlapping or nonoverlapping open reading frames (ORF) in some
of the mRNAs. For instance, the unique coding region of mRNAS (gene E) of MHV contains
two ORFs which overlap by 5 nucleotides and are in different reading frames.” These two
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FIGURE 2. The gene map, gene products, and structure of coronavirus mRNAs. The open boxes represent the
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ORFs have a capacity to code for two small proteins, p10 and p12, respectively. Preliminary
data suggest that the two proteins may actually be translated in the infected cell.” No
separate-spliced mRNA has been observed for the second ORF. This is consistent with the
fact that the replication of coronaviruses is limited to cytoplasm; thus, the conventional RNA
splicing mechanism, which normally takes place in the nucleus, would not operate during
coronavirus mRNA synthesis. This is clearly different from influenza viruses which syn-
thesize spliced mRNAs for the downstream ORFs in cases of overlapping ORFs.”*” How
the downstream ORF of MHYV is translated is not clear. One possibility is that these two
ORFs could be translated into a single protein by ribosomal frame shifting. This mechanism
of translation has been demonstrated in the retrovirus system.® Another possibility is that
the second OREF is translationally active by itself. Indeed, in vitro translation studies show
that the second ORF of MHV mRNA 5 is more favorably translated as a separate protein
than the first ORF.** The translational control of these ORFs remains unknown. Another
short ORF which has a potential coding capacity is found in the noncoding region of BCV
at the 3’ end of the genomic RNA;* however, no corresponding protein product for this
ORF has been detected. Sequence studies of IBV genomic RNA reveal that the 5'-most
gene of IBV RNA contains two long ORFs, with capacities to code for two proteins of 441
kdaltons and 300 kdaltons separately.** Preliminary data suggest that these two ORFs are
translated into a single protein by a ribosomal frame-shifting mechanism (Boursnell, M.,
personal communication). Such a large protein product has yet to be detected in IBV-infected
cells. The examples cited above indicate that the coding functions of coronavirus mRNAs
are more complex than the conventional monocistronic mRNAs.

The abundance of the different mRNAs varies. It appears that the smaller mRNAs are
relatively more abundant than the larger mRNA species,™ but this inverse relationship
between the mRNA size and abundance is not universal. The relative ratio of individual
mRNAs remains roughly constant throughout the replication cycle.* Thus, factor(s) which
regulate the synthesis of various mRNAs operate throughout the replication cycle.
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Another unigue feature of coronavirus mRNAs is the presence of identical leader sequences
of 50 to 70 nucleotides at the 5’ ends of all of the mRNAs and genomic RNA.*'% The
presence of a leader sequence was first suggested by the unusual T1-oligonucleotides present
in the mRNAs of MHV,*™ and was subsequently confirmed by cDNA cloning and
sequencing®>** and also by heteroduplex mapping.®* It has now been established that all of
the MHV mRNAs contain a leader RNA sequence of roughly 70 nucleotides, which is also
present at the 5’ end of the genomic RNA, suggesting that the leader sequence is derived
from the 5’ end of the genomic RNA. A comparable sequence of approximately 50 nu-
cleotides has also been identified in IBV mRNAs.*** No sequence homology between these
two leader sequences was detected.

D. Mechanism of Subgenomic mRNA Transcription

The transcription of coronavirus mRNAs probably starts immediately after the negative
strand RNA is synthesized. Two issues concern the mechanism of coronavirus mRNA
transcription: (1) the different mRNA species are transcribed at different rates which are,
however, maintained throughout the entire replication cycle, and (2) each mRNA contains
a stretch of leader sequences derived from the 5’ end of the genomic RNA which must be
joined to the mRNAs during or after transcription. Both of these issues may be explained
by an unique transcriptional mechanism involving a free leader RNA species.

Two pieces of data suggest that the leader RNA sequences present at the 5" end of mRNAs
are not derived by conventional eukaryotic splicing mechanism: (1) coronaviruses replicate
exclusively in the cytoplasm of infected cells,***” while the RNA splicing takes place in
nucleus; and (2) UV transcriptional mapping studies reveal that the UV target size of each
subgenomic mRNA is approximately the same as its physical size, suggesting that each
mRNA is transcribed independently.>% In these studies, UV irradiation was administered
to the infected cells at 6 hr postinfection, when the negative strand RNA synthesis has
probably stopped or decreased to an insignificant level.*? Because of the small size of leader
RNA, the requirement for the synthesis of leader RNA did not affect the UV target size of
the mRNAs. Thus, this result suggests that the subgenomic mRNAs of coronaviruses are
not derived by cleavage of a big precursor RNA and that the synthesis of leader RNA and
mRNAs is independent. Several transcriptional models have been proposed (Figure 3):* (1)
the “‘looping out’’ model in which the negative strand template forms a loop in the *‘intron’’
region, thus bringing the leader RNA in close proximity to the initiation sites of mRNAs.
The RNA polymerase could thus jump from the leader sequences to the mRNAs in continuous
transcription. For smaller mRNAs, the loops would, therefore, be larger; (2) the ‘‘leader-
primed transcription”’ model in which the leader RNA is transcribed and becomes dissociated
from the RNA template. This ‘‘free’’ leader RNA then rebinds to the template at the initiation
sites of various mRNAs and serves as the primer for transcription; (3) the **posttranscriptional
processing model’” in which the leader RNA and the body sequences are transcribed in-
dependently and then joined together by an unknown splicing mechanism posttranscription-
ally. The third model is the least likely since the replicative intermediate (RI) RNA structure
contains the leader RNA sequences,®® suggesting that the incomplete nascent RNA chains
already contain the leader sequences. The first model has also been considered unlikely since
single-stranded RNA loops have not been detected in the RI structure.®® However, these
data can only be considered as circumstantial evidence in support of the ‘‘leader-primed
transcription’” model.

The direct evidence in support of this unusual transcriptional mechanism in MHV are
several: (1) several free leader RNA species of 50 to 90 nucleotides have been detected in
the cytoplasm of MHV-infected cells.®” They are discrete RNA species, some of which are
dissociated from the membrane-bound transcription complex. It is noteworthy that some of
the free leader RNA species detected are larger than the estimated leader RNA sequences
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FIGURE 3. Three possible mechanisms for the joining of the leader RNA to mRNA
without the use of the conventional RNA splicing mechanism. (Modified from Baric,
R. S., Stohlman, S. A., and Lai, M. M. C., J. Virol., 48, 633, 1983. With permission.)

present in the mRNAs, suggesting that the leader RNA will have to be cleaved before
transcription of mRNAs; (2) a temperature-sensitive mutant has been isolated which syn-
thesizes only the small leader RNA, but not mRNAs at the nonpermissive temperature,*’
suggesting that the synthesis of the leader RNA and the synthesis of the mRNAs are dis-
continuous and require different viral proteins; (3) during a mixed infection with two different
MHVs, the mRNAs of each virus contains a population with the leader RNA sequences
derived from the coinfecting virus.®® This result strongly suggests that the leader RNA
represents a separate transcriptional unit and can be freely exchanged between the mRNAs
of two coinfecting viruses. Thus, the free leader-containing RNA species detected in the
cytoplasm of MHV-infected cells represent bona fide transcriptional intermediates, rather
than abortive transcription products. This piece of data thus strongly eliminates other tran-
scriptional models for coronaviruses; (4) it has recently been shown that an RNA species
complementary to the leader RNA (‘‘anti-sense’’ leader RNA) could be expressed in L-2
cells by a mammalian expression vector using a feline LTR promotor. When the cells
expressing this anti-sense leader RNA were infected with MHYV, the RNA transcription of
the superinfecting virus was substantially inhibited.®** This result suggests that the availability
of the leader RNA sequences is required for MHV RNA synthesis. These data are most
compatible with the interpretation that the leader RNA serves as a primer for transcription,
and eliminates the model of posttranscriptional RNA splicing; (5) sequence analysis of the
leader RNA and the intergenic regions of various genes in coronavirus genomes indicates
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that there is sequence homology of roughly 10 nucleotides between the 3’ end of the leader
RNA and the initiation sites of various mRNAs.*”*" Therefore, the leader RNA could
conceivably bind to the negative strand RNA template at the initiation sites of various mRNA
species via these complementary sequences. This homology has been detected in both MHV
and IBV;#5:%:%0 (6) a recombinant virus has been derived from two MHYV strains, A59 and
JHM.®! This recombinant contains 3 kilobases of sequences at the 5’ end from JHM while
the remaining sequences from AS59. This recombinant synthesizes a new mRNA species
with a new initiation start site located about 10 kilobases from the 5’ end of the genome.*!
This finding suggests that the different leader RNA sequences could recognize different
initiation signals in the RNA template. Thus, the initiation of mRNA synthesis is very likely
regulated by the leader RNA sequences.

The exact structure and mechanism of synthesis of free leader RNA are not known. At
the present time, the precise leader-body junction site for the different subgenomic mRNAs
could only be speculated to be the 3’-most point of the intergenic regions where the homology
between the 3’ end of the leader RNA and the intergenic regions end. This point appears
to vary with different mRNA species.** In fact, any point upstream of this putative leader-
body junction sites, but within the homologous stretch, could potentially be the leader-body
junction site. 1t is possible that different leader RNA species are utilized for the transcription
of the different mRNAs. In fact, several leader-containing RNA species of 50 to 90 nu-
cleotides have been detected in MHV-infected cells.*” The understanding of the structure of
the leader RNA and its mechanism of synthesis could be aided by the sequencing of the 5’
end of the genomic RNA, where the leader RNA was derived. The 5’ end sequences have
been obtained for IBV and MHV .**-*2 More revealing is the sequence of the 5’ end of MHV
genomic RNA. Figure 4 shows the partial sequence of the leader region of the JHM strain
of MHV. There is a hairpin loop near the possible termination point of the leader RNA
synthesis. Indeed, four species of leader RNA species have been localized around this hairpin
loop.?* This finding is consistent with the observations made in several prokaryotic systems
in which RNA transcription has been shown to ‘‘pause’” or terminate at the hairpin loop
regions.**** These leader RNAs are thus likely the species involved in the transcription of
mRNAs. It should be noted that these leader RNA species are larger than the presumptive
leader sequences present in the subgenomic mRNAs. Thus, these leader RNAs would require
processing before being utilized as transcriptional primers. The comparison of 5" end genomic
sequences and the intergenic sequences reveals that there is a stretch of 9- to 18-nucleotide
homology at the putative leader-body junction sites (Figure 5). Some intergenic regions
contain a mismatching nucleotide within this homologous region. It is conceivable that the
free leader RNA binds to this site and is cleaved at the 3" end of the homologous region or
at the mismatching point (Figure 6). The 3’ end of the leader fragment could then serve as
the starting point for the transcription of subgenomic mRNAs. This model predicts that the
RNA polymerase(s) of coronaviruses possesses endonucleolytic activity and that different
mRNAGs have different leader-body junction sites, depending on the region of homology and
the presence or absence of mismatching nucleotides. It is noteworthy that the degree of
homology between the intergenic regions and the 3’ end of the leader RNA closely parallels
the abundance of individual mRNA species (Figure 5). Thus, the rate of mRNA transcription
may be regulated by the degree of homology which, in turn, influences the strength of
binding of the leader RNA to the intergenic sites. It is possible that the rate of transcription
could also be influenced by other regulatory sequences. It is not clear whether the homology
at the initiation sites of mRNAs is enough for the leader RNA to bind. Conceivably, the
free leader RNA is associated with a polymerase, which will participate in the leader binding
to the intergenic site.

The mechanism of synthesis of the genomic-sized mRNA (RNAT) has not been studied.
Whether it requires a free leader RNA species or not is not clear. It is perhaps more likely
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FIGURE 4. Partial sequence of the 5’ end of the genomic RNA of MHV.
The region of the possible leader termination site is shown for the JHM
strain of MHV. The three repeats are underlined by dashed lines. The
region underlined by a solid line represents an AU-rich sequence which
might be the termination point for the leader RNA synthesis. (From Shieh,
C.-K., Soe, L. H., Makino, S., Chang, M.-F., Stohlman, S. A., and Lai,
M. M. C., Virology, 156, 321, 1987. With permission.)

Intergenic site No. bases Ratio of
of homology RNA amount
-4 L. vcyvUUAGAUUUGUUARAVAUCG. . . . . . 9 1.1
4-5 L. ucAUcAAGAUUUGGaGuAGaaUD. . .. . . 7 0.9
5-6 ... UAcUAUUAGAUUAGGUUUGUARVAC. . . v .\ .. .. 10 + 4 32.0
6-7 ... .AcucUUAGAUUAGAUUUGAAAUuUccUAC. . . ... 18 100.0
Leader ....AUCUAAUCUAAUCUAAACUUUAUAAACG. . ....

FIGURE 5. Comparison of the leader sequences at the 5’ end of the genomic RNA with the intergenic sequences.
The sequences at the intergenic sites are presented in (—) sense (template RNA). The regions of complementarity
with the 3’ end of the leader RNA are underlined by thin lines. The UAAAC and AUUUG underlined by heavy
lines are the sequences common to the initiation sites of all of the mRNAs. The numbers of homologous sequences
and relative ratio of mRNAs are included for comparison. (From Shieh, C.-K., Soe, L. H., Makino, S., Chang,
M.-F., Stohlman, S. A., and Lai, M. M. C., Virology, 156, 321, 1987. With permission.)

that the genomic RNA involves continuous transcription, without participation of a free
leader RNA species. However, the study of this issue is complicated by the presence of
both the mRNA1 and the genomic RNA destined for packaging into virions. These two
classes of RNA might be synthesized by different mechanisms.

E. Replicative Intermediate (RI) and Replicative Form (RF) RNA
Since the negative strand RNA is a single species of genome-sized RNA, the mechanism
by which the multiple subgenomic and genomic mRNAs are transcribed from this template
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FIGURE 6. The proposed model of the leader RNA priming. The leader RNA derived from the 5’ end of the
RNA genome is represented by the wavy line. It binds to the complementary region on the RNA template. The
mismatching nucleotides are denoted by open rhombuses, where cleavage of the leader RNA possibly occurs. The
transcription starts from the 3’ end of the cleaved primer. (From Shieh, C.-K., Soe, L. H., Makino, S., Chang,
M.-F.. Stohlman, S. A., and Lai, M. M. C., Virology, 156, 321, 1987. With permission.)

is of considerable interest. The understanding of this issue has been aided by the study of
the structures of the RI and RF. RI is defined as the RNA structure which is actively
synthesizing RNA. It is composed of partially double-stranded and partially single-stranded
RNA structure, and could be isolated from the intracellular RNA by Sepharose®-column
chromatography and separated from the rest of intracellular viral RNAs by virtue of its large
size.® The RF is defined as the double-stranded RNA obtained from RNase digestion of
RI. Both the RI and RF of MHV are single RNA species of roughly genomic size.>**¢ No
subgenomic RI or RF RNAs were detected. These data suggest that most of the negative
strand RNA template is used for multiple initiation of mRNAs, and practically the entire
RNA template is used for transcription simultaneously. The number of nascent RNA chains
of each RNA template was estimated to be about six;* however, this number could be a
considerable underestimate. It should be pointed out that the nascent chains on the Rl complex
contain the leader RNA sequences,® providing further evidence that leader sequences are
not added posttranscriptionally.

F. RNA Replication

In most of the coronavirus-infected cells, the relative rate of synthesis of all of the mRNA
species is constant throughout the infection; however, late in the infection, there is a gradual
accumulation of the genomic RNA species. The most dramatic example of this regulatory
shift has been demonstrated in BCV-infected cells (Keck, J., unpublished observation). The
change of the relative ratio between the genomic RNA and subgenomic mRNA species late
in the infection is probably the result of a switch from RNA transcription to replication.
Transcription is defined as the synthesis of mRNAs, while replication is defined as the
synthesis of genomic RNA destined to be packaged into virion. It has been determined that
late in the infection 90% of the genomic-sized RNA in the infected cells is associated with
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Replication

FIGURE 7. The proposed model of discontinuous coronaviral RNA replication. The RNA replication ‘‘pauses”’
at the regions of hairpin loops marked on the template RNA. Some of the pausing intermediates dissociate from
and reassociate with the RNA template and continue transcription. (From Baric. R. S., Shieh, C.-K., Stohlman,
S. A, and Lai, M. M. C., Virology, 156, 342, 1987. With permission.)

nucleocapsid.””* The remaining 10% is associated with polysomes. Very little is known
concerning the difference between the mechanisms of transcription and replication and what
is responsible for such a switch. It is quite likely that transcription and replication are carried
out by different RNA synthetic machineries. This possibility is strongly suggested by the
study of RNA polymerase-membrane complexes isolated from the infected cells late in the
infection.>*** These studies showed that two separate membrane complexes containing po-
lymerase activity could be detected.’®® Brayton et al. further showed that one of these
complexes synthesize all seven mRNA species, while the other complex synthesizes only
genome-sized RNA,*® suggesting that the former is a transcription complex, while the latter
1s a replication complex.

Additional details of the mechanism of RNA replication have been suggested from studies
of the leader-containing RNA intermediates in MHV-infected cells and RNA recombination.
Baric et al.*”** have shown that discrete species of leader-containing RNA intermediates
of more than 150 nucleotides long, which are dissociated from the RNA template, could be
detected in MHV-infected cells. These RNA species could represent either abortive tran-
scriptional products or true RNA intermediates. If the latter is the case, it could be expected
that, in a mixed infection, these RNA intermediates could rebind to a different template,
resulting in RNA recombination via a copy-choice mechanism. Indeed, it has recently been
shown that coronaviruses could undergo RNA recombination at a very high frequency.”
These results suggest that RNA replication of coronaviruses proceed by a discontinuous and
nonprocessive manner, i.e., replication ‘‘pauses’’ at many different sites along the RNA
template. As a result of these pauses during replication, some of the RNA intermediates
may fall off the template (maybe because of the possible nonprocessive nature of the cor-
onavirus RNA polymerase), thus creating a pool of the segmented RNA intermediates which
may rejoin the RNA template to continue replication (Figure 7). The pausing sites for RNA
replication are probably around the hairpin loops in the RNA products. Transcriptional
pausing has been noted in many prokaryotic systems, such as Qf, MS2, and T7 phages.®***
It is probable that coronaviruses possess an additional unusual property, i.e., a nonprocessive
RNA polymerase which can cause the dissociation of the pausing intermediates from the
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RNA template. The rebinding of these intermediates during RNA replication would result
in high frequency of RNA recombination during a mixed infection. This replication mech-
anism is further supported by the recent finding that many coronavirus recombinants were
derived from multiple crossovers during a single viral replication cycle.?*!% This result
suggests that frequent dissociation and reassociation of RNA intermediates occur during
RNA replication. Thus, coronavirus behaves as if it contained segmented RNAs although
its genome is clearly nonsegmented.

This mechanism of RNA replication could also lead to the generation of defective-inter-
fering (DI) RNA if rebinding of the RNA intermediates does not occur at the exact sites.
This phenomenon has been noted in the MHV system (see Section VII). Another possible
consequence of this mechanism of replication is due to the presence of multiple repeats
(UCUAA) at the 5' end of the genomic RNA (see Section II1.D). If the RNA intermediates
derived from the 5’ end rebind to the genome RNA template at the wrong repeat, hetero-
geneity of the genomic RNA containing different numbers of repeats could result. This
phenomenon has been noted in a small plaque mutant of JHM strain.”® The heterogeneity
of the 5 end of RNA genome appears to occur very frequently in the JHM strain, as
suggested from the oligonucleotide fingerprinting analysis (unpublished observations). Some
of the heterogeneity might have resulted from the insertion of deletion or the UCUAA repeat.

The genome-sized RNA synthesized could be bound to the nucleocapsid protein imme-
diately after or during RNA replication. It has been suggested that genomic RNA synthesis
and encapsidation are coupled in MHV-infected cells.®® The binding of N protein could be
one of the mechanisms which allow the RNA intermediates to be dissociated from the RNA
template, resulting in discontinuous, nonprocessive RNA replication. The recognition signals
for the N protein binding have not been identified. Very likely, these signals are present at
the 5" end of the genomic RNA, but not within the leader region since the subgenomic
mRNAs are not packaged into the virion.

IV. RNA-DEPENDENT RNA POLYMERASES AND REGULATORY PROTEINS

A. RNA-Dependent RNA Polymerases

Similar to most of the positive-stranded RNA viruses, coronavirus virions do not contain
detectable RNA polymerase activity.***' Thus, the RNA polymerase(s) required for the
transcription and replication of coronavirus RNAs have to be synthesized de novo from the
incoming genomic RNA and the subsequently amplified viral RNAs. The synthesis of an
RNA-dependent RNA polymerase is, therefore, the first biosynthetic event in the cells after
viral infection. Indeed, protein inhibitors, such as cycloheximide, have been shown to inhibit
viral RNA transcription when applied to the cells immediately after virus adsorption.*-52-602
Furthermore, the requirement of RNA transcription for continuous protein synthesis is evident
throughout the replication cycle of the virus. Thus, either the RNA polymerase itself or
cofactors have to be synthesized de novo continuously. This dependency on protein synthesis
is different from rhabdovirus, in which mRNA transcription does not require continuous
protein synthesis.?”-%8

The first RNA polymerase activity has been detected 2 to 3 hr postinfection in MHV-
infected cells and disappeared by 4 to 5 hr postinfection.* This activity appears to be
responsible for the synthesis of negative sense RNA.*® This enzyme is most likely translated
from the incoming RNA genome. The second or ‘‘late’> RNA polymerase activity was
detected about 5 to 6 hr postinfection.*®-*! It was the only RNA polymerase activity detected
in TGEV.*® This activity is different from the ‘‘early’” RNA polymerase in its pH optimum
and cationic requirements.*® It is probably responsible for the transcription of mRNAs and
replication of viral RNA genome.®® These two activities could be further separated into two
different membrane-associated complexes probably responsible for transcription and repli-
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cation, respectively;’*® however, their enzymatic properties could not be distinguished.*®
These “‘late’” RNA polymerases have been shown to synthesize all of the mRNAs,*!-%
including genomic RNA. Since Sawicki and Sawicki have shown that negative strand RNA
synthesis continues late in the infection,*? the ‘‘late’” RNA polymerase activities could
include several different polymerases responsible for the synthesis of different RNA. It has
also been noted that the negative and positive strand RNA syntheses have different sensitivity
to inhibition by cycloheximide,* further suggesting that they are carried out by different
enzymes.

The proteins responsible for these polymerase activities have not been identified, probably
because they are present in very small quantity in virus-infected cells. However, in vitro
translation in reticulocyte lysate of the MHV virion RNA yielded proteins of up to 250
kdaltons,?*3> which theoretically should be translated from the 5'-most gene of the RNA
genome. Since it is generally assumed that, by analogy to other RNA viruses, the first gene
at the 5’ end of the RNA genome should code for an RNA polymerase, this 250-kdalton
protein might represent the RNA polymerase. No polymerase activity has been associated
with this protein. It should be noted that, Leibowitz et al.>* found three proteins of nearly
similar size, which have identical peptide maps, from the in vitro translation products of
the MHV RNA genome. Denison and Perlman® also noted several proteins, including a 28-
kdalton protein, from the same translation products. These proteins were attributed by these
authors to degradation of the primary translation products. However, it cannot be ruled out
that these proteins might represent primary translation products derived from the usage of
different initiation codons or different termination sites in the same template RNA. They
might represent different functional polymerases which carry out synthesis of different RNA
species such as negative strand RNA, leader RNA, and mRNAs, respectively. The synthesis
of different polymerases should presumably be under regulation of viral or cellular pro-
teins. Recent sequence studies indicate that the 28-kdalton protein is indeed the N-terminal
protein of the putative RNA polymerase.®®* This protein has been detected in MHV-infected
cells late in the infection.®® Thus, it represents the first coronavirus polymerase component
identified in vivo.

Since coronavirus RNA polymerase is thought to be at least 700 kdalton in size, based
on the translational capacity of the ORFs in the gene,*® the 200-kdalton protein made by
in vitro translation probably represents only part of the RNA polymerases of coronaviruses.
The nature of the rest of the gene products is currently unknown.

Consideration of the RNA replication scheme of coronaviruses suggests that at least three
or four different RNA polymerases, or three or four different modified forms of the same
polymerase, are required for the complete replication cycle of coronaviruses. These poly-
merases would carry out the transcription of negative strand RNA, leader RNA and mRNAs,
and replication of genomic RNA. The isolation of temperature-sensitive mutants (see Section
V.) which are blocked, at the nonpermissive temperature, at the synthesis of leader RNA®’
and mRNAs 1! separately, suggests that at least two different viral proteins carry out these
different functions. No temperature-sensitive mutants have yet been obtained which are
defective in negative strand RNA synthesis or in switching from RNA transcription to
replication. Nevertheless, the enzymatic requirement of negative and positive strand RNA
synthesis is different,* and RNA transcription and replication appear to be carried out in
different subcellular compartments.>® Furthermore, at least in BCV, there is a temporal shift
from transcription to replication. Thus, it is probable that different proteins are required for
transcription and for replication.

Theoretical considerations place a constraint on the number of polymerase proteins avail-
able for carrying out different functions of RNA synthesis early in the infection. Although
coronavirus genome contains several genes encoding nonstructural proteins which may fulfill
the roles of regulating different RNA synthesis, these nonstructural proteins are not likely
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translated from the incoming genomic RNA. Instead, these proteins will have to be translated
from the subgenomic mRNAs. Thus, these proteins would not be made until all the mRNAs
are synthesized. They would not be able to participate in the early regulatory events of RNA
synthesis. Therefore, it is more likely that the primary gene products of the 5" end gene
(gene A) are multiple, probably as a result of initiation at different AUG sites or termination
at different termination codons. The choice of different initiation sites or termination sites
could be controlled by host factors. These different translation products might be the different
polymerases used for the synthesis of negative strand RNA, leader RNA, and mRNAs,
respectively. Alternative possibilities are that the primary polymerase interacts with the host
cellular factors to change the specificity of the polymerase, or that small amounts of viral
nonstructural proteins are translated from the incoming genomic RNA after it is degraded.
Such degraded RNA will allow the internal genes to be translated in eukaryotic cells.

B. RNA Regulatory Proteins

The different RNA polymerase activities described could be due to the presence of different
regulatory proteins. None of these putative proteins have been identified. It is conceivable
that most of the viral nonstructural proteins are involved in RNA transcription or replication,
since six of the complementation groups of temperature-sensitive mutants (see Section V.)
are defective in RNA synthesis. > !

The nucleocapsid protein (N) may participate in RNA replication in an uncertain role. In
an in vitro transcription system, monoclonal antibody against N inhibited RNA transcrip-
tion.'®"* Also, N has been shown to bind to virion RNA in an in vitro binding assay.? In
vesicular stomatitis virus, the N protein has been suggested to be responsible for the switching
of RNA transcription to RNA replication.'®> The N protein of coronavirus may play a similar
role.

An intriguing finding is that when cycloheximide was added to the infected cells 3 hr
postinfection, more viral RNA was synthesized than when it was added later,** suggesting
that there might be a viral protein which is responsible for shutting off negative strand RNA
synthesis.

V. TEMPERATURE-SENSITIVE MUTANTS

Several groups have reported the isolation of temperature-sensitive (ts) mutants of
MHV.*19! | eibowitz et al. have classified these ts mutants into seven complementation
groups, six of which have RNA(—) phenotypes.'* Although the number of complementation
groups agrees with the number of genes in MHV genome, it seems unlikely that these
complementation groups correspond exactly to the seven genes of the virus since three of
the viral genes code for structural proteins. Nevertheless, the number of virus-specified
proteins involved in RNA replication is high. At the present time, the genetic lesions of
these mutants have not been localized.

Another group of #s mutants of A59 strain of MHV has been analyzed in greater details
(Egbert, J., unpublished observation). These mutants include some which make negative
strand, but no positive strand, RNA, a mutant (LAJ0) which makes negative strand and
leader RNA, but no positive strand mRNAs,*” and also mutants which make RNA in normal
amounts, but do not produce virus particles. These mutants support the concept that several
viral proteins are involved in various steps of RNA synthesis. The genetic lesions of some
of these temperature-sensitive mutants have been mapped by use of RNA recombination
(Section VI.). For instance, the ts lesion of LA9 of MHV has been mapped within the 3
kilobases from the 5 end of gene A which encodes RNA polymerase.®!

No ts mutants for other coronaviruses have been reported.
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VI. RNA RECOMBINATION

Although coronaviruses possess a single piece of RNA genome, it has recently been
demonstrated in MHV that coronaviruses could undergo RNA recombination at a very high
frequency.®® The frequency of recombination almost matches the frequency of RNA reas-
sortment in segmented RNA viruses.'® The evidence presented in Section IIL.F. suggests
that RNA replication of coronaviruses proceeds in a discontinuous, nonprocessive manner,
leading to the possibility that coronaviral RNA recombination could be mediated by a copy-
choice mechanism involving free RNA intermediates.

Recombinants were obtained by coinfection of two s mutants from two different viruses,'
or, more remarkably, by randomly examining the progeny viruses derived from coinfection
of a ts mutant and a wild-type virus.% The frequency of recombination was apparently high
enough to allow detection of recombinants in such a random population.®® The recombinants
obtained so far contain not only single crossovers, but also double crossovers,* 1% suggesting
that recombination occurs very readily. In those recombinants which contain single cross-
overs, the 5’ end and 3’ end of the genomes were derived from different parental viruses.
Therefore, the leader RNA and body sequences of subgenomic mRNAs were derived from
different parents. Thus, every mRNA species is a hybrid RNA consisting of the leader RNA
of one parent and the body sequences of the second parent.®! This shows that different leader
RNA species can be used interchangeably.

RNA recombination will be discussed more extensively elsewhere in the volume.

VII. DEFECTIVE-INTERFERING (DI) RNA

DI particle has been described for MHV.'* This class of DI particle has several unusual
properties which set it apart from DI particles of other viruses and which suggest additional
unusual characteristics of coronavirus RNA synthesis. DI RNA of MHV has a size which
is about 95% of the standard virus RNA.'% It does not contain merely a single deletion,
but rather contains multiple base changes or small deletions along the entire genomic RNA .!%¢
It can interfere with the replication of the standard virus only to a small extent.'®> When the
intracellular RNA of the cells infected with DI-containing virus preparation was examined,
it was found that all of the standard mRNA species, except the smallest mRNA, which
encodes the nucleocapsid N protein, were inhibited. Most surprisingly, several novel poly(A)-
containing RNA species were synthesized in the infected cells.!® These RNA species rep-
resent sequences derived from several different regions of the genome. Upon further passage
of the DI-containing virus populations, the size of the DI genome remained roughly the
same; however, the novel intracellular RNA species synthesized by the DI varied with
passage. These DI-specific RNAs represent different parts of the genome being fused to-
gether. They are not packaged in the virion. However, recent studies suggest that a small
amount of these DI RNAs could be encapsidated nonspecifically in virion particles. These
packaged DI RNAs may serve as the template for the synthesis of intracellular DI RNA
(Makino, S., unpublished). Since these DI RNAs are predominant RNA species in DI-
infected cells, the DI RNA template must have an enormous advantage for RNA replication,
when compared with the wild-type RNA genome. The elucidation of the mechanism of
generation and replication of these DI RNAs will give significant insights into the mechanism
of coronavirus RNA replication.

VIII. PERSPECTIVES

The RNA replication of coronaviruses clearly utilizes very unique mechanisms. These
mechanisms include leader-primed RNA transcription and discontinuous, nonprocessive



132 RNA Genetics

RNA replication. These unique features of coronavirus replication are very likely to contribute
to the complexity of the coronavirus biology: (1) high frequency of RNA recombination
would result in divergence of virus strains, (2) discontinuous RNA synthesis could lead to
deletion or duplication of RNA genome, (3) the presence of redundant sequences in the
leader RNA region creates a possibility that the leader regions of mRNAs would be heter-
ogeneous by using different repeats for initiation. Recent data from my laboratory have
already fulfilled some of these predictions. Currently, there are still many unanswered
questions in the coronavirus RNA replication scheme. What is the mechanism and kinetics
of negative strand RNA synthesis? Is there a shut off of negative strand RNA synthesis? Is
there a switch of RNA synthesis from mRNA to genomic RNA? Does the synthesis of the
full-length genomic RNA require a free leader RNA? What is the mechanism of leader RNA
priming? Most importantly, what is the nature of RNA polymerases? How many polymerases
are involved in different phases of RNA replication? What proteins are involved in the
regulation of RNA replication?

Clearly, the understanding of the nature of RNA polymerases would be aided by the
cloning, sequencing, and expression of the gene encoding these enzymes. The understanding
of the detailed mechanism of RNA synthesis has to come from studies using in vitro
transcription and replication systems. The understanding of the nature of regulatory proteins
would perhaps require analysis of more temperature-sensitive mutants. There is no question
that coronavirus RNA replication involves many unique mechanisms, which add to the
repertoire of viral RNA synthesis in nature. Future studies should be able to unravel many
of the exciting features in this system.
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I. INTRODUCTION

A nonsegmented negative strand RNA virus, by definition, is distinguished by having a
unipartite RNA genome that is complementary to and, hence, the template for the (positive
polarity) mRNAs it encodes. Viruses of this category fall almost without exception into one
of two taxonomic families: the rhabdoviruses and the paramyxoviruses (Table 1). Besides
being intrinsically interesting biological entities, the nonsegmented negative strand viruses
are of practical concern due to the array of diseases they cause in humans as well as in
domestic animals, fish, and plants. The common childhood illnesses mumps and measles
are caused by members of two paramyxovirus genera. Two other paramyxoviruses, respi-
ratory syncytial virus (RSV) and human parainfluenza virus (PIV), are serious pathogens of
the lower respiratory tract and constitute the principal causes of infantile pneumonia and
bronchiolitis. Rabies virus, a rhabdovirus, is infectious in and fatal for most mammalian
species. Rapidly lethal forms of hemorrhagic fever have been found to be caused by two
unclassified nonsegmented negative strand viruses, Marburg virus and Ebola virus.

It is perhaps, not coincidental that the most intensively studied nonsegmented negative
strand viruses, to date, are those which are among the least pathogenic to humans; but other
qualities have also influenced this choice. Vesicular stomatitis virus (VSV), a sublethal
pathogen of horses and cattle, is the prototype of the rhabdoviruses. The popularity of VSV
in experimental investigation is due, in no small measure, to its short generation time and
ease of propogation in tissue culture, its stability upon purification, and its amenability to
the in vitro study of viral transcription as well as, more recently, viral replication. In addition,
well prior to more extensive cytopathic effects, VSV infection produces a shutoff of host
cell RNA and protein synthesis, thereby greatly facilitating the analysis of viral macromol-
ecular synthesis. Sendai virus, a murine parainfluenza virus that has become the prototype
of the paramyxoviruses, has many of these same features and is therefore the most widely
studied member of its family. Recent advances in molecular biology, however, have mul-
tiplied the extent of our understanding of other rhabdoviruses and paramyxoviruses. Although
this review will focus on VSV and Sendai virus, available information about other viruses
will be presented, especially where it further illuminates generalizations drawn from the two
prototypes.

II. MORPHOLOGY AND PROTEIN COMPOSITION

The rhabdoviruses appear under negative contrast electron microscopy as highly regular,
bullet-shaped particles roughly 75 nm in diameter and 180 nm long." This shape is unique,
and it allows immediate classification of an unknown virus as a rhabdovirus. The rhabdoviral
particle is enveloped in a lipid bilayer acquired from the host cell cytoplasmic membrane,
and from this surface protrude some 1200 glycoprotein (G) spikes.” The bulk of the G
protein, including the amino terminus and its N-linked carbohydrate residues, projects from
the exterior of the membrane envelope and is essential for infectivity.*

In sharp contrast to the relative uniformity of the rhabdoviruses, the paramyxoviruses are
quite pleomorphic. Negative contrast electron microscopy reveals these viruses to be roughly
spherical particles usually 100 to 250 nm in diameter, but often much larger.” Members of
one genus, the morbilliviruses, occasionally have been observed to be filamentous. Like the
rhabdoviruses, the paramyxoviruses are surrounded by a host cell-derived membrane, and
their surfaces are studded with viral glycoprotein spikes. In this case, though, two types of
glycoprotein are found, and both are essential for infectivity.® The first is a 65-kdalton fusion
protein (F), which contains N-linked oligosaccharides. The second is an O-linked oligosac-
charide-containing protein (circa 70 kdaltons), the nature of which varies among the genera
within the paramyxovirus family. For members of the paramyxovirus genus, the second
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Table 1
NONSEGMENTED NEGATIVE STRAND RNA
VIRUSES
Family/genus Representative viruses/principal hosts

Rhabdoviruses
Vesiculoviruses Vesicular stomatitis virus (VSV)
Cattle, horses, humans, mosquitoes
Chandipura virus
Humans, sandflies

Lyssaviruses Rabies virus
Most mammals

Unclassified Spring viremia of carp virus (SVCV)
Carp

Infectious hematopoietic necrosis virus (IHNV)
Salmon, trout
Paramyxoviruses
Paramyxoviruses Human parainfluenzaviruses types 1-4
(PIV 1-4)
Humans
Sendai virus
Mice
Newcastle disease virus (NDV)
Poultry
Mumps virus
Humans
Simian virus 5 (SV3)
Dogs, monkeys
Morbilliviruses Measles virus
Humans
Canine distemper virus (CDV)
Dogs
Pneumoviruses Respiratory syncytial virus (RSV)
Humans
Unclassified Marburg virus
Humans
Ebola virus
Humans

glycoprotein (HN) has both hemagglutinin and neuraminidase activities. For the morbilli-
viruses, the corresponding protein (H) has only the hemagglutinin function, whereas the
second glycoprotein (G) of the pneumoviruses has neither of the two activities. Like the
rhabdoviral G proteins, the paramyxoviral glycoproteins transverse the membrane, lying
predominantly on the external face, although for the HN, H, and RSV G proteins the
membrane-anchoring domain is found near the amino terminus rather than the carboxy
terminus.””®

Packed within the membrane envelope of each of the nonsegmented negative strand viruses
is the viral nucleocapsid. This consists of a single strand genome RNA molecule, 11 to 15
kilobases in length, compactly wrapped in a nucleocapsid protein (circa 50 kdaltons) des-
ignated either N or NP. For VSV the stoichiometry of this binding has been determined to
be 9 nucleotides of RNA per monomer of N protein.* The tightness of the N (NP)-RNA
association is such that the nucleocapsids of VSV and Sendai virus are stable to banding in
2.5 M CsCl, a condition under which all cellular nucleoprotein complexes are dissociated. '
Moreover, the encapsidation of the genome by the nucleocapsid protein renders the phos-
phodiester backbone inaccessible to the action of ribonucleases.

Associated with the nucleocapsid of both families of virus are multiple copies of two
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proteins which together make up the RNA polymerase that transcribes and replicates the
viral genome. These are a large (=200 kdalton) protein, L, together with an acidic phos-
phoprotein (circa 30 kdaltons in the rhabdoviruses and RSV, 65 kdaltons in the paramyxo-
viruses) which is variously designated NS (in vesiculoviruses), M1 (in lyssaviruses), or P
(in paramyxoviruses). In the VSV virion, the molar amounts of NS and L, relative to N
protein, are 0.4 and 0.04, respectively.” Although not as rigorously quantitated, the amounts
of the RNA polymerase proteins of the other nonsegmented negative strand viruses appear
to fall in the same range.

The final major component found in the rhabdoviruses and paramyxoviruses is the matrix
or membrane protein, M (denoted M2 for the lyssaviruses). This basic polypeptide (20 to
30 kdaltons) possibly bridges the nucleocapsid and the glycoprotein-containing membrane
envelope and may be the most important determinant of virus structure. For VSV, the
interaction of the M protein with the nucleocapsid and with the cell membrane, in the
presence and absence of G protein, has been well documented.''-'*

In general, no other proteins are found in the virions of the rhabdoviruses and para-
myxoviruses, but a few exceptions are known. The pneumovirus RSV contains a second
matrix protein (22K) as well as small amounts of a 7.5-kdalton hydrophobic polypeptide
(1A) of unknown function. The virion nucleocapsid of human parainfluenza virus type 3
(PIV3) contains a 22-kdalton basic protein (C) encoded by an internal, overlapping reading
frame in the mRNA for the P protein.'>'¢ C proteins are also encoded by the P mRNAs of
other paramyxoviruses (Sendai virus,'” measles virus,'® and canine distemper virus [CDV]'?),
but all of these, although present in infected cells, appear not to become incorporated into
their respective virions.

III. GENETIC ORGANIZATION

A virus capable of carrying out a productive infection has contained within its genome
the information necessary to program those events which culminate in the replication and
transmission of that genome. A notion of the makeup of the viral genome, then, is funda-
mental to an understanding of the process of infection.

A. Genetic Studies

A treatment of the subject of rhabdovirus and paramyxovirus genetics is beyond the scope
of this review. The reader is referred to excellent reviews of this topic by Pringle®2! and
Flamand,*? in whose laboratories the majority of the work in this field has been done. Genetic
studies have been carried out with a number of nonsegmented negative strand viruses: VSV
and other vesiculoviruses,?** rabies virus,?? Newcastle disease virus (NDV),?* Sendai vi-
rus,* and RSV.?* By far, however, the greatest amount of attention has been focused on
VSV of the Indiana serotype. Mutants have generally been isolated on the basis of temperature
sensitivity, thermolability, or restriction of host range, but plaque morphology variants and
heat-resistant viral strains have also been obtained. The major strength of VSV genetics has
been the assignment of functions to viral polypeptides. This approach has been indispensible
in sorting out the roles of multifunctional proteins and in gaining insight into virus-host
interactions.

Despite these successes, the genetic study of rhabdoviruses and paramyxoviruses has been
severely hampered by the constraints imposed by a single strand RNA genome. Since the
genome is haploid and nonsegmented, it cannot undergo reassortment. Thus, mutational
analysis must be largely restricted to varius categories of conditional lethal mutations, a
specialized subset of all possible mutations. Moreover, unlike picornaviruses and corona-
viruses (both nonsegmented positive strand RNA viruses), the nonsegmented negative strand
RNA viruses do not recombine. This limitation has been noted with NDV,2* VSV 2226 and
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RSV.?* Holland and co-workers®” devised a highly sensitive test for intertypic recombination
between the Indiana and New Jersey serotypes of VSV, but such cross-over events were
never detected. The unfortunate outcome of the absence of recombination for these viruses
has been that genetic experiments fail to yield information about the arrangement of genes
on the viral chromosome.

B. Physical Studies

The first picture of the organization of the genomes of rhabdoviruses and paramyxoviruses
came from ultraviolet (UV) mapping.?® This technique makes use of the fact that UV
irradiation induces the formation of pyrimidine dimers in nucleic acid templates, and RNA
polymerases, apparently without exception, terminate polymerization upon encountering
pyrimidine dimers.* Exploitation of this can allow determination of the number of tran-
scription units in a viral genome and the ordering of all genes within a transcription unit.
Ball and White* and Abraham and Banerjee*' used this approach to derive the gene order
of VSV, aided by the fortuity that the five genes of this virus turned out to compose a single
transcription unit in the order 3'-N-NS-M-G-L-5’. UV mapping was subsequently employed
to analyze Sendai virus,*® rabies virus,*® NDV,* and RSV,* and from these it seems
reasonable to generalize that all of the rhabdoviral and paramyxoviral genomes are transcribed
by their RNA polymerases as single transcription units.

In some cases it has been possible to establish or confirm gene orders by various other
methods: hybrid duplex analysis by electron microscopy;**-* kinetics of chemical inhibition
of in vitro transcription reactions;* and examination of the sequence content of polycistronic
mRNAs, which are occasional, aberrant transcription products resulting from polymerase
readthrough between adjacent genes.**** However, by far the most comprehensive infor-
mation about genetic organization has come from the sequencing of viral genomes by way
of cDNA clones prepared from viral mRNAs or from randomly copied portions of the viral
genomes.*->! Besides yielding a wealth of information about gene and protein sequences,
this methodology has unequivocally established the order of viral genes and has revealed
hitherto undetected genes as well. All of these results are summarized in Table 2.

The most striking aspect of the gene orders tabulated to date, which include at least one
representative from each genus of the two viral families, is the degree of uniformity that is
exhibited. The canonical pattern observed is 3'-(nucleocapsid protein)-(phosphoprotein)-
(matrix protein)-(one or two glycoproteins)-(large polymerase protein)-5’. The only glaring
exception to this rule is RSV, which seems to be nearly twice as complex as its relatives.>
The RSV genome has two nonstructural genes encoding polypeptides of unknown function
(1C and 1B; 16 and 15 kdaltons, respectively) situated prior to the N gene at the 3’ extreme
of the genome. In addition, it has a gene (1A) encoding a small (7.5 kdaltons) hydrophobic
protein situated between the M and G genes, and also a second matrix protein gene (22K)
positioned between the F and L genes. Moreover, the order of the two glycoprotein genes
of RSV, G and F, is the reverse of that found in all other paramyxoviruses sequenced thus
far. The only other presently known exception to the canonical gene order occurs in spring
viremia of carp virus (SVCV), where a partial sequence 3'-N-M-G-5" has been obtained
from overlapping genomic clones.* It will be interesting to see where the phosphoprotein
(NS) gene is located in this virus.

Besides those already noted for RSV, ‘‘extra’’ genes have been found in a number of
rhabdoviruses and paramyxoviruses. The simian virus 5 (SV5) genome contains, between
F and HN, a gene encoding a small hydrophobic protein (SH; 5 kdaltons) which has been
shown to be present in infected cells, but not in the virions.*®* A gene (NV) encoding a small
(12 to 17 kdaltons) nonviral polypeptide has also been found between the G and L genes
of the rhabdoviral fish pathogen infectious hematopoietic necrosis virus (IHNV).*” Perhaps
the most interesting of the ‘‘extra’” genes, however, are the C genes, which are found in a
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Table 2

GENE ORDERS OF RHABDOVIRUSES AND PARAMYXOVIRUSES

Method of
Virus Gene order determination Ref.

VSV NNSMGL UV mapping 30,31

Sequence analysis 43

Heteroduplex analysis 36

Polycistronic mRNAs 39
Rabies virus NMIM2GL Sequence analysis 51

UV mapping 33
SVCvV N M G... (partial) Sequence analysis 44
[HNV NMIM2GNVL Heteroduplex analysis 37
Sendai virus NPP/CMFHNL Sequence analysis 45,46

UV mapping 32
PIV3 NPP/CMFHNL Sequence analysis 47
SV5S NP P/VMF SH HN L Polycistronic mRNAs 40

Sequence analysis 48
NDV NPPMFHNL Polycistronic mRNAs 41

UV mapping 34
Measles vius NP/CMFHL Sequence analysis 18,49,165,166
CDhV NPCMFHL Sequence analysis 19,165
RSV ICIBNPMIAGF22KL Sequence analysis 50

UV mapping 35

Polycistronic mRNAs 42

number of paramyxoviruses and encode relatively small (22 to 23 kdaltons), predominantly
basic proteins.'®'® The inability of investigators to find mRNAs of the appropriate size to
code for the various C proteins was explained by the discovery by Giorgi et al.'” that the
Sendai virus C protein is expressed from an overlapping ( + 1) reading frame contained within
the mRNA encoding the P protein. Subsequently, this was also found to be the case for
measles virus, CDV, and PIV3. These genes, then, appear to be the counterparts of the
overlapping reading frames which have been found in the smaller genome segments of
bunyaviruses, reoviruses, and influenza viruses. 1t is curious, as was first noted by Hudson
et al.,* that each of the phosphoprotein genes (NS or M1) of four different strains of VSV,
as well as Chandipura virus®* and rabies virus®! (all rhabdoviruses), also internally encode
a small, basic polypeptide reminiscent of the C proteins in the + 1 reading frame. However,
for most of the examples cited, these are initiated by AUG codons within weak ribosomal
recognition sequences,’ and there is as yet no evidence that any of them are expressed. A
further variant of internal coding within the P gene occurs with SV5. In this case, the smaller
polypeptide (designated V; 24 kdaltons) is in the same reading frame as P.*® A similarly in-
frame polypeptide of 7 kdaltons has been reported to be encoded by the 3’ terminal portion
of the mRNA of the NS protein of VSV of the Indiana serotype.®*

Presently, no functions have been assigned to the products of any of the newly discovered
genes of the nonsegmented negative strand RNA viruses. Certain considerations suggest that
these genes must play a role in the replication of the viruses in which they occur. The
relatively low fidelity of RNA polymerases ensures a high rate of evolution of RNA viruses.*®
Thus, it seems likely that nonessential genes would be rapidly eliminated from these viruses
and that the presence of an additional polypeptide encoded within a gene must indicate that
it has a role in the viral life cycle. The independent preservation of the C gene reading frame
in at least four different viruses supports this notion. Indeed, conservation of homology
between the C proteins of Sendai virus and PIV3 appears to have occurred at the expense
of homology between the P proteins.'® On the other hand, many of the newly discovered
genes are quite smail, and it is possible that some of them may turn out to be remnants of
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ancestral genes with no present functions. This explanation has been proposed for the 423-
base region between the G and L genes on the rabies virus genome, which retains, at each
end, vestiges of the intergenic sequences for transcription, but can only encode a polypeptide
of 18 amino acids at most.”! Similarly, the M gene mRNAs of measles virus and CDV have
unusually large 3’ untranslated regions (>400 bases) which may represent gene remnants.>’

IV. VIRAL TRANSCRIPTION

The infection that ensues upon entry of a rhabdoviral or paramyxoviral nucleocapsid into
the cell cytoplasm begins with the transcription of the viral genome by its associated RNA
polymerase. Primary transcripts are translated by the ribosomes of the host, and some of
the proteins produced then become available for assembly into progeny nucleocapsids.
Progeny nucleocapsids are produced in two stages. Initially, the negative strand genome
serves as the template for full-length, positive-polarity RNA molecules. Then these genome-
complementary intermediates, in turn, act as templates for the synthesis of more copies of
the genome. Both types of genome-length RNA molecules are encapsidated concomitantly
with their synthesis. The appearance of progeny nucleocapsids enables a wave of secondary
transcription and translation, leading to continued replication, maturation, and eventual
budding of virus particles through the surface of the infected cell.

The central feature of the replicative cycle of a nonsegmented negative strand virus, then,
is the synthesis of RNA catalyzed by a viral RNA polymerase. This is the major point of
control during infection. For VSV it has been shown that viral macromolecular synthesis is
governed mainly by the rates of transcription of the various viral genes.”® There is little or
no differential regulation of the translation of viral proteins,*>-* and there are virtually no
differences in the in vivo rates of decay of functional viral mRNAs.®' Consequently, much
effort has been devoted to understanding the mechanisms by which the viral RNA polymerase
transcribes and replicates its genome.

A. Basic Phenomena of Transcription
1. The Transcription Reaction

The defining characteristic of negative strand RNA viruses was first demonstrated with
a paramyxovirus when it was shown by Kingsbury®® that more than 80% of the RNA
synthesized in NDV-infected chick embryo fibroblasts, in the presence of actinomycin D,
could be hybridized to the viral genome. This established the polarity of the NDV genome
and, barring more arcane possibilities, made it very likely that the viral RNA of NDV and
other similar viruses must be synthesized by a viral RNA-dependent RNA polymerase. The
discovery of such a polymerase within purified virions was made by Baltimore et al.®* with
the rhabdovirus VSV. Subsequently, similar enzyme complexes were described for NDV %
Sendai virus,®-°® mumps virus,®” SV5,% rabies virus,%-’® measles virus,”* and RSV.”” How-
ever, the VSV RNA polymerase has proven to be by far the most amenable to in vitro study,
and almost the entirety of our present knowledge of nonsegmented negative strand RNA
virus transcription and replication comes from the intensive study of VSV that has taken
place over the past decade.

The VSV transcriptase catalyzes the sequential synthesis of six major RNA species. Five
of these are the viral mRNAs which encode the five structural proteins of the virus. Like
most eukaryotic messages, those of VSV contain capped, methylated 5’ termini and 3’
polyadenylate tails,”* although both of these modifications appear to be added by viral, not
cellular, enzymic activities. The mechanisms of capping and methylation are both unique.
In the VSV capping reaction, the triphosphate bridge of the cap is formed from the «- and
B-phosphates of GTP and the a-phosphate of the mRNA 5’ terminus.” This stands in
contradistinction to all other eukaryotic caps, in which the GTP contributes only its a-
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phosphate to the bridge, and the mRNA contributes the a- and B-phosphates of its 5'
terminus.” In the VSV methylation reaction, two methyl groups are transferred from S-
adenosylmethionine molecules to the capped 5’ terminus of the mRNA, the first occuring
at the 2'-hydroxyl position of the penultimate base (A) and the second at the 7-position of
the guanosine cap residue.” This sequence of methyl transfer is the reverse of that which
occurs with all other capped eukaryotic mRNAs.” It has not been possible thus far to
decouple either the guanylyltransferase or the two methyltransferase activities from ongoing
VSV transcription in vitro, so the enzymology of these unusual reactions remains largely
unexamined. It is also not clear why VSV (and by extension, the rhabdoviruses and para-
myxoviruses) find it necessary to employ a unique strategy to construct the 5’ termini of
their mRNAs. The same question may be asked of the orthomyxoviruses (Chapter 8),
bunyaviruses (Chapter 9), coronaviruses (Chapter 6), and picornaviruses (Chapter 2). Perhaps
this reflects some intrinsic biochemical constraint of RNA-templated transcription.

The sixth major RNA species synthesized during VSV transcription is a 47-base leader
RNA, which was discovered and first sequenced by Colonno and Banerjee.”””® The leader
RNA, which is neither capped nor polyadenylated, is complementary to the exact 3’ terminus
of the VSV genome. Thus, the full sequential order of VSV transcription is: leader RNA-
N mRNA-NS mRNA-M mRNA-G mRNA-L mRNA. Since it is the first transcribed species,
the leader RNA is made in substantial amounts, but the role of this molecule remained
obscure for a number of years. It is now known that in vivo the nascent leader is encapsidated
by the viral N protein’® and is also bound by a host cell factor, the lupus antigen, La.®'
The leader ribonucleoprotein complex is translocated to the nucleus shortly following its
synthesis® and is thought to inhibit cellular transcription by the host RNA polymerases II
and II1.%% An expanded treatment of the role of the leader RNA in VSV cytopathology may
be found in a recent review by Wagner et al.®*

In addition to the six major transcription products, the VSV transcriptase also synthesizes
a number of minor RNA species. Some of these appear to be abortive or aberrant products
which may provide clues to the mechanism of transcription, whereas others may possibly
have roles in the course of infection. Singh et al.®> have described a 9-S RNA, synthesized
in vitro and in vivo, which corresponds to the 5’ terminus of the N mRNA and is produced
in amounts roughly equimolar with the N mRNA. This species, approximately 400 bases
in length, is capped, but not polyadenylated and has variable 3’ termini. A short, 40-base,
capped RNA corresponding to the 5’ terminus of the N mRNA has been identified by
Schubert et al.® These workers have also detected roughly equimolar quantities of a second
short RNA species, 24 to 28 bases long, which is internally initiated 41 bases within the N
gene — at precisely the next base following the termination of the 40-base-long RNA. The
remarkable feature of this uncapped intracistronic RNA is that it is initiated with GTP, in
contrast to all of the VSV messages, which start with an A residue. Finally, a number of
workers have described various sets of small RNAs initiated at the starts of the N and NS
genes.®”-% The debated significance of these is discussed below.

2. Roles of Viral and Cellular Proteins in Transcription

The transcribing nucleocapsid of VSV is composed of the viral genome and the viral
proteins N, L, and NS. As discussed in Section II., the genomic RNA is tightly encapsidated
by the N protein, and this complex, not free genomic RNA, constitutes the template for
transcription and replication. Thus, the N protein protects the phosphodiester backbone of
the genome from cytoplasmic nucleases and yet somehow allows the viral polymerase
sufficient access to the genome to form the nucleotide base-pairs necessary for templated
RNA synthesis.

The viral RNA-dependent RNA polymerase requires both the L and NS proteins, as was
shown by Emerson and Yu.®® Earlier studies indicated that the polymerase had a 1:1 stoi-
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chiometry of its two constituent proteins,”>®" but kinetic studies of reconstituted in vitro
transcription have demonstrated that a large stoichiometric excess of NS protein to L protein
is required for the optimal rate of transcript elongation.®> This may account for the observation
that in infected cells, NS protein is synthesized well in excess of the amount required for
assembly of progeny virions, and a considerable fraction of NS protein remains free in the
cytoplasm.®® This cytoplasmic NS has been found to be highly active in supporting VSV
transcription.**

The assignment of the various activities of the RNA polymerase to one or the other of
its constituent polypeptides is presently incomplete. Based on reconstitution experiments, it
is thought that the actual catalysis of RNA synthesis resides in the comparatively huge L
protein,®**>% while the NS protein is proposed to play an auxilliary role in RNA chain
elongation, perhaps by unwinding the N-RNA template®** or by directly facilitating the
interaction of the L protein and the template by binding to each of them.?” One of the
enzymic activities of mRNA modification, polyadenylation, has been shown by Hunt et al.*®
to be due to the L protein, since a particular mutation in the L gene causes unusually large
polyadenylate tails to be added to viral transcripts. Horikami and Moyer® have analyzed a
class of host range mutants of VSV defective in one or both of the 5’ terminal methyltrans-
ferase activities, clearly demonstrating that these activities are virally encoded. The mutations
in these viruses have recently been shown to reside in the L gene.'®” The unusual nature of
the VSV guanylyltransferase strongly suggests that this activity, too, is virally encoded, but
assignment of it to either of the two polymerase proteins is not possible at this time. The
finding of a GDP binding site on the NS protein,'® however, raises the possibility that NS
directly participates in the capping reaction.

One activity that can unambiguously be attributed to the NS protein is that of phosphate
acceptor. NS of the Indiana serotype of VSV has been shown by Hsu et al.'®! to be phos-
phorylated on various combinations of some 21 serine and threonine residues. These nu-
merous phosphorylated subspecies can be resolved by gel electrophoresis into two discrete
sets of phosphorylated states, NS1 and NS2, which probably represent distinct conformations
of the molecule.®*'9%19 Kingsford and Emerson'® have also shown that DEAE-cellulose
chromatography separates NS into less phosphorylated and more highly phosphorylated
forms, NSI and NSII, respectively; each of these are then further resolvable into NS1 and
NS2 subspecies. In vitro, NS1 has been shown to convert into NS2 by phosphorylation with
ATP, and conversely, phosphatase treatment of NS2 has been shown to convert it to NS1.'%''%
Although this extremely acidic phosphoprotein has proved quite intractable to standard
methods of proteolytic digestion and peptide analysis, several groups have been able to
determine that both NS1 and NS2 contain a major cluster of phophoserine and phospho-
threonine residues within the amino terminal third of the molecule.'®'%7 NS2 differs from
NS1 in that it contains additional phosphorylated residues elsewhere in the molecule.'®'-'%

The NS phosphoprotein is the target of multiple protein kinases. It has been demonstrated
that VSV virions, as well as the cell cytoplasm, contain one or more protein kinases of
cellular origin which can phosphorylate NS.'%!''° In addition, Sanchez et al.''' have shown
that purified preparations of L protein possess a protein kinase for which NS is a highly
preferred substrate. The L-associated protein kinase, in the presence of the N-RNA template,
shows a marked preference for the NS2 form of the molecule, whereas protein kinase(s) of
the cellular cytoplasm preferentially phosphorylate NS1.%

The existence of multiple phosphorylated states of NS has prompted speculation that
phosphorylation-dephosphorylation may govern transcriptional efficiency or modulate the
switch from transcription to replication. A number of observations appear to bear on these
issues: (1) NSII exhibits much greater activity than NSI in reconstitution of transcription;'®*
(2) the complete, irreversible dephosphorylation of NS results in a threefold diminution of
the transcriptive activity of virion nucleocapsids;'®' (3) chemical inhibitors of NS phospho-



146 RNA Genetics

rylation cause a parallel inhibition of in vitro VSV RNA synthesis;'"'"''* and (4) NS forms
multiple types of complexes with free N protein in vitro and in vivo, and these directly
participate in genome replication.''*"'7 These results portend a critical role for various
phosphorylated states of the NS protein in both types of viral RNA synthesis, but further
information will be required in order to clearly delineate this role. A promising approach
to dissect the functions of the NS molecule has been initiated by Gill et al.,""® who have
inserted the NS gene of the New Jersey serotype of VSV into a DNA construct which allows
it to be transcribed by the bacteriophage SP6 polymerase. Full length or progressively
truncated forms of the NS mRNA produced by this system were translated in vitro, and the
resulting proteins were then used to reconstitute in vitro transcription with purified L protein
and N-RNA template. This deletion mapping technique has led to the definition of domains
within the NS molecule essential for transcription and for the binding of NS to the N-RNA
template. The same system has allowed the site-specific mutagenesis of individual serine
residues to define phosphorylation targets on the NS protein that are essential for transcription.'*?

A further intriguing characteristic of the NS protein is that the gene which encodes it is
highly mutable within the vesiculovirus genus. The NS proteins of the closely related Indiana
and New Jersey serotypes of VSV have only 32% amino acid sequence homology, whereas
the N, M, and G proteins of the two viruses are nearly twice as homologous to each
other.''®-"2® The NS protein of a more distant vesiculovirus, Chandipura virus, shows even
poorer homology, 21 and 23%, respectively, to its VSV Indiana and New Jersey counter-
parts.> By contrast, the Chandipura N protein is 50% homologous to the N proteins of each
of the two VSV serotypes. Despite this divergence among the primary sequences of the NS
proteins, there is a great deal of similarity in their amino acid compositions and in plots of
the relative hydropathicities of their polypeptide chains, suggesting that the overall structures
of the NS molecules have been conserved throughout evolution. Moreover, the only region
that is relatively highly conserved among the three NS proteins is a 20-amino acid carboxy-
terminal domain which has been shown to be essential for binding of NS to the N-RNA
template.''®

Although very active VSV transcription can be demonstrated in reactions reconstituted
from highly purified viral components, the presence of trace amounts of host proteins in
these reactions cannot be ruled out. The participation of one or more host factors in VSV
transcription has long been suggested both by the existence of host range mutants affecting
viral polymerase function'?' and by the observation that cell extracts could stimulate viral
RNA synthesis in vitro. Recently, two groups have independently reported an obligatory
role for tubulin or microtubule-associated proteins (MAPs) in VSV RNA synthesis. Moyer
et al."” found that a monoclonal antibody directed against B-tubulin almost completely
inhibited in vitro transcription by purified VSV virions or by extracts from VSV- or Sendai
virus-infected cells, suggesting that the ability of purified virions to catalyze viral RNA
synthesis in vitro may depend on the degree to which host cell tubulin is incorporated into
assembled virions. Evidence for an intracellular interaction between tubulin and the VSV L
protein was shown by the nearly quantitative immunoprecipitation of L protein from VSV-
infected cell extracts by the anti-B-tubulin monoclonal antibody. However, the presence of
tubulin in purified virions has not been clearly demonstrated. Using nucleocapsids prepared
from virions, Hill et al.'?* observed a dose-dependent stimulation of VSV RNA synthesis
by microtubules to an extent as great as 16-fold. When the microtubule preparation was
further fractionated into tubulin and MAPs, virtually all of the RNA polymerase-stimulatory
activity was found in the MAPs fraction. The role of tubulin or MAPs in rhabdoviral and
paramyxoviral RNA synthesis remains to be explored.

3. Intergenic Junctions
One of the results accruing from the many recent rhabdovirus and paramyxovirus se-
quencing studies has been the definition of the viral genome sequences at the junctions
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Table 3
INTERGENIC JUNCTION SEQUENCES OF
RHABDOVIRUSES AND PARAMYXOVIRUSES

End Intergenic Start

Virus sequence® sequence” sequence®
VSV# and SVCVb# UAUG(A), CU AACAGNNNUC
Rabies virus®' UG(A); s C(N)iam AACANNNCU
Sendai virus'** ANUAAG(A), Cuu AGGGUNAAAG
PIV347-1> AANUANN(A), cuu AGGANNAAAG
Measles virus™#® UUAU(A), Ccuu AGGANCNANGU
RSV?® AGUNAUNU (A), (N)o.s, U GGGGCAAAU

or
AGUUANNNN(A),

*  All consensus sequences are given in the positive strand (message) sense and are in
the 5' to 3’ direction. N = any base.
* Based on partial set of intergenic sequences.

between adjacent genes. These regions have received much attention since it is a reasonable
assumption that they contain at least part of the signals for many of the events that occur
in the transcription reaction. The consensus intergenic junction sequences known to date are
listed in Table 3 (in the positive strand sense). Using the nomenclature of Gupta and
Kingsbury,'** each of these has been divided into three portions: (1) the end sequence
corresponding to the 3’ extreme of the preceding mRNA; (2) the intergenic sequence which
does not appear in mature mRNA; and (3) the start sequence corresponding to the 5’ extreme
of the succeeding mRNA. It should be noted that although the end and start sequences are
often referred to as termination and initiation signals, there is as yet no evidence that they
constitute the entirety of such signals or, conversely, that all parts of the sequences are
necessary to ensure proper termination or initiation of transcription. Similarly, the intergenic
sequences are generally held to be nontranscribed, but this also remains to be proven.

A striking feature of the tabulated intergenic junctions is that they are extremely well
conserved within a given virus. Even more noteworthy, however, are the degrees of similarity
among these sequences in different viruses across genus and family lines. All rhabdoviral
and paramyxoviral messages begin with a consensus sequence consisting of a block of 9 to
11 residues at their 5’ termini of which at least 6 are identical within a given virus. With
the exception of RSV, the messages of all viruses listed in Table 3, as well as those of SV5
and NDV, initiate with an A residue. A similar conservation is seen at the 3’ termini, where
a consensus block of at least a dinucleotide precedes a run of 4 to 8 A residues encoded by
the viral template. These occur immediately prior to the polyadenylate tails of the messages,
which are not template-encoded. For VSV, it has been suggested that the viral polymerase
synthesizes the polyadenylate tails of the messages by repeated slippage or ‘‘chattering”’
when it encounters the (U), tract on the genome template.’?® The intergenic sequences of
rhabdoviruses and paramyxoviruses, in most cases, are strictly conserved di- or trinucleotides
(CU or CUU). The two known exceptions to this rule are rabies virus and RSV, which have
intergenic sequences that are highly variable, both in size and base composition.”®*' Even
for each of these, an element of similarity can be seen with the CU or CUU consensus
sequences: all rabies virus intergenic sequences begin with C; all RSV intergenic sequences
end with U.

Some clues as to the significance of the junction sequences derive from the occurrence
of mutant junctions within a particular virus which happen to be at variance with the consensus
sequences. The intergenic sequence between the NS and M genes of the Indiana serotype
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of VSV is GU (in the positive strand sense).**->* This single-base deviation from the consensus
dinucleotide, CU, appears to cause an increased probability of polymerase readthrough at
this junction, resulting in a threefold higher frequency of NS-M dicistronic transcripts com-
pared to other polycistronic transcripts.® Similarly, the Sendai virus HN-L intergenic se-
quence, CCC instead of the consensus CUU, results in increased readthrough at that junction.'?’
These observations argue that the intergenic di- or trinucleotides are not merely spacers
between the end and start sequences, and that their base content partially affects proper
termination at the junctions. Another anomalous junction region occurs in the end sequence
of the M gene of PIV3, where there is an 8-base insertion situated immediately prior to the
(A), tract which starts polyadenylation.*’-'** This disruption of the consensus sequence causes
a large increase in polymerase readthrough from the M gene to the F gene, indicating that
an intact end sequence is also important for proper transcript termination. It will be interesting
to see the intergenic sequences of NDV, due to the fact that NDV polycistronic messages
account for 25% of the total transcription by that virus.*' An insertational mutation also
occurs in the G-L junction of VSV of the New Jersey stereotype, where an anomalous block
of 19 bases occurs between the intergenic CU and the consensus start sequence.’®* Supris-
ingly, this Ieads to two alternative start sites for the L. mRNA in vitro.

It should be noted that the first intergenic junction in rhabdoviruses and paramyxoviruses,
that between the leader and N (NP) genes, differs from those between the other genes. The
sequence of this junction is known for a number of vesiculoviruses as well as rabies virus
and Sendai virus.?'-124.128:12% Although the start sequence of the N (NP) gene conforms to
the other start sequences for each virus, the end sequence of the leader contains neither the
oligo(A) tract nor the consensus block which precedes it in all the mRNAs. Moreover, the
intergenic sequence between the leader gene and the N (NP) gene is UUU, UGU, or UUUU
(for vesiculoviruses,'?*'** rabies virus,” and Sendai virus,'** respectively, in the positive
strand sense). The uniqueness of the leader-N (NP) junction presumably reflects the fact
that the leader RNA is not polyadenylated.

Each intergenic junction, in the course of multiple rounds of transcription, is potentially
the site of a number of processes: (1) termination of the preceding mRNA, usually, but not
always, including polyadenylation of that mRNA; (2) initiation and capping of the succeeding
mRNA; (3) readthrough from the preceding to the succeeding gene; and (4) exit of the viral
polymerase from the template. This latter phenomenon, attenuation, was first suggested
from a study by Villarreal et al.*® of the in vivo molar ratios of the VSV messages, which
were seen to decrease as a function of distance from the 3" end of the genome. Iverson and
Rose'*® examined this more closely by hybridizing in vivo synthesized VSV mRNA to cDNA
clones representing the 3’ proximal or 5’ proximal portions of each of the first four genes
of VSV of the Indiana serotype. In this manner they established that there is a uniform 30%
decrease of transcription between each successive gene on the viral genome, and that this
attenuation occurs at the junctions between adjacent genes. Furthermore, analysis of in vitro
transcription kinetics showed that significant pauses occur between the transcription of
adjacent genes. Thus, some event at the intergenic junctions is slow with respect to the rate
of mRNA elongation. Attenuation appears to be independent of whatever causes occasional
readthrough at intergenic junctions, since the frequency of attenuation at the anomalous NS-
M junction is the same as that at the N-NS and M-G junctions. Curiously, the frequency of
attenuation is very similar to the frequency of synthesis of poly(A)-minus transcripts, '
suggesting a possible correlation between failure to polyadenylate and detachment of the
polymerase from the template.

B. Models of Transcription
Any model of VSV transcription must offer an explanation for the sequential nature of
VSV mRNA synthesis as well as some description of the events which occur at the junctions
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between the viral genes. At various times, three different models of VSV transcription have
been proposed. The first of these suggested that transcription proceeds by a single initiation
of the polymerase at the 3" end of the genome resulting in synthesis of a genome-length
precursor which is then processed into the leader RNA and five mature mRNA species.”™
The alternative to this notion of a single initiation is the proposal that the polymerase initiates
at the start and terminates at the end of each of the genes encoding the leader and the five
mRNAs. This further subdivides into two models: one in which the polymerase can enter
the genome only at the 3" end,"'** and the other in which the polymerase binds to independent
promoters at the start of each of the six cistrons.*’

The single initiation/processing model, as originally stated,” is not tenable, since it is
now clear that a genome-length precursor to the VSV messages does not exist. The original
attractiveness of this model was that it made obligate the unique aspect of VSV cap formation,
since a nucleolytically processed RNA precursor would have only a single phosphate at its
5’ terminus to donate to the triphosphate bridge of the cap. However, the single initiation/
processing model is generally regarded as unsatisfactory because of the precise nucleolytic
cleavages it invokes prior to polyadenylation.'** These become even less feasible upon
consideration of the recently determined heterogeneous intergenic sequences of rabies virus
and RSV ***" Nevertheless, no experiment has been described to date which unequivocally
rules out this mechanism.

The single entry/multiple initiation model,'** which is formally analogous to the ribosome
scanning model for translation of eukaryotic mRNASs,> proposes that the viral polymerase
gains access to the genome only at the 3" terminus and proceeds toward the 5’ terminus
synthesizing the leader and five mRNAs sequentially. At each intergenic junction the pol-
ymerase terminates, with or without polyadenylation, and either attenuates or reinitiates at
the start of the next gene. By this model, polycistronic transcripts would arise from occasional
failure to recognize termination and initiation signals at particular junctions.

The multiple entry/multiple initiation model proposes that viral polymerase molecules
gain access to the genome at the 3’ terminus and also internally at the start of each of the
five genes.*” Sequential RNA synthesis is maintained by the stipulation that mRNA elon-
gation at each promoter is arrested some short distance after initiation (<50 bases) and
cannot proceed until the polymerase transcribing the previous gene has completed its tran-
script. By this model, either attenuation or readthrough events generating polycistronic
transcripts would be alternatives open to a transcribing polymerase approaching an unoc-
cupied promoter. This cascade model was invoked by Testa et al.*” to explain the existence
of short, uncapped RNA species produced during in vitro transcription reactions. Two of
these are 5’ triphosphate initiated RNAs, 42 and 28 bases in length, corresponding to the
5" termini of the N and NS mRNAs, respectively. These species have UV target sizes
consistent with their small molecular weights and have been shown by kinetic studies to be
synthesized within the first minute of the transcription reaction, prior to the sequential
appearance of their corresponding mRNAs.

The efforts by a number of groups to distinguish between the single and multiple entry
models of VSV transcription have focussed on two questions: (1) can the viral polymerase
enter and initiate internally within the genome independent of entry at the 3’ end?; and (2)
can the short, triphosphate initiated N- and NS-start RNA species be shown to be precursors
to full-length mRNAs?'*

A number of observations bear on the question of internal initiation. Pinney and Emerson®®
have described a set of four triphosphate-initiated oligonucleotides which are produced during
in vitro transcription and correspond to the first 11 to 14 bases of the N gene. Since these
are synthesized in as much as a tenfold molar excess over the leader RNA, they cannot
depend on prior synthesis of leader and must be internally initiated. Talib and Hearst'*
examined the effects on VSV transcription of aurintricarboxylic acid and vanady! ribonu-
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cleoside, and they characterized the single species synthesized in the presence of either of
these inhibitors as a capped RNA corresponding to the first 68 bases of the N gene. Since
this was produced in the absence of any detectable leader RNA synthesis, it, too, must have
been due to internal initiation. It has been pointed out, though, that all of these internally
initiated species may arise from viral polymerases arrested at or near intergenic junctions
during virion assembly.'** Synthesis of the various N- and NS-start products thus may have
no bearing on whether the polymerase can gain access to an internal promoter without
entering by way of the 3’ end of the genome. This interpretation is consistent with a study
by Emerson'*? in which purified N-RNA template (free of polymerase) was reconstituted
with L and NS proteins in the presence of a partial or full complement of ribonucleoside
triphosphates. Reconstituted nucleocapsids provided with just ATP and CTP synthesized
only the dinucleotide pppAC, which was taken to be the initiated leader RNA. Short oli-
gonucleotides corresponding to the 5" ends of the viral mRNAs, pppAAC and pppAACA,
could be detected only after the reconstituted nucleocapsids were permitted to synthesize
full-length leader RNA in the presence of all four NTPs, suggesting that these were absolutely
dependent upon prior passage of the polymerase through the leader gene. At variance with
this study, however, Thornton et al.'*® observed synthesis of both leader and mRNA initiating
nucleotides in partial (ATP + CTP) transcription reactions using UV-irradiated N-RNA
template reconstituted with L. and NS proteins. In total transcription reactions in this system,
all N- and NS-start short RNA products, as well as leader RNA, were produced in undi-
minished quantities, whereas full-length mRNA synthesis was 90% inhibited.

The second question, whether the N- and NS-start species are true precursors to full-
length mRNAs, is similarly unresolved. Attempts to pulse chase the small triphosphate
initiated RNAs or a possibly related set of small capped RNAs into mature messages have
all had negative results.®*'3°-137-13% However, if the short RNA species result from reiterative
initiation events in the promoter region, then most would be released from the template
unelongated, and only a small fraction would be expected to end up in completed mRNAs
and might be exceedingly difficult to detect.

V. VIRAL REPLICATION

A. Basic Phenomena of Replication

The most fundamental and motivational observation in the study of nonsegmented negative
strand RNA viral genome replication was the finding that in vivo synthesis of genome-length
Sendai virus'* or VSV!'4-14! RNA is dependent upon continued protein synthesis within the
host cell.. This suggested a requirement for some viral or cellular protein which is either
needed in stoichiometric amounts or is quite labile and must be produced continuously. It
also accounted for the consistently noted fact that, with the exceptions cited below, purified
VSV virions, although capable of very active transcription, do not carry out replication in
vitro. Consequently, much subsequent effort by a number of investigators went toward
developing in vitro systems to assay positive and negative strand genome-length RNA
synthesis by either VSV or Sendai virus. These have involved the coupling of RNA-syn-
thesizing viral nucleocapsids, obtained either from purified virions or from infected cells,
with in vitro protein synthesizing cell extracts or with pools of proteins from infected
cells.>'*® With varying degrees of definition, these systems have been successful at dem-
onstrating synthesis of N (NP) protein-encapsidated, genome-length RNA of both polarities.
These in vitro-generated ribonucleoproteins have been shown to be ribonuclease-resistant
and to band in CsCl at the same density as authentic viral N-RNA (NP-RNA) complexes.
Their RNA is genome length, as assayed by gel electrophoresis, and in the case of the
negative strand of VSV, it hybridizes to all five viral mRNAs. Moreover, in some of the
systems, inhibition of in vitro protein synthesis by cycloheximide or pactamycin eliminates
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viral N-RNA synthesis. albeit at various rates, dependent upon the sizes of the pools of viral
proteins which have accumulated.’* 51+

Wertz and colleagues'*>'*%-'*! have developed a system consisting of a rabbit reticulocyte
lysate programmed with viral mRNAs, to which is added nucleocapsids derived either from
virions or from viral defective interfering particles (DIPs). The use of DIPs (which transcribe
only a 46-base-long leader RNA'*>-'*%) eliminates the high background of viral mRNA
synthesis in in vitro replication studies, allowing the clear examination of leader and genome-
length RN A synthesis. By programming this system with individual hybrid-selected mRNAs,
Patton et al.'*! have been able to show that, of the three smaller VSV proteins, N protein
alone fulfills the protein synthesis requirement of replication. The extent of production of
positive and negative full-length DIP RNA was seen to be directly proportional to the amount
of N protein concurrently synthesized, and this N protein was demonstrated to encapsidate
the RNA.

In contrast to the pivotal role established for N protein in replication, the function of the
NS protein is less clear. Hill and Summers'*’ found that polyclonal antibodies to NS inhibited
VSV replication in a coupled in vitro system, but it is not clear whether this indicates a
requirement for free NS protein or an effect on the RNA polymerase since the same antibodies
also inhibited transcription. It has been shown that in extracts from infected cells,''” as well
as in an in vitro coupled system programmed with purified N and NS mRNAs,""” most of
the free N and NS proteins are associated with each other in multiple types of complexes.
Since free N protein is known to form insoluble aggregates both in vivo'** and in vitro,'®
it has been hypothesized that the function of NS protein in replication is to maintain N
protein in a soluble form available for binding to nascent RNA.

By contrast with the above studies, two groups have demonstrated conditions under which
the viral RNA polymerase can circumvent the requirement for free N protein in order to
read through some or all of the intergenic junctions on the VSV genome. Testa et al.'®
found that although the B,y-imido analog of ATP could not directly substitute for ATP in
in vitro transcription reactions, it could do so if viral nucleocapsids were first preinitiated
with ATP and CTP and then recovered. Under these conditions, synthesis of a full-length
positive strand copy of the VSV genome was observed. This suggested a role for the 3,v-
bond of ATP and, hence, for some phosphorylation reaction, in the switch from transcriptive
to replicative RNA synthesis. Similarly, Chanda et al.'”” found synthesis of genome-length
positive strand RNA in in vitro transcription reactions in which ITP was substituted for GTP.
This result may indicate that RNA:RNA base-pairing is also important in the proper rec-
ognition of transcriptional termination signals on the genome template.

Perrault et al.'**'* have generated a series of VSV mutants, designated pol R, which are
specifically repressed in the ability to terminate transcription at the junction between the
leader and N genes. Thus, these viruses, assayed for transcription in vitro, produce linked
leader RNA-N mRNA transcripts at a frequency of >80%, compared to 10% for their wild-
type parent. In addition, the pol R mutants have a tenfold greater ability than wild-type
virus to use (,y-imido ATP as a substrate (in the absence of preinitiation with ATP and
CTP), indicating that they have a markedly reduced requirement for ATP in the initiation
of RNA synthesis.'® Surprisingly, reconstitution experiments and results with pol R DIPs
have shown that the pol R mutations reside in the VSV N protein and not in the template
RNA or in the polymerase proteins. Thus, an alteration in the template N protein can at
least partially obviate the need for free N protein in junction readthrough by the viral
polymerase.

B. Models of Replication
The basic problem which a model of VSV replication must address is how the viral
polymerase reads through the intergenic junctions, ignoring signals for termination, poly-
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adenylation, and reinitiation, which it faithfully recognizes during transcription. The two
models which have been put forward to explain VSV replication differ in whether they
envisage either a passive or an active role for the genome template in the readthrough
process.

Blumberg et al.'®' have proposed that VSV replication is governed by the availability of
free N protein, which acts as an antiterminator at an attenuation signal occurring in the
neighborhood of the leader-N gene junction. In this model, the leader RNA species results
from termination at this site, while genome-length RNA synthesis requires suppression of
termination due to the binding of N protein to the nascent leader RNA, which is thought to
initiate nucleocapsid assembly. Two predictions of this model have been confirmed by in
vivo results: (1) the cycloheximide-induced inhibition of protein synthesis in cells infected
with a mixture of wild-type VSV and DIPs brings about a reduction of genome RNA synthesis
accompanied by an increase of DIP leader RNA, suggesting an inverse correlation between
production of these two types of RNA species; and (2) leader RNAs have been found to be
encapsidated by N protein in vivo, indicating that the nucleation point for nucleocapsid
formation occurs within the leader RNA.'®' The in vitro VSV replication systems are con-
sistent with the most salient aspect of this antitermination model, i.e., that replication is
governed by the amount of free N protein available. It should be noted, however, that
although the in vitro DIP-replicating system of Wertz shows a modest increase of leader
synthesis in the presence of cycloheximide, the encapsidation of leader RNA is not seen.'°

A significantly different model of VSV replication has been proposed by Perrault et al.’
on the basis of the pol R mutants. These workers hypothesize the existence of separate
populations of *“‘transcription nucleocapsids’’ and ‘‘replication nucleocapsids’’ that are pre-
determined by the state of modification of N protein in the N-RNA template. The mutations
in pol R mutants are thus seen to bias N toward the confirmation or modification state
occurring in replication nucleocapsids. The notion that there occurs posttranslational mod-
ification of N protein is supported by the finding that N protein from wild-type virus can
be resolved into four differently charged species by isoelectric focussing and that the positions
of these are shifted for N proteins from the pol R mutants.'*® However, the proposal that
the template alone can determine the switch from transcription to replication appears to be
at variance with results obtained by Arnheiter et al.''® with two different monoclonal anti-
bodies against the N protein. The first of these binds both free N protein and N protein
complexed with the genome template, and it inhibits both transcription and replication. The
second antibody binds only to free N protein and not to template N protein, and it inhibits
only replication and not transcription. This finding strongly supports an essential role for
free N protein in replication.

It deserves mention that each of the models of replication has difficulty in addressing the
data that supports the other. Also, neither explicitly deals with events at intergenic junctions
other than that between the leader and N genes. Finally, neither model clearly explains either
the readthrough events promoted by B,y-imido ATP'*® and ITP'” or the paradoxical result
of Hill and Summers that polyclonal antibodies to L protein were seen to inhibit transcription,
but stimulated replication in vitro.'*” Thus, as with VSV transcription, further work remains
in order to elucidate mechanistic details.

59

VI. CONCLUSION

The study of nonsegmented negative strand RNA viruses has delineated much about the
unique scheme by which these viruses replicate, although the details of many processes
remain to be discovered, especially as investigation widens from the prototype viruses to
their less-studied relatives. Future work in this field might be expected to yield additional
exciting insights into the unique mechanisms of transcription and replication of these viruses
and into the complexities of virus-host interactions.
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I. INTRODUCTION

Influenza virus is a negative strand RNA virus with a segmented genome. Essentially all
the studies of the transcription and replication of influenza virus have been carried out with
A strain viruses, which contain eight virion RNA (VRNA) segments. Three types of virus-
specific RNAs are synthesized in infected cells: (1) viral messenger RNAs (mRNAs); (2)
full-length copies of the VRN As that serve as templates for VRNA replication; and (3) vRNAs.
Much more information has been obtained about the mechanism of synthesis of the viral
mRNAs than about the mechanism of synthesis of the template RNAs and vRNAs. We will
discus the current state of knowledge about the syntheses of these three types of virus-
specific RNAs.

II. VIRAL MESSENGER RNA SYNTHESIS

The synthesis of influenza viral mRNA requires initiation by host cell primers, specifically
capped (m’GpppNm-containing) RNA fragments derived from host cell RNA polymerase
II transcripts.'> This occurs in the nucleus of the infected cell.® As a consequence, viral
mRNA synthesis requires the continuous functioning of the cellular RNA polymerase II and
is inhibited by «-amanitin.” The host cell primers are generated by a viral cap-dependent
endonuclease that cleaves the capped cellular RNAs 10 to 13 nucleotides from their 5’ ends,
preferentially at a purine residue.’ Transcription is initiated by the incorporation of a G
residue onto the 3’ end of the resulting fragments, directed by the penultimate C residue of
the vRNAs.* Viral mRNA chains are then elongated until a stretch of 4 to 7 uridine residues
is reached 17 to 22 nucleotides before the 5’ ends of the VRNAs, where transcription
terminates and polyadenylate (poly[A]) is added to the mRNAs.®!°

Viral mRNA synthesis is catalyzed by viral nucleocapsids*'' which consist of the indi-
vidual vRNAs associated with four viral proteins, the nucleocapsid (NP) protein, and the
three P (PB1, PB2, and PA) proteins.!'"** The P proteins are responsible for viral mRNA
synthesis, and some of their roles have been determined by analyses of the in vitro reaction
catalyzed by virion nucleocapsids.'>'* Ultraviolet light-induced cross-linking experiments
showed that the three P proteins are in the form of a complex that starts at the 3’ ends of
the vVRNA templates and moves down the templates in association with the elongating mRNAs
during transcription.'® The PB2 protein in this complex recognizes and binds to the cap of
the primer RNA.'?-!* Experiments with two virus temperature-sensitive mutants which have
a defect in the VRNA segment coding for the PB2 protein remains associated with the cap
during the first 11 to 15 nucleotides of chain growth.'* The PB1 protein, which was initially
found at the first residue (a G residue) added onto the primer, moves as part of the P protein
complex to the 3’ ends of the growing viral mRNA chains, indicating that it most likely
catalyzes each nucleotide addition.'? Based on the relative positions of PB1 and PB2 on the
nascent chains, it was concluded that the P protein complex most likely has the PB1 protein
at its leading edge and the PB2 protein at its trailing edge. Figure 1 shows the model of the
functions and movements of the P proteins during viral mRNA synthesis.'?

The analysis of the transcription reaction catalyzed by virton nucleocapsids left unresolved
many important questions about the mechanism of viral mRNA synthesis and the role of
the P proteins. Thus, it was not determined how the complex of the three P proteins is
assembled at the 3’ ends of the VRNA templates where transcription initiates. Because
reinitiation of viral mRNA synthesis was extremely limited, or did not occur at all, with
virion nucleocapsids, ' it is not known whether reinitiation occurs in the infected cell and,
if so, by what mechanism. In addition, it is not known which P protein(s) is the endonuclease
and whether the PA protein has a definite function in viral mRNA synthesis. Two recent
results may provide approaches to answer these questions.
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FIGURE 1. Model of the functions and movements of the three P proteins during
capped, RNA-primed viral mRNA synthesis. The sequence shown is that of the
vRNA and mRNA coding for the NP protein. (From Braam, J., Ulmanen, I., and
Krug, R. M., Cell, 34, 609, 1983. With permission.)

First, it had been known that some of the P proteins in the infected cell are not associated
with viral nucleocapsids,'>'¢ and recently it has been shown that this pool of P proteins is
large and that the protein in this pool are predominantly, if not entirely, in the form of
complexes of the three P proteins.'” When nucleocapsid-depleted cytoplasmic and nuclear
extracts were subjected to immunoprecipitation using either an anti-PB1 or an anti-PB2
antiserum, all three P proteins were precipitated, indicating that the P proteins were in a
complex that was largely resistant to disruption by the detergents present in the innumo-
precipitation buffer.'” One of the detergents was sodium dodecyl sulfate (at a concentration
of 0.1%), attesting to the strength of the association of the P proteins in the complex. Sucrose
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density gradient analysis showed that the P protein complexes had sedimentation values
ranging from about 11 to 22 S and that almost all of the PB1 and PB2 proteins molecules
synthesized during a one hour period (2.5 to 3.5 hr postinfection) were in these complexes. !
Little or no free PB1 or PB2 protein was detected. These P protein complexes were pre-
dominantly in the nuclear fraction of infected cells, where viral mRNA synthesis occurs.'’
Consequently, it is likely that it is these complexes, rather than a particular one of the P
proteins, that recognizes and binds to the 3’ ends of the vVRNAs to initiate mRNA synthesis.
In addition, these P protein complexes may be involved in the reinitiation of viral mRNA
synthesis. Future studies on the activities of these P protein complexes, both by themselves
(e.g., cap-dependent endonuclease) and in combination with viral nucleocapsids, may be
expected to provide new information about the mechanism of viral mRNA synthesis. Some
of the P protein complexes in this nonnucleocapsid pool may also be involved in the initiation
of template RNA and vRNA synthesis (see below).

The other potential breakthrough is the successful production of large amounts of the
individual P proteins using baculovirus vectors.'® Earlier experiments in which the influenza
viral P genes were expressed in eukaryotic cells employed bovine papillomavirus vectors.'*-*
The P proteins synthesized using these vectors were functional in that they complemented
the temperature-sensitive defects of viral mutants. However, the level of production of the
P protein was insufficient for use in biochemical experiments.’® In contrast, when the
influenza viral P genes were inserted into baculovirus vectors under the control of the
extremely strong polyhedrin promoter, large amounts of each of the three P proteins were
synthesized in insect cells.'® This should allow reconstitution of P protein complexes and
the determination of their activity both by themselves and in combination with viral nu-
cleocapsid templates. The experiments with the baculovirus vectors have already shown that
the PB1 and PB2 proteins have an intrinsic ability to form a complex with each other. Thus,
in cells infected simultaneously with both the PB1 and PB2 baculovirus recombinants, a
PBI-PB2 complex was formed that was immunoprecipitated by either an anti-PB1 or an
anti-PB2 antiserum.'® In contrast, the PA protein was not incorporated into an immunopre-
cipitable P protein complex in baculovirus infected cells.'® In cells infected simultaneously
with all three P baculovirus recombinants, a PB1-PB2 complex lacking the PA protein was
precipitated with an anti-PB1 or an anti-PB2 antiserum. This suggests the possibility that
the incorporation of PA into an immunoprecipitable P protein complex in influenza virus-
infected cells requires the participation of other influenza viral gene product(s). Finally,
recent experiments indicate that it may also be possible to reconstitute influenza viral ri-
bonucleoprotein templates. The addition of a bacterially expressed NP protein (containing
32 heterologous amino terminal amino acids) to various RNAs generated by SP6 polymerase
transcription resulted in the formation of complexes which were similar to authentic influenza
virus ribonucleoproteins in ultrastructure and in the ratio of nucleotide residues to NP
molecules.?' Interestingly, the binding of NP to form these ribonucleoproteins was not
specific for influenza virus nucleotide sequences. Perhaps specificity is imparted by the P
protein complexes.

The novel mechanism of viral mRNA synthesis, which requires initiation by cellular-
capped RNA primer in the nucleus of the infected cell, is the apparent target of the interferon
(IEN)-induced Mx protein,?? a 75,000-molecular-weight protein that accumulates in the
nucleus.”* In mouse cells, the antiviral state induced by IFN «/f3 against influenza virus
is controlled by the host Mx gene. Only cells that possess this gene develop an efficient
antiviral state against influenza virus after exposure to IFN «/p, whereas the antiviral state
against other viruses is independent of the Mx gene. Initially, it was reported that in Mx-
containing (Mx*) cells IFN «/f3 caused the inhibition of the translation of apparently func-
tional viral mRNAs in the cytoplasm, but did not affect the synthesis of viral mRNAs in
the nucleus.?® However, this was not confirmed. Rather, it was shown that in Mx* mouse
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embryo cells treated with IFN o/f3 viral mRNA synthesis in the nucleus was severely
inhibited.?> In Mx™* cells treated with 1FN, the amount of viral mRNA synthesized as a
result of primary transcription, i.e., transcription in the presence of the protein synthesis
inhibitor, anisomycin, was drastically reduced.” Only two viral mRNAs could be detected
by Northern analysis and by translating the poly A-containing (poly A[+]) RNA from
infected cells in wheat germ extract: a reduced amount of the mRNA for nonstructural protein
1 (NS1) and an even lower amount of the mRNA for the matrix (M1) protein. The other
viral mRNAs were not made in detectable amounts. In addition, the rate of viral mRNA
synthesis catalyzed by the inoculum transcriptase, measured by in vitro RNA synthesis
catalyzed by permeabilized cells, was severely inhibited.?* In contrast, IFN treatment of
cells lacking the Mx gene (Mx —) had little or no effect on either the steady-state level or
the rate of synthesis of viral mRNAs made by the inoculum transcriptase. These results
suggested that the IFN-induced Mx gene product, which accumulates in the nucleus, inhibits
viral mRNA synthesis in the nucleus. No Mx-specific effect acting directly on viral protein
synthesis in the cytoplasm was detected.?? Thus, the NS1 and M1 viral mRNAs that continued
to be synthesized in IFN-treated Mx* cells were translated in vivo, and the amount of this
translation was similar to the amount of translation observed when the poly A(+) RNA
from these cells was assayed in wheat germ extracts. Subsequently, it was shown that
transfection of the cloned DNA encoding the Mx protein into Mx-negative cells caused the
establishment of a specific antiviral state against influenza virus,”’ strongly suggesting that
the Mx protein by itself causes the inhibition of influenza viral mRNA synthesis.

III. TEMPLATE RNA SYNTHESIS

The first step in the replication of influenza vRNA is the switch from viral mRNA synthesis
to the synthesis of template RNAs, i.e., the full-length copies of VRNA that then serve as
templates for VRNA replication. This switch requires (1) a change from the capped RNA-
primed initiation of transcription used during mRNA synthesis to unprimed initiation; and
(2) antitermination at the poly(A) site, 17 to 22 nucleotides from the 5’ ends of the VRNAs,
that is used during mRNA synthesis.®?® In vivo the switch from mRNA template RNA
synthesis requires the synthesis of one of more virus-specific proteins.?%-2°

Progress in identifying these proteins and in determining their roles has come from the
establishment of an in vitro system that catalyzes the synthesis of template RNA as well as
of viral mRNA 393! Nuclear extracts prepared from infected cells were shown to be active
in at least one of the steps involved in the switch from mRNA to template RNA synthesis,
the antitermination step.?' In these experiments, M13 single-stranded DNA, specific for
transcripts copied off the NS vRNA, the smallest VRNA, was used to measure the NSI
mRNA and NS template RNA synthesized by the nuclear extract. In the absence of an added
primer, these extracts synthesized only low levels of NS1 mRNA and NS template RNA.
Addition of a high concentration (0.4 mM) of the dinucleotide ApG, which had been shown
to act as a primer for viral mRNA synthesis catalyzed by virion nucleocapsids,®*** greatly
stimulated the synthesis of both NS1 mRNA and NS template RNA catalyzed by these
nuclear extracts.?' Consequently, these nuclear extracts contained the factor(s) that cause
antitermination at the poly(A) site used during viral mRNA synthesis, but were deficient in
unprimed initiation of template RNA synthesis and in the capped primers needed for viral
mRNA synthesis. The addition of ApG circumvented the inefficient, unprimed initiation
and, hence, allowed the analysis of the mechanism of antitermination. In contrast to ApG,
the addition of a capped RNA primer stimulated the synthesis of only NS1 mRNA,; little or
no NS template RNA was synthesized.?' Consequently, viral RNA transcripts that initiated
with a capped primer were not antiterminated by the nuclear factor(s) that antiterminated
the ApG-initiated viral transcripts.
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The antitermination factor(s) could be separated from the viral nucleocapsid templates by
ultracentrifugation of the nuclear extract.*' This ultracentrifugation yielded a pellet fraction
that contained the viral nucleocapsids active in viral mRNA synthesis, but not in template
RNA synthesis, and a supernatant fraction which contained the antitermination factor. When
the supernatant, which had essentially no activity by itself, was added to the pellet in the
presence of ApG, template RNA synthesis was restored.”" Depletion experiments in which
this supernatant was incubated with protein A Sepharose® containing antibodies to individual
viral proteins demonstrated that the viral NP protein was the viral protein that was required
for antitermination.?' In contrast, depletion of the NS1 protein did not eliminate antiter-
mination activity, suggesting that the NS1 protein does not participate directly in antiter-
mination. Consequently, in addition to the population of NP molecules associated with viral
nucleocapsids, there is a population of NP molecules free of nucleocapsids that is required
for antitermination during template RNA synthesis.

The mechanism by which the NP protein causes antitermination has not been determined.
The most likely possibility is that NP acts by binding to the viral RNA transcript rather than
by binding to the P protein complex catalyzing transcription. It has been shown that template
RNAs in infected cells are in the form of nucleocapsids containing NP,*** so that it can be
presumed that the templates synthesized in vitro also become coated with NP to form
nucleocapsids. Indeed, with another negative strand RNA virus, vesicular stomatitis virus,
the NP protein is also required for antitermination in vitro,* and the resulting RNAs are in
the form of nucleocapsids.**~*” In this case, there is only a single vRNA template that has
a termination signal near its 3’ end. In the absence of NP protein, RNA synthesis terminates,
yielding a small 47-nucleotide-long RNA, and the transcriptase then reinitiates at the cap
site of the first downstream mRNA sequence. However, most likely as a consequence of
the binding of NP to a sequence in the nascent 47-nucleotide-long RNA, antitermination
occurs and a full-length template RNA is made. This binding site is also apparently the site
for the initiation of nucleocapsid assembly.*® With influenza virus, there are eight vVRNA
templates, all of which have termination signals at their 5" ends rather than their 3" ends.?*®*
One possibility is that, as with vesicular stomatitis virus, the NP initially binds to the nascent
transcripts at a sequence close to the site of termination, both causing antitermination and
initiating nucleocapsid assembly. However, the eight viral RNA transcripts do not have a
common sequence in this region. An alternative possibility is that NP binds at, or close to,
the common 12-nucleotide-long sequence at the 5 ends of the nascent transcripts. Subsequent
addition of NP molecules to the growing chains would allow readthrough when the termi-
nation site is reached. The latter hypothesis would provide an explanation for the observation
that influenza viral RNA transcripts initiated with a capped primer were not antiterminated
in the presence of the NP molecules that were active in the antitermination of ApG-initiated
transcripts.®' Perhaps the 5'-terminal cap structure and/or the primer-donated sequence pre-
ceding the common 5’ sequence of the viral transcripts blocks the binding of the NP protein.
An alternative explanation would be that a P transcription complex that initiates with a
capped RNA primer might be different from the complex found after unprimed or ApG-
primed initiation, and that this different structure might not allow recognition of the anti-
termination signal. In any case, it is clear that the type of initiation used by the transcriptase
largely determines whether termination of transcription occurs, which is not the case for
vesicular stomatitis virus. The termination of all capped RNA-primed transcripts at the
poly(A) site likely ensures that these transcripts, which contain host sequences at their 5’
ends, are used only as mRNAs and not as templates for vVRNA replication. It is conceivable
that if these transcripts had copies of the 5’ ends, as well as of the 3 ends, of the vRNAs,
they might inadvertently be recognized as templates by the replicating enzymes.
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IV. VIRION RNA SYNTHESIS AND THE REGULATION OF VIRAL GENE
EXPRESSION

Little is known about the second step in VRNA replication, i.e., the copying of template
RNA into vRNA. This synthesis almost certainly occurs without a primer, since the VRNAs
contain a triphosphorylated 5’ end.*® It might then be anticipated that the P protein complexes
involved in vVRNA synthesis would differ from those involved in capped, RNA-primed viral
mRNA synthesis. Recent experiments using nonaqueous fractionation of cells showed that
vRNA synthesis occurs in the nucleus,* thereby establishing that all virus-specific RNA
synthesis is nuclear.®***! The vRNAs, like the viral mRNAs, are efficiently transported to
the cytoplasm.*® In contrast, the template RNAs are sequestered in the nucleus, where they
direct vRNA synthesis throughout infection.*

The copying of template RNA into vVRNA is an important point of regulation during the
early phase of virus infection. During the early phase (prior to 2.5 hr in BHK-21 cells), the
synthesis of specific VRNAs, viral mRNAs, and viral proteins were coupled.®#*** The first
event detected after primary transcription was the synthesis of template RNAs, presumably
copied off the parental vRNAs. Approximately equimolar amounts of each of the template
RNAs were made. The peak rate of template RNA synthesis occurred early (1.5 hr postin-
fection in BHK-21 cells), and then sharply declined. Specific template RNAs were selectively
transcribed into vRNAs. Specifically, the NS and NP vRNAs were preferentially synthesized
early, whereas M vRNA synthesis was delayed. The rate of synthesis of a particular vVRNA
correlated with, and therefore most likely determined, the rate of synthesis of the corre-
sponding mRNA and of its encoded protein. Thus, the NS1 and NP mRNAs and proteins
were preferentially synthesized at early times, whereas the synthesis of the M1 mRNA and
protein were delayed. Hence, the control of viral protein synthesis during the early phase
is predominantly a direct consequence of the regulation of vRNA synthesis. It will be
important to determine the mechanism by which the synthesis of specific vRNAs is turned
on during the early phase. This will require the establishment of in vitro systems that initiate
and elongate VRNA chains.

Early reports suggested that the relationships between the syntheses of vRNAs, viral
mRNAs, and viral proteins that occurred during the first phase of infection continued at
later times.?*>** However, a recent study has shown that these relationships change dra-
matically during the second phase of infection.*® This study employed single-stranded M13
DNAs specific for various influenza viral genomic segments to analyze the synthesis of
virus-specific RNAs in infected cells. It was shown that the rate of synthesis of all the
vRNAs remained at, or near, maximum during the second phase, whereas the rate of synthesis
of all the viral mRNAs dramatically decreased.*® All the viral mRNAs behaved similarly.
They had a peak rate of synthesis at the same time, 2.5 hr postinfection in BHK-21 cells,
and the subsequent reduction in their rates of synthesis were identical. By 4.5 hr in BHK-
21 cells, the rate of synthesis of all the viral mRNAs was 5% the maximum rate. Thus,
VRNA and viral mRNA syntheses were not coupled during this second phase. In addition,
viral mRNA and protein synthesis were not coupled, as the synthesis of all the viral proteins
continued at maximum levels during the second phase.*® Previously synthesized viral mRNAs
were undoubtedly used to direct viral protein synthesis. Figure 2 diagrams the relationships
between the syntheses of template RNAs, vRNAs, viral mRNAs, and viral proteins during
the two phases of virus infection.*

A significant part of the control mechanisms in influenza virus-infected cells is directed
at the preferential synthesis of the NP and NS1 proteins early and at delaying the synthesis
of the M1 protein. The NP and NS1 proteins are synthesized early presumably because they
are needed for template RNA and/or vRNA synthesis. As noted above, NP molecules not
associated with nucleocapsids have been shown to be required for the antitermination step
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that occurs as part of the switch from viral mRNA to template RNA synthesis. However,
it has not yet been established that the NS1 protein is involved in template RNA and/or
VRNA synthesis. It is conceivable that the synthesis of the M1 protein is delayed because
this protein may be involved in the transition between the early and late phases of viral
infection, i.e., in stopping the transcription of VRNA into viral mRNA. The matrix (M)
protein of another negative strand RNA virus, vesicular stomatitis virus, has been implicated
in the shutdown of viral RNA transcription,**” and the influenza viral M1 protein has been
shown to inhibit viral RNA transcription in vitro.*® Perhaps the influenza viral M1 protein
in the infected cell selectively interacts with the nucleocapsids containing vVRNAs to inhibit
the transcription of VRNA into mRNA, but does not interact with the nucleocapsids containing
template RNAs since the transcription of template RNA into vVRNA continues. In addition,
such a selective association of the M1 protein could be involved in the selective transport
of vRNAs, but not of template RNAs, from the nucleus. This hypothesis would predict that
some M1 protein would be in the nucleus, which has been observed by some investigators. '*-4°-%

V. CONCLUDING REMARKS

Current knowledge about influenza viral RNA transcription and replication is sketchy.
The basic mechanism of capped RNA-primed viral mRNA synthesis and some of the roles
of the viral P proteins in this process are known. Future studies will need to resolve the
remaining unanswered questions about the roles of the P proteins in viral mRNA synthesis
and to establish the mechanism by which the IFN-induced Mx protein specifically inhibits
influenza viral mRNA synthesis. With regard to the switch from viral mRNA to template
RNA synthesis, it is known that the NP protein is required for antitermination and that this
protein can only act on transcripts that are initiated without a capped RNA primer. However,
the mechanism by which the NP protein causes antitermination has not been established;
nor has it been ruled out that other viral proteins are involved. In addition, the proteins
involved in the unprimed initiation of template RNAs have not been identified. Finally, the
viral proteins involved in the unprimed initiation and elongation of VRNA chains have not
been identified, and the mechanism of the selective initiation of specific mRNAs has not
been determined.
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I. INTRODUCTION

The Reoviridae are a family of viruses comprising six genera with a host range extending
from insects and plants to vertebrates and mammals. The viruses are characterized primarily
by their double-stranded RNA (dsRNA) genomes which vary from 10 to 12 segments in
number. Mammalian reovirus, the prototype of the orthoreoviruses, is the best studied
member of the family, despite the fact that reoviruses are not associated with any major
human disease. The ease of propagation and purification of this virus has greatly facilitated
its characterization.'! Rotaviruses, characterized in animals in the late 1960s and in man as
recently as 1973, have both veterinary and medical importance, being the major etiologic
agents in acute gastroenteritis in the young in many parts of the world.>> At first, only some
bovine strains and the simian strain SA11 could be readily propagated in the laboratory, but
the more fastidious human isolates can now also be adapted to grow in tissue culture. The
orbiviruses are less well characterized, but viruses such as bluetongue (BTV) are of economic
importance in the livestock industry.® In comparison with the above genera, even less is
known about the cypo-, phytoreo-, and fijiviruses, the prototype viruses for which are
cytoplasmic polyhedrosis virus (CPV), wound tumour virus (WTV), and Fijivirus, respec-
tively. The latter genera in particular are more difficult to work with experimentally, and
little molecular biology has been done for many of them.” Most of the work covered in this
chapter will therefore deal with the orthoreo- and rotavirus genera.

It is not intended that all aspects of Reovirdiae replication will be covered in this chapter.
Other comprehensive reviews are available.?” Rather, since recent work has concentrated
on gene cloning, characterization, and expression, the intention is to relate new information
from this work to other data concerning viral replication. There were three main reasons for
this interest. The first related to the possible existence of uncharacterized Reoviridae gene
products, an analogy drawn from work on RNA viruses, such as influenza, where gene
cloning and sequencing exposed cryptic reading frames in gene segments and confirmed the
existence of suspected protein products.®® Second, structure/function studies of RNA genes
may be facilitated by the availability of DNA copies. For example, expression of a normally
minor viral polypeptide in a suitable host/vector system may allow the determination of its
biochemical properties. Specific mutations in the gene, introduced easily at the DNA, but
not the RNA level, can be useful in identifying functionally important regions of the protein.
Third, there are more practical implications for gene cloning and expression. For viruses
with medical and veterinary importance, cloned genes or sequences derived from them may
be useful diagnostic reagents, and expression of genes encoding the important antigens of
the virus might also permit the eventual development of molecular vaccines. A necessary
prerequisite for these studies was to devise a way to synthesize DNA copies of the dsRNA
segments of these genomes.

II. STRATEGIES FOR GENE CLONING AND IDENTIFICATION

One principal feature classifying viruses as members of the family Reoviridae is a genome
containing between 10 and 12 dsRNA segments.! Segment sizes have been accurately
estimated for reo- and rotaviruses as varying between 1200 to 3825 and 660 to 3400 base-
pairs, respectively.'®'? By comparison with reovirus, genome segments for orbiviruses (BTV)
range between 850 and 3800 base-pairs, the total size of the genome being considerably
smaller than that of reoviruses. The other genera have similar fragments whose sizes have
not been as accurately estimated.” A further useful property of the Reoviridae is that virus
particles contain the enzymes necessary for mRNA transcription and modification.' The
inherent stability of these activities in viral cores has made it possible to synthesize large
amounts of mRNA and to study transcription in vitro. Such studies led to the finding that



Volume 1 173

CPV, reovirus, rotavirus, and WTV contained 5’ terminal m’G cap structures at the 5’ end
of their plus-stranded mRNAs.'*"'7 This structure is also present on the plus strand of the
dsRNAs of reovirus,'”® CPV,'* and rotavirus,'® but the 5’ end of the minus strand in these
viruses is not capped. Genomic dsRNA segments and viral mRNAs also lack 3’ terminal
polyadenylation found on most other eukaryotic mRNAs,* an important consideration in
the design of cloning strategies involving these RNA species.

Protocols for cloning Reoviridae RNAs were devised considering the terminal structures
elucidated for the segments and assuming that the dsSRNAs were flush ended, the plus strand
being identical to the single-stranded (ss) mRNAs transcribed by viral cores.'® dsRNA was
generally used as the starting material, the rationale, at least for rotaviruses, being that genes
from noncultivable isolates might be cloned using dsRNA isolated from fecal specimens.
The strategies are similar in principle, but differ in detail.!'?'3° The mixture of dsRNA
segments was modified enzymatically by 3’ terminal polyadenylation or the addition of
oligo(C),;. The dsSRNAs were then denatured with heat, DMSQO, or methylmercury hydroxide
and both strands transcribed simultaneously into ss cDNA using AMV reverse transcriptase
primed by oligo(dT),, ,, or oligo(dG),,. RNA templates were destroyed using alkali, pan-
creatic ribonuclease, or ribonuclease H and the ss cDNAs annealed to yield a mixture of
dsDNAs which were partial and complete gene copies. To maximize the yields of flush-
ended dsDNAs, these were enzymatically repaired. Flush-ended DNAs were generally dC-
tailed and cloned into a dG-tailed plasmid vector. In one case, cDNA/RNA hybrids were
dC-tailed and cloned directly.*! To improve the chances of recovering full-length clones of
the large gene segments, short cDNA transcripts were eliminated before the annealing
step.'®?* In alternative strategies,*>** mRNA transcripts were polyadenylated, reverse copied
into ¢cDNA, tailed with dC residues, treated with alkali, and copied into dsDNA using
oligo(dG) to prime synthesis by reverse transcriptase. Flush-ended dsDNA copies were then
cloned as described above.

Cloned genes were identified by their ability to hybridize with cDNA copies of specific
RNA segments.''-2!-*%-32-33 Radiolabeled cDNAs were synthesized on denatured templates
by reverse transcriptase using random or oligo(dT) primers, and dsRNAs or adenylated
RNAs, respectively. In some cases, cloned DNAs were radiolabeled by nick translation and
used to probe denatured dsRNA segments by Northern hybridization. Alternatively, radio-
labeled RNA segments were used to probe unlabeled cloned DNA. Clones selected as full
length on the basis of size were confirmed as complete copies by comparison of their terminal
sequences with those for the dsRNA segments.'*2*** Most cloning strategies were designed
such that full-length clones would have oligo(dG)/oligo(dT) and oligo(dA)/oligo(dC) ho-
mopolymer tracts at the 5’ and 3’ ends, respectively.'* A remaining problem was to
determine the orientation of a cloned gene in the absence of any sequence information for
the dsRNA segment or the protein it encoded. For the first rotavirus clones, the negative
sense sequence was determined by using DNA fragments from the clone to prime ¢cDNA
synthesis by reverse transcriptase on mRNA template in the presence of dideoxy nucleoside
triphosphates.'"* For WTV, terminally labeled, plus-sense mRNA transcripts were hybrid-
ized with ssDNAs derived by subcloning the gene copy into the bacteriophage M13; only
clones carrying the negative-sense strand hybridized.>*

III. REOVIRUS GENES AND PROTEINS

All ten genes of the Dearing strain of reovirus type 3 have been cloned as full-length
copies, as determined by a comparison between their terminal sequences and those of the
original dsSRNA segments.'® However, with the exception of the four S segments discussed
below, they have not been further characterized. Gene products of the L. and M segments
and their properties have been discussed.!*!5:18.36.37
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A. Segment S1
1. Protein o,

One of the most interesting and important reovirus proteins, with respect to replication
and immunity, is the minor outer capsid polypeptide o, which was identified as the product
of the S1 segment by direct translation of denatured dsRNA and studies of recombinant
viruses.!'®** The role of @, as the serotype-specific protein and the polypeptide responsible
for tissue localization was defined using genetic reassortants. The pathogenicity of viruses
carrying different combinations of genes from reovirus serotypes 1, 2, and 3 varied in mice
with the type of o, protein, showing that this polypeptide was solely responsible for tissue
localization.***” ¢, also determines the capacity of reovirus to spread from the intestine in
mice,*® causes binding of virus particles to cellular microtubules, and is the major target of
cytotoxic T lymphocytes and other types of T cells.*” It may also play arole in the maintenance
of persistent infections.?® A product of segment S1 also causes inhibition of cellular DNA
synthesis (see below).’

Monoclonal antibodies directed against o, have been used to define at least three domains
on the molecule. One of these is involved in cytotoxic T cell recognition and type-specific
neutralization, another has unknown function, and the third is involved in erythrocyte bind-
ing.”” Since g, is the protein responsible for cell attachment and antibodies directed against
it prevent binding of the virus to cells,*®** presumably the latter domain interacts with a
receptor molecule on the surface of the cell. A monoclonal antibody directed against the
proposed receptor domain of o, was used to generate an anti-idiotype antibody*'** capable
of recognizing the o, binding site on the receptor itself. This antibody immunoprecipitated
a monomeric glycoprotein of 67 kdaltons present on mouse, monkey, rat, and human cells
and diverse tissue types including lymphoid and neuronal cells, suggesting the receptor may
be associated with normal cellular functions.*? In contrast, the reovirus type 3 receptor on
human erythrocytes has been characterized as glycophorin (type A), a glycoprotein of 31
kdaltons which is present in 4.5 to 5 x 10° copies per cell.*** From studies on the kinetics
of binding of '*I-labeled virus or ¢, anti-idiotype antibodies to various cell types, it has
been estimated that there are 20,000 to 80,000 virus binding sites per cell.***

The S1 segment has now been cloned and sequenced for all three reovirus serotypes. 344
The segments for types 1 and 2 are more similar to each other than to the serotype 3 gene,
a relationship also deduced for the respective proteins from serological data; types 1 and 2
cross react, while type 3 is specific. The greater homology between the type 1 and 2 Sl
segments contrasts with that seen for the other nine type 3 genes which are more closely
related to serotype 1.* The S| segment for serotype 3 is 1416 bases long, has 5" and 3’
noncoding regions of 12 and 39 nucleotides, respectively, and an open reading frame which
codes for a protein of 455 amino acids (molecular weight 49,071). The type 1 and 2 segments,
actually longer than that for type 3, encode shorter proteins of 418 and 399 residues,
respectively, due to extensive 3’ noncoding regions.** There are three sites for attachment
of N-linked carbohydrate in o, type 3 and numerous sites in types 1 and 2, but no evidence
that these are used.* *H-mannose is not incorporated into virus** and there is no convincing
signal peptide at the N terminus of any ¢, protein.*® These factors argue against the attachment
of mannose-rich carbohydrate such as that found on rotavirus glycoproteins.*’-** However,
low levels of “H-glucosamine and galactose apparently can be incorporated into o, and other
reovirus proteins and, being sensitive to 2-deoxyglucose, these may be O-linked
carbohydrates.*

The most interesting feature of o, to emerge from the characterization of its gene relates
to the probable structure of the protein.”® A heptapeptide repeat pattern occurs between
amino acids 28 and 158 and the region is flanked by proline residues. Proline and aromatic
amino acids are absent from the repeat, but within it, the first and fourth residues are
generally hydrophobic. These features are characteristic of a a-helical coiled-coil structure,
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FIGURE 1. Schematic representation of the morphology of the outer capsid of reovirus type 3.
(a) Dimensions of the virion. (b) Orientation of the o, protein in the virus. The «-helical region is
shown to extend through the A, channel into the viral core. The globular-like structure sits on top
of the A, channel and interacts with host cell receptors. (From Bassel-Duby, R., Jayasuriya, A.,
Chatterjee, D., Sonenberg, N., Maizel, J. V., and Fields, B. N., Nature (London), 315, 421, 1985.
With permission. Copyright 1985 Macmillan Journals, Ltd.)

and computer analyses of o, secondary structure support this contention. To form a coiled-
coil, o, must at least exist as a dimer and it was estimated that there are 24 o, molecules
per virion located on the 12 spikes of the outer capsid.'® However, recent work suggests
that in its undisrupted form the o1 multimer may be composed of four subunits.?** Computer
analysis of the remainder of o, indicates that a variety of structural forms exist, suggesting
that the C terminal region has an overall globular-like structure.?® Broadly speaking, there
appears to be a structural role for the N terminal and a functional role for the C terminal
region. o, also exhibits structural relatedness to nematode myosin and rabbit tropomyosin,
however, the significance of this is not yet clear.”® A representation of the reovirus outer
capsid, shown in Figure 1, is based on the predicted structure of o, and information derived
from other work. For example, the phenotype of mutations in the spike protein A\, can be
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suppressed by accompanying mutations in ¢,.* In addition, monoclonal antibodies against
\, also neutralize reovirus, although o, is the major neutralizing antigen.*” These data argue
for the close proximity of o, and A, in the virus. It is proposed that o, exists as a dimer
with the coiled-coil contained within a channel formed by A,. Only the globular C terminal
domain of o, protrudes at the surface of the virus (Figure 1). In support of the functional
importance of this domain, a point mutation in a receptor-binding mutant selected with a
monoclonal antibody™ mapped to residue 419 in the C terminal region.?® Of four other
monoclonally selected variants with attenuated neurovirulence and restricted cell tropism,
three also mapped to residue 419 and one to amino acid 340 (Fields, B. N., personal
communication). o, has now been expressed in Escherichia coli as a 47-kdalton fusion
polypeptide which appears capable of hemagglutinating erythrocytes and specific binding
to mouse L cell fibroblasts.®” With these domains functionally expressed, it may be possible
to analyze them further using site-directed mutagenesis of the gene.

2. The 14-kdalton Protein

The second feature to emerge from the sequence of segment S1 was the presence of a
second, shorter, open reading frame in the gene, extending in type 3 from base 71 to base
430,284 A similar reading frame is also present in S1 from reovirus types 1 and 2.** These
each code for a protein of about 120 amino acids with a highly basic amino terminal region.
The existence of a second product encoded by the S1 segment was foreshadowed by ribosome
binding studies using SI mRNA where two fragments were protected by 80-S ribosomes®?
and two formylmethionine dipeptides were formed in a cell-free system.>* A protein of 14
kdaltons has since been found in reovirus type 3-infected cells*-* and in cell-free translation
systems programmed with S1 mRNA,*% denatured S1 dsRNA,* or transcripts produced
in vitro from a truncated S1 segment.’” Thus, reovirus S1 codes for two proteins and is the
first segment of the Reoviridae demonstrated to be bicistronic. This is achieved by virtue
of the sequences flanking the first two AUG codons. The consensus sequence favoring
initiation of protein synthesis®-* is present for the second (14 kdalton) AUG codon, but
absent from the first one (for o,). Thus, ribosomes which bind at the 5’ end of S1 mRNA,
“‘scan’’ along the message, sometimes by-passing the ‘‘weak’’ o initiation site to begin
translation at the second, ‘‘strong’” AUG codon.***° The function of the 14-kdalton protein
is unknown, although being basic, histone like in size, and containing an arginine-rich amino
terminal region, it may have a role in the inhibition of cellular DNA synthesis in infected
cells,® a phenotype that segregates with the S1 gene segment.>” However, it has also been
observed that the inhibition of DNA synthesis is reversible by the removal of the replication
complex (nuclei) from infected cells, suggesting that structural or metabolic cellular integrity
is also required for inhibition.®' As a step towards determining its function, the 14-kdalton
protein has been expressed in a prokaryotic host/vector system under the control of the
temperature-inducible A P, promoter. A 14-kdalton product expressed after induction reacts
specifically with rabbit antisera made against synthetic peptides, the sequence of which was
predicted from the S1 ¢cDNA sequence between bases 71 and 430. Immunofluorescence
studies indicate that the 14-kdalton protein accumulates in the cytoplasm of reovirus-infected
L cells,*® a result which appears inconsistent with the histone-like properties suggested for
this protein.

B. Segment S2; Protein o,

The S2 segment codes for o,, an inner core protein of reovirus.'® The gene is 1329 base-
pairs in length with an open reading frame of 331 codons (molecular weight 37,204). A
second reading frame of 85 codons begins at base 1020, but it is not known if it is used.?'
The inferred amino acid sequence of g, offers no clue, nor is there presently available other
data concerning the function of the protein.
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C. Segment S3; Protein o NS

Segment S3 encodes a major nonstructural protein of reovirus, ¢ NS.'® The gene is 1198
base-pairs in length with a single open reading frame extending from base 28 to 1124 (366
codons; molecular weight 41,061).% Bases 28 to 30 are used for initiation, as shown by
ribosome binding studies using S3 mRNA.*

o NS is known to bind to ssSRNA, but not to dsRNAs, and may possibly play a role in
assembling the ten reovirus ssSRNA segments into subviral particles prior to dSRNA synthesis
during infection. Analysis of the amino acid sequence inferred for o NS shows that there
are distinct clusters of charged amino acids within predicted helical regions, some of which
could conceivably interact with RNA.*?> A poly(C)-dependent RNA polymerase activity
associated with particles containing the protein has also been reported.'®

In an attempt to obtain more of the protein for study, the S3 gene was incorporated into
a plasmid vector and expressed under the control of the A P, promoter in E. coli. Upon
derepression of the promoter at the permissive temperature, synthesis of a 41-kdalton protein
(r o NS) was observed.® This protein was stable over a 6-hr chase period and constituted
= 6 to 7% of the total cellular protein at 3 hr postinduction. The authenticity of r ¢ NS
was confirmed by its size, its V8 protease pattern, compared with that for o NS from reovirus
infected cells, and its reactivity in immunoblots with antiserum against ¢ NS. The recom-
binant protein was purified to virtual homogeneity from E. coli cell lysates by a combination
of centrifugation, salt extraction, and polyA-agarose column chromatography, and its ability
to bind various RNAs in vitro was tested. Like authentic o NS, r o NS did not require a
5" m’G cap structure on the RNA for binding, and both proteins showed a distinct preference
for binding ssSRNA over dsRNA from reovirus and CPV. r ¢ NS also bound to rRNAs and,
to some extent, tRNAs. Binding to ssRNAs was also inhibited by GTP. The lack of apparent
specificity of the o NS proteins for reovirus ssSRNAs is surprising if this polypeptide is
involved in selection and condensation of ssSRNAs during infection, and implies the involve-
ment of some other host or virus factor.*

D. Segment S4; Protein o,

The S4 segment codes for the virion protein o,, a major component of the outer capsid
and the first polypeptide removed by treatment of virions with chymotrypsin.' o, may be
responsible for inhibiting cellular RNA and protein synthesis following infection,*” and in
vitro can stimulate translation of late viral mRNA, suggesting it has a role as a lateviral-
mRNA-specific initiation factor.®** Mutations in the gene are required for the initiation of
persistent infections in cultured cells.”” The protein also binds dsRNA, suggestive of a role
in viral morphogenesis. The gene segment is 1196 bases in length with a single open reading
frame between nucleotides 33 and 1127.%° The 5’ proximal AUG codon is functional; it is
protected by ribosomes in vitro and occurs within the consensus sequence considered fa-
vorable for initiation.'* Thus, o, consists of 365 amino acids (molecular weight 41,164).
Brief exposure of the protein to chymotrypsin yields polypeptide fragments of 14 and 11.5
kdaltons, but the cleavage sites cannot be deduced from the inferred amino acid sequence
due to the number of Phe, Tyr, Trp, and other residues which could be involved.®

IV. ROTAVIRUS GENES AND PROTEINS

In contrast with reovirus, not all the segments of the rotavirus genome have been reported
cloned, largely due to the considered importance of the genes encoding viral antigens and
the interest in studying them first for the purposes of vaccine development. A second reason
for the interest in particular rotavirus genes relates to the distinctive morphogenetic pathway
of rotaviruses which has been reviewed recently>>-¢ but is summarized here for the purposes
of later discussion.



178 RNA Genetics

A. Morphogenesis of Rotaviruses: Proteins to Study Cellular Processes

The complete morphogenetic pathway of rotaviruses is by no means elucidated, but it
seems that virus assembly begins in the cytoplasm in inclusion bodies referred to as viro-
plasms.? The inner viral capsid proteins, VP, VP2, and VP6, probably condense with RNA
segments to form core-like structures. Particles visible at the periphery of the viroplasm bud
through adjacent endoplasmic reticulum (ER) membrane into the lumenal space, becoming
transiently enveloped in the process. Evidence from immuno-electron microscopy®” and
analysis of the viral carbohydrate*’*%® suggests that the nonstructural glycoprotein NS29
is located in the membrane; it may act as a receptor for budding particles.®” The major outer
capsid protein, VP7, is translocated across the ER membrane of the infected cell**, but
remains amino-terminally anchored.®-%® The protein is acquired by maturing particles in a
calcium-dependent process,”® " but it is not clear whether this occurs during budding or by
condensation of VP7 onto the surface of particles after the removal of the temporary envelope.
Neither is it clear when VP3, the other major outer capsid protein, is acquired. The mechanism
by which the envelope is removed in the ER is also undefined, but appears to involve NS29.%6
Virus particles do not seem to be found elsewhere in the cell,” particularly at early times
postinfection® and only double-shelled virus is released from the cell following lysis; other
subviral structures, including single-shelled particles remain in the cell and may be associated
with the cytoskeleton.”!

The type of carbohydrate attached to a glycoprotein is a sensitive indicator of where the
protein has been in the cell. Carbohydrate attached to VP7 and NS29 is sensitive to endo-
glycosidase H and therefore N linked.>*% %72 In N-linked glycosylation reactions, a glucose,-
mannose,-V-acetylglucosamine, (Glc;Man,GlcNac,) core is transferred from a dolichol py-
rophosphate carrier to an asparagine residue on the nascent polypeptide chain. This core
glycosylation is then trimmed and eventually modified in the Golgi apparatus when more
complex sugars, e.g., sialic acid are added.” Examination of the *H-mannose-labeled VP7
glycopeptides prepared from purified, double-shelled particles showed that the original
Glc,Man,GlcNac, oligosaccharide had been processed, the major species being Man,GlcNac,;
significant amounts of the Man,, Man,, and Man; forms were also present. NS29 carried
mostly the Man, form, with traces of Mang,. Complex glycopeptides, such as those found
on Sindbis virus glycoproteins, were absent, indicating that VP7 and NS29 never reached
the Golgi apparatus, but were retained in the ER.*"°*-*° The availability of cloned genes for
glycoproteins directed to the ER is comparatively rare; they therefore provide tools to probe
the cellular location of some carbohydrate processing enzymes and to identify the signal(s)
involved in directing proteins to the ER.%:%°

B. Segment 4; Protein VP3

The fourth largest segment of SAl1 codes for the 88-kdalton outer capsid polypeptide
VP32+%7 which is the hemagglutinin of the virus and the one responsible for limiting the
growth of some strains in tissue culture.® VP3 also has a major role in determining gas-
trointestinal tract virulence of viruses in a mouse model system.” Proteolytic cleavage of
VP3 enhances viral infectivity,”® perhaps by enhancing uncoating of the virus in the cell;
the protein is cleaved by trypsin into VP5* (60 kdaltons) and VP8* (28 kdaltons) polypep-
tides.?* This arrangement is similar to that seen for hemagglutinin, the major antigen of
influenza virus,®® but contrasts with the situation for reovirus where the protease-sensitive
site is located on an outer capsid protein, n1C (encoded by segment M2), and the viral
hemagglutinin o, is coded for by another segment, S1.'8:37

The nucleotide sequence of gene segment 4 has now been determined for SA11,”7-77* the
human strains RV-57"" and Wa (Y. Furuichi, personal communication) and rhesus rotavi-
rus.”’* For SA1l, the gene is 2362 nucleotides long with 5’ and 3’ noncoding regions of 9
and 25 bases, respectively. The protein is predicted to be 776 amino acids in length with a
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molecular weight of 86,751. The N terminal amino acid sequence predicted for VP3 does
not appear to contain a signal sequence,* and the protein is not glycosylated,?* despite the
presence of many potential sites for N-linked glycosylation.”” It would seem, by these criteria,
that VP3 is not translocated across the ER membrane and virus particles must acquire the
protein prior to budding and before they acquire VP7.

It was reported that rotavirus structural proteins have blocked amino termini making it
difficult to determine their N terminal sequences.?*”” However, VP5*, the trypsin cleavage
product of VP3, was amenable to sequencing by Edman degradation; VP8* was not.”” Based
on their respective molecular sizes, VP8* was therefore derived from the amino terminal
one third of VP3; VP5* comprised the C terminal two thirds of the molecule. N terminal
sequencing revealed two species of VP5* which differed in size by six amino acids. The
major species corresponded to the sequence predicted from the gene 4 clone, beginning at
amino acid 247. The minor species indicated cleavage between residues 241/242.77 These
cleavage sites are also conserved in the other sequences of VP3 which have been deter-
mined.””¢ The intervening six amino acids may be removed by cleavage at both sites, as
proposed for fowl plague influenza hemagglutinin.*-° The amino acid sequence through the
cleavage site(s) was determined for VP3 in several other human and animal rotaviruses.
There were significant amino acid differences among the animal strains, e.g., between
porcine, simian, and bovine strains and these, in turn, differed from the human isolates
examined which were similar to each other. However, in all but two noncultivated bovine
isolates, the tryptic cleavage sites were invariant.””? A monoclonal antibody against VP8*
was detected which prevented cleavage of VP3 in NCDV and SA1l when added to these
rotaviruses prior to trypsin treatment, suggesting that the cleavage region, or a nearby site,
was immunogenic.’® Therefore, some of the amino acid changes near the cleavage sites may
have occurred due to antigenic drift under immune selective pressure, as observed for
influenza virus.” Another monoclonal antibody against VP5* could discriminate between
two similar viruses isolated 3 months apart in the same hospital ward, also suggesting
variation had occurred in an epitope.® Part of the SA1l VP3 gene, including that encoding
the cleavage region, has been expressed in E. coli as an MS2 RNA polymerase/VP3 fusion
protein. This hybrid polypeptide induced antibodies in mice which inhibited hemagglutination
and neutralized SA11 infectivity.®

Monoclonal antibodies raised against VP3 fall into six neutralization groups, and these
were used to select antigenic variants which escaped neutralization. The amino acid changes
in these variants mapped predominantly to VP8*. However, one group of three antibodies
which showed heterotypic neutralization selected variants that mapped to a hydrophobic
region in VP5*. This region shares homology with putative fusion sequences of Sindbis and
Semliki Forest viruses and represents a logical target for future vaccine studies.””® Perhaps
this homology also explains why the N terminus of VP5* is not hydrophobic, in contrast
to Sendai and influenza viruses, for which cleavage produced a hydrophobic N terminus
involved in virus penetration.®-3? Alternatively, rotaviruses may interact with the cell in a
different way. Chymotrypsin, which cleaves VP3, but does not enhance rotavirus infectivity,
may cleave VP3 between residues 245/246, generating a different N terminus for VP5*.”’
It is conceivable that the failure of host cells to correctly cleave VP3 could limit the spread
of rotavirus infection, as proposed for influenza virus.*

Until recently, VP7 was considered to be the major neutralizing antigen of rotaviruses,
but it is now recognized that VP3 is also capable of inducing neutralizing antibodies.?*8¢
The specificity associated with them can be segregated in reassortant viruses and may differ
from the serotype specificity elicited by VP7.34% These observations probably account for
the paradox whereby some rotavirus strains appeared to possess dual serotype specificity.>-*
It has also been reported that a monoclonal antibody against VP3 passively protects suckling
mice against rotavirus challenge.®® Clearly, VP3 cannot be ignored as an antigen in the
development of molecular vaccines.
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C. Segment 5; Protein NS53

Gene segment 5, which codes for the nonstructural protein NS53 (or NCVP2)” has not
been reported cloned for SA11. However, the sequence was recently determined for a DNA
copy cloned from the bovine rotavirus RF.%** The gene is 1581 bases in length with 5 and
3’ noncoding regions of 32 and 73 nucleotides, respectively. The predicted protein of 491
amino acids has a calculated size of 58,654, but an apparent molecular weight of 54 kdaltons.
The full-length, nonfused protein has been stably expressed in soluble form in £. coli using
an inducible expression vector. Purification of the protein will facilitate the production of
monospecific, polyclonal antibodies to probe the function of NS53 which remains unknown.

D. Segment 6; Protein VP6

In all rotaviruses studied so far, gene segment 6 codes for VP6, a nonglycosylated, 41-
kdalton protein which is the major component of single-shelled particles.” VP6 may exist
as a trimer in its native state in the virus, the subunits associating via hydrophobic and/or
charge interactions, rather than via intermolecular disulfide bonding.®® Perhaps the associ-
ation of VP6 into oligomers precedes the formation of viral core particles during infection.
VP6 may also have, contribute to, or influence by conformation, the virion-associated RNA
polymerase activity; CaCl,-treated cores which lack VP6 lack enzymic activity.*

Antigenic relationships of rotaviruses have been studied by a variety of assays such as
plaque neutralization reduction, immune electron microscopy (IEM), ELISA, complement
fixation, and immune adsorption hemagglutination (IAHA).>* This led to confusion as to
the number of types of rotaviruses which had been defined until it was shown that the antigen
that reacted with neutralizing antibodies in plaque reduction tests was separate from the
antigen detected by IEM, IAHA, ELISA, and complement fixation tests.® It is now clear
that the latter tests detected VP6, while neutralizing antibodies react with VP7 and VP3.
There are at least two rotavirus subgroups and possibly three* which can be distinguished.
VP6 also has two nonoverlapping antigenic domains which can be resolved using monoclonal
antibodies; one of these is recognized as common to all rotaviruses Studied so far.’*' This
common antigen is not shared with viruses in other genera of the Reoviridae.

The segment encoding VP6 has now been cloned and sequenced for two subgroup 1
viruses (SA11,*°2 Bovine RF strain®*) and one subgroup 2 virus (Wa).?* In all cases, the
gene is 1356 nucleotides long, with 5" and 3’ noncoding regions of 23 and 142 nucleotides,
respectively. The single, open reading frame (bases 24 to 1212) codes for a protein of 397
amino acids (molecular weight 44,816, for SA11). The bovine (RF) and SA11 subgroup 1
isolates are 97% homologous at the amino acid level and only 2 of the 12 changes are
nonconservative.” A greater difference exists between the subgroup 1 (SA11) and 2 (Wa)
proteins, however, where there is 90% amino acid homology (34 changes). Most changes
(25 out of 34) are clustered between residues 39 to 62, 80 to 122, or 281 to 315, This fairly
minimal change in protein sequence presumably reflects the limitations imposed on variation
by the structural requirements of the rotavirus core.® In the absence of information on the
tertiary structure of VP6, it is not possible to identify those regions which contribute to the
variable and cross-reactive epitopes in the protein.

VP6 has now been expressed in high yields (20 to 150 pg/ 10° cells) in the baculovirus
system under the control of the strong polyhedrin promoter.®** The protein, isolated from
the cells or the medium, reacted with monoclonal antibodies against the native structure.
Expressed VP6 was also able to spontaneously assemble into morphologic subunits and was
immunogenic in guinea pigs. However, while the antisera detected homologous and het-
erologous rotaviruses by several tests, no neutralizing activity was detected in plaque re-
duction assays.***

E. Segment 7
SA11 gene segment 7 codes for the nonstructural protein NS34 (or NCVP4).%+%5 However,
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for most rotaviruses, genome segments 7, 8, and 9 are not easily resolved by polyacrylamide
gel electrophoresis, and their relative order of migration varies depending on the strain. In
principle, the identity of a gene in this region can now be determined for any isolate by
Northern hybridization using available cloned gene probes,”® or by comparison of partial
nucleotide sequences from the unknown segment with those determined for other rotavirus
genes.

SAI1l gene segment 7 is 1104 nucleotides long with 5’ and 3’ noncoding regions of 25
and 134 nucleotides, respectively.”” The longest open reading frame consists of 315 codons
(bases 26 to 970). However, it seems likely that the second AUG codon might be used for
initiation since it is of the consensus type.**-* Therefore, NS34 is probably 312 amino acids
in length (molecular weight 36,072). The gene from the UK bovine strain (segment 9) has
also been sequenced® and is only 1076 nucleotides long. The open reading frame is 313
codons in length, but protein probably consists of 310 amino acids because, again, the second
initiation codon appears likely to be used. The genes and proteins are 75.5 and 76.6%
homologous, respectively. Although ten complementation groups have been described for
rotavirus fs mutants,” not all have yet been assigned to gene segments.*'® The phenotype
of such mutants may eventually provide a clue as to the function of NS34, which at present
is unknown. Segment 7 appears sufficiently conserved between strains of rotaviruses that
DNA clones may prove useful in identifying clinical specimens of the virus in further
epidemiological studies.'"’

F. Segment 8

Despite being slightly smaller than segment 7, SA11 gene segment § codes for a larger
protein, NS35 (or NCVP3). The gene is 1059 base-pairs long with 5’ and 3’ noncoding
regions of 46 and 59 nucleotides, respectively.'' The equivalent gene (segment 7) from the
UK bovine strain is identical in size and arrangement and is 88% homologous at the nucleotide
level.** The NS35 proteins are 317 amino acids long (SA11 molecular weight, 36,628) with
only 12 amino acid differences between them, all of which are conservative.?* Presumably,
this reflects a constraint on variation imposed by function. Viruses carrying ¢s mutations in
this gene'®™ have an RNA negative phenotype® and produce a large proportion of empty
particles,'® suggesting a role for NS35 in assembly of subviral particles or replication of
RNA. Without either process, ssRNA cannot be amplified by transcription. The high positive
charge of NS35 at neutral pH''-** would be consistent with a role in binding RNA. Im-
munoelectronmicroscopy also shows that NS35 is located in viroplasms where RNA synthesis
and assembly occurs.%” Comparison of NS35 and reovirus o NS (for which a ssRNA binding
role is suggested,'®*2%* see above), using a variety of computer programmes shows no
significant similarity between them.

G. Segment 9

Genome segment 9 of SA11 codes for the glycoprotein VP7°4% which is the major serotype
antigen and component of the outer capsid in double-shelled rotavirus particles.?” This gene
was one of the first studied for two reasons: (1) the antigenic importance of VP7 and its
perceived relevance to the eventual development of a molecular vaccine, and (2) the potential
of VP7 to serve as a model for the mechanism involved in directing proteins to the ER, a
consequence of the unusual mode of replication of rotaviruses (see above).

1. VP7 Gene Structure and Immunogenicity

The first VP7 gene sequenced was that from SA11,% but its features are conserved in the
equivalent gene from all other strains which have been studied.?6-*!-2-103-106.19%6a The gepe is
1062 base-pairs in length with 5’ and 3’ noncoding segments of 48 and 36 nucleotides,
respectively, and codes for a protein of 326 residues (molecular weight 37,197). The genes
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from Wa (serotype 1), S2 (serotype 2), and NCDV (serotype 6) are 76.3, 74.2, and 80.4%
homologous with SAI1 (serotype 3) at the nucleotide level. Particularly notable is the
sequence conservation among serotypes between bases 33 and 72 (spanning the first potential
initiation codon), where only one nucleotide varies in all four genes. The sequences flanking
this region are also highly conserved. Whether this is due to the requirement to conserve
some structural feature in the RNA or the protein is not clear.

At the protein level, these same serotypes show homologies of 82.2 (59 changes), 75.4
(80 changes), and 84.7% (50 changes), respectively, with the sequence predicted for SA11
VP7. Comparison of the protein sequences for these four antigenically distinguishable VP7
proteins reveals that the Cys residues and several extensive regions of amino acids are
conserved, probably reflecting an overall similar architecture for the different VP7 molecules.
In other regions, amino acid differences are clustered, and some of these must account for
the antigenic differences between serotypes. Many of these changes also fall in hydrophilic
regions of VP7 and may have surface locations. Six peptides corresponding to these hydro-
philic, variable domains were made. However, none were able to induce virus-neutralizing
antibodies in rabbits.?' New information has identified residues within two of these peptides
as antigenically important. Monoclonal antibodies against VP7 were used to select antigenic
variants.'” The amino acid changes detected mapped to three of the variable regions defined
by sequence comparison. Specifically, changes in residues 94, 96 (A region), 147 (B region),
211, and 223 (C region) were selected under antibody pressure. Peptides spanning residues
90 to 103 and 208 to 225 failed to elicit neutralizing antibodies,*' perhaps because, as
suggested by competitive antibody binding studies,'®”-'*® these residues contribute to a con-
formational antigenic site which the peptides alone cannot mimic. The immunogenicity of
this site is apparently maintained in a nonreduced, 14-kdalton fragment of VP7, whose
location within the molecule is unknown.'®” One amino acid change at residue 211 (Asp to
Asn)'” affected the ability of polyclonal antiserum to bind virus, possibly due to the presence
of carbohydrate on a newly created glycosylation site.'"’-''® Other mutants for which the
antigenicity of an immunodominant epitope of SA11 was changed have also been selected
using polyclonal antisera; these have not been characterized.!'' The potential for changing
immunogenicity by masking antigenic regions with carbohydrate has been observed for
influenza viruses''? and, on this basis, suggested as a possible reason for antigenic differences
between VP7 proteins.?' SA11 VP7 has only one glycosylation site, while other strains in
different serotypes have as many as three,*? two of which are used.'"®

2. Immunogenicity of Expressed VP7

Recently, the crystallographic structures of polio''* and rhinoviruses''* have been deter-
mined. This work elegantly shows how subunit proteins in a viral capsid can be intimately
associated, and helps to explain the poor immunogenic character of purified polio capsid
protein VP1. By analogy, the immunogenicity of VP7 (and VP3) as part of a rotavirus capsid
may differ from the immunogenicity of the isolated protein, i.e., VP7 expressed from a
cloned gene in a heterologous host may not assume the same conformation as it does in
mature virus.

Several host/vector systems are being used to assess the immunogenicity of VP7. Residues
15 to 151 of UK bovine VP7 and SA1l VP7, minus its N-terminal hydrophobic regions
(see below), have been expressed as 3-galactosidase fusion proteins in E. coli. Both proteins
induced a low level of neutralizing antibodies in mice.''*" Other partial VP7 products
expressed in E. coli are also capable of inducing in rabbits antibodies which will recognize
whole SA11 virus by ELISA (Bellamy, A. R., personal communication).

An alternative system for expressing rotavirus antigens involves the construction of re-
combinant vaccinia viruses. Using this system, heterologous antigens have been successfully
expressed both in tissue culture and in animals.''*''® Because of the wide host range of



Volume 1 183

200 082

T—ATGT A——ATGG

— —

“WEAK" / %, "STRONG”
‘ | cHo
50
MY GHE Y TTYLTELISHLLEY ILKSLTRIMEE 1Y RFLF Y ILSPFLRACMY GINLP TESMDIATANST
i 68
SIGNAL 1 SIGNAL 2

CLEAVAGE SITE

FIGURE 2. Features of the SA11 VP7 gene and protein. The initiation codons, signal peptide
regions | and 2, major cleavage site (arrow), and single glycosylation site (CHO) are indicated.

vaccinia virus, this system is presently the one of choice for presenting native antigens in
vivo where immunogenicity can be assessed. The wild-type SA11 VP7 gene and a mutant
encoding a secreted variant® (see below) were inserted into plasmids which facilitated the
construction of recombinant vaccinia viruses.''® These viruses, which appropriately expressed
the two forms of VP7 in tissue culture were used to inoculate rabbits and sera were taken.
The presence of antibodies directed against both wild-type and secreted VP7 was confirmed
by immunoblotting and by ELISA using double-shelled rotavirus particles. The latter assay
indicated that the antibodies could recognize whole SA11 virus and were serotype specific.
These antibodies also neutralized SA11 in a plaque-neutralization reduction test, but much
less efficiently than polyclonal antiviral serum.''®* Thus, some appropriate immunogenicity
was present in VP7 expressed by vaccinia, but whether it is sufficient to induce protection
in vivo, remains to be determined. The availability of a mouse model system for which
EDIM virus, SA11, and a human rotavirus strain have been shown to induce diarrheal disease
should prove useful for such protection studies.'?-'?

3. Expression and Processing of VP7

One prominent feature to emerge from analysis of the VP7 gene and protein sequence
was the presence of two potential initiation codons, each of which preceded a hydrophobic
domain with the characteristics of a signal peptide.® The first AUG codon appeared in a
context unfavorable for initiation, while the second, 30 codons downstream, appeared fa-
vorable (Figure 2).°%° This configuration is conserved in all VP7 genes examined, suggesting
its functional importance.?'-*>'% However, a mutant called (/-/4), carrying a deletion for
the first hydrophobic region, still coded for apparently normal VP7 which was glycosylated
and directed to the ER in transfected COS 7 cells,* raising doubts as to which AUG codon(s)
were used for VP7 expression. Furthermore, processing of a VP7 precursor by cleavage of
a signal peptide was observed in vivo and in vitro,'** but due to the blocked N terminus of
the viral protein,?*”’ the cleavage site was uncharacterized.

Using the techniques of gene mutagenesis and expression, it has now been shown that
either hydrophobic domain alone can direct VP7 to the ER in transfected COS cells. A
protein lacking both hydrophobic regions was not transported. ¢ However, it is still unclear
whether both initiation codons are used to initiate translation in the infected cell, and if so,
in what proportion. Recent work shows, however, that, in contrast with an earlier report,'*’
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cleavage of the VP7 signal peptide occurred at the same location, no matter where translation
began. Mutant VP7 proteins designed to initiate specifically at the first or second AUG
codons were translation in vitro and assayed for cleavage in the presence of pancreatic
microsomes. The cleaved proteins produced from either AUG comigrated with each other
and with a VP7 species present in SA11 rotavirus-infected cells. Examination of the VP7
amino acid sequence for cleavage sites by an improved method'”’ revealed a likely cleavage
site between residues 50 and 51, C terminal to the second signal peptide domain (Figure
2).'2® When this site was mutated, VP7 cleavage was inhibited, indirectly confirming that
the site was used. Cleavage at that location also predicted an N terminal glutamine residue
for mature VP7. This suggested a possible basis for the blocked N terminus reported for
viral VP7%%%" j.e., the presence of pyroglutamic acid. The partial sequence of radiolabeled
VP7 synthesized in vitro or purified from virus was therefore determined before and after
digestion with pyroglutamate amino peptidase, and enzyme which removes the putative
blocking group. The results confirmed glutamine 51 as the major N terminal residue.'** VP7
in SA11 rotavirus is clearly heterogeneous, even after removal of its carbohydrate with
endoglycosidase H.!'?*!2% [t is possible that the minor species are the result of cleavage at
adjacent residues just upstream of glutamine 51, but the mechanism for this is unknown.'*®
Removal of both hydrophobic domains in mature VP7 has implications for the way in which
the protein is retained in the ER.

4. Cellular Location of VP7

The targeting of VP7 to the ER as part of the unusual maturation process of rotaviruses
(see Section IV.A.) warrants further discussion. VP7, a capsid protein of a nonenveloped
virus, behaves quite distinctly from other glycoprotein antigens such as influenza hemag-
glutinin and neuraminidase, or the G protein of vesicular stomatitis virus. These proteins
are synthesized and translocated across the ER membrane, then transported via the Golgi
apparatus to the cell surface. In polarized cells, sorting to either the apical or the basolateral
plasma membranes also occurs.'?*'*! What feature of VP7 allows it to be retained in the
ER? The loss of both hydrophobic domains during processing implies that VP7 is not simply
anchored via an uncleaved signal peptide. Although there is no precedent, perhaps the VP7
signal peptide(s) have the capacity to direct the protein to the ER while diverting it from
the main transport pathway. If this were so, the signal peptide would need to exert its effect
prior to cleavage. More likely, perhaps, is that VP7 contains a retention signal within the
mature protein. Consistent with this, disruption of the amino acid sequence in the region of
the cleavage site resulted in the secretion of mutated proteins from the cell.®® Furthermore,
when rotavirus signal peptide 2 was replaced by the signal sequence from influenza hem-
agglutinin, cleavage unexpectedly occurred four residues downstream of glutamine 51, even
though cleavage at the authentic site was favorable (S.C. Stirzaker and G.W. Both, unpub-
lished results). The loss of four N terminal residues from mature VP7 resulted in rapid
secretion of this protein from COS cells, implying that these amino acids have an important
role in retention. Whether other parts of VP7 are also involved is under investigation.

H. Segment 10

The RNA genome segments of SA11 display a ‘‘long’’ electrophoretic pattern, while
other rotaviruses, e.g., DS-1 and S2 (serotype 2) show a ‘‘short’’ pattern.® These differ
primarily with respect to the migration of segments 10 and 11, the two smallest. For SA11,
the 10th segment codes for NS29 (NCVP5),**5 while for viruses with the ‘‘short’’ pattern,
NS29 is coded for by segment 11.7

Segment 10 has been cloned and sequenced for SA11,*® bovine rotaviruses,'*>'** and
Wa.'** For the former, the segment is 751 base-pairs in length with 5’ and 3’ noncoding
regions of 41 and 185 bases, respectively. The open reading frame (bases 42 to 566) codes



Volume [ 185

for a protein of 175 amino acids (molecular weight 20,309 for SA11). The Wa gene has a
one base deletion at position 684. The SA1l gene and protein are more closely related to
their bovine counterparts (92% nucleotide sequence homology and 97% amino acid ho-
mology) than to those for Wa (83 and 84% homology, respectively). Nevertheless, there
are important features conserved between all three, namely, the two glycosylation sites first
observed for SA11 at residues 8 and 18 and three hydrophobic domains between amino
acids 7 to 21, 28 to 46, and 70 to 80. The utilization of both glycosylation sites is reflected
in the observed molecular weight shift of NS29 partially digested with endo H in vitro.'**
The NS29 carbohydrate is comprised mostly of Man,GlcNac,, with a small amount of the
Man, species also present,**%® and thus is processed even less than that attached to VP7.
The position of these carbohydrate sites also implies that an internal, uncleaved signal peptide
is used to translocate NS29 across the membrane.**-'3? Direct analysis of the protein supports
this.'** No size difference could be demonstrated between the protein synthesized in vivo
in the presence or absence of tunicamycin, or for the endo H-treated glycoprotein and its
nonglycosylated precursor. NS29 also remained trypsin sensitive, suggesting that while it
was a transmembrane protein, most of it remained on the cytoplasmic side of the ER
membrane. Observations from immunoelectron microscopy support this.” From its hydro-
phobicity profile,'** it would seem most likely that NS29 associates with membranes via
residues 28 to 46 and/or 70 to 80, leaving the hydrophilic C terminal region exposed. Site-
directed mutagenesis of the gene followed by transcription and translation of RNA in vitro
is being used to define the function of these regions of the protein.

The role of NS29 during infection is not yet elucidated. However, when glycosylation in
infected cells was prevented by the addition of tunicamycin, mature virus particles failed to
appear and transiently enveloped intermediates accumulated. This was not due to an effect
on the glycosylation of VP7, since a carbohydrate-negative isolate of SA11 was completely
viable.® Thus, NS29 is somehow involved in the removal of the lipid envelope during virus
maturation and has been suggested as a scaffolding protein for the assembly of the outer
capsid.'* Conceivably then, mutations in gene 10 could interfere with outer capsid assembly
and thereby indirectly affect virus-cell interactions mediated by VP7.13¢

I. Segment 11

Segment 11 of SALI, the smallest, codes for VP9,%-° a protein generally considered to
be a minor structural component of the outer capsid,>** although some consider it a non-
structural protein.'*” For viruses with the ‘‘short’’ electropherotype, the equivalent protein
is encoded by segment 10.* Segment 11 has been cloned and sequenced for the human
rotavirus Wa?? and the UK bovine strain.'*® These genes are 663 and 667 nucleotides long,
respectively, carrying various short deletions and insertions relative to each other. The most
significant of these occurs in Wa at nucleotide 389 where a deletion of one base shifts the
reading frame for 11 amino acids. A single insertion restores the reading frame by base 418.
There are numerous other differences between the genes, yet they retain 86 and 83% ho-
mology at the base and amino acid levels, respectively. Each gene has a single, open reading
frame containing 197 (Wa) and 198 (UK) codons (molecular weights of 21,560 and 21,700,
respectively). Therefore, segment 11, although shorter than segment 10, encodes a slightly
larger protein. However, the primary translation product of gene 11, analysed by gel elec-
trophoresis, migrates with an apparent size of 28 kdaltons.*® Perhaps this is due to the very
hydrophilic nature of VP9;'*? the protein contains about 20% serine in addition to clusters
of basic or acidic amino acids in the C terminal region.?*'** It has been suggested that the
gene |1 product is a minor neutralizing antigen.'*®

The sequence of SAll gene 11 has also been determined (D. Mitchell and G.W. Both,
unpublished results). Its features are similar to those for the genes from Wa and UK bovine.
However, all three segments possess an alternative open reading frame beginning at base
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80, which could potentially code for a protein of 82 (SA1l and Wa) or 90 residues (UK).
This is the longest alternative reading frame so far found in the rotavirus genome, but
whether it is used is not yet known.

V. OTHER REOVIRIDAE GENES

A. Bluetongue Virus Genes and Proteins
1. Segment L2; Protein VP2

VP2, one of two outer capsid proteins of BTV, is the serotype-specific antigen which
induces neutralizing antibodies in rabbits and sheep. The protein is also responsible for
hemagglutinating sheep erythrocytes and for cellular adsorption.'* In vitro translation studies'*
and intertypic reassortant viruses'*' have shown that VP2 is coded for by segment L2 which
has now been cloned and sequenced for BTV serotype 10.'** The gene is 2926 base-pairs
long, coding for a protein of 956 amino acids (molecular weight 111,122). Expression
studies are being done with the gene to produce antigen which might be assessed for vaccine
potential.

2. Segment L3; Protein VP3

Segment L3 of BTV codes for the core polypeptide VP3.'* Full-length clones of this
gene from BTV-1, BTV-10, and BTV-17 were obtained?’-'**-'*** as judged by the identity
of the terminal sequences compared with those of segment 3 dsRNA.'*'%5 The genes are
2772 base-pairs long, with a single, open reading frame (bases 18 to 2720) coding for a
protein of 901 amino acids (molecular weight 103,412 for BTV-17).%” The BTV-10 and
BTV-17 genes differ by 126 point mutations, only 9 of which resulted in amino acid changes,
most of which are conservative. Similarly, the BTV-1 and BTV-17 proteins differ by 19
amino acid changes, 11 of which are conservative.'*** This probably reflects the structural
role of VP3 in the virus core; no other function has so far been assigned to it. The BTV-
17 gene shows homology with the equivalent gene from other BTV serotypes under stringent
hybridization conditions (consistent with the above homology), but does not hybridize to
RNA from a related orbivirus, epizootic hemorrhagic disease virus of deer. Biotinylated L3
DNA has been used to detect the presence of viral RNA in infected cells or in blood samples
from infected sheep and may therefore be useful as a diagnostic probe.'*® Further sequence
comparisons of BTV isolates have shown that subtle features of the nucleotide sequences
can be used to identify strains from the same geographical area.'***

3. Segment M5, Protein VP5

The VPS5 protein, together with VP2, comprises the outer capsid of BTV. However, the
role of VPS5 is not clear. It appears not to induce neutralizing antibodies by itself, but in
combination with VP2, induces a higher level of neutralizing antibodies than VP2 alone.'*
Since the BTV outer capsid (and hence infectivity) is susceptible to disruption by high salt
solutions and low pH, VP2 and VP5 may associate via ionic interactions, with VPS5 influ-
encing the conformation of VP2 in the capsid. The complete sequence of the MS segment
has now been determined from overlapping clones of the gene.'*” The segment is 1638 base-
pairs in length coding for a protein of 526 amino acids (molecular weight 59,163).

B. Gene Segments of Wound Tumor Virus

While nine of the twelve WTV genes have apparently been cloned as full length copies,
only the smallest has been sequenced.? Segment 12 of WTV codes for a protein of molecular
weight 19,171, consistent with the size of the nonstructural polypeptide Pns12, the predicted
product of this gene.'® The segment is 851 base-pairs long with a single, open reading frame
of 534 nucleotides (178 codons). Like the rotavirus VP9 protein, this polypeptide is also
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predicted to have a substantial serine content (24 of 178 residues) and a similar C terminal
distribution of basic and acidic amino acids. Despite this superficial similarity, computer
programmes comparing this protein with rotavirus VP9 so far do not reveal any significant
homology or suggest a possible similar function.

VI. CONCLUSION

This chapter has attempted to draw together genetic and biochemical information available
for certain Reoviridae genes and proteins. The exercise emphasizes how little is still known
about some viral proteins, e.g., rotavirus NS34 and reo o, for which only the gene structure
and the predicted amino acid sequence are described. The cloned gene in these cases provides
basic information and a tool for further research. In contrast, the nucleotide sequence of the
reovirus S1 segment revealed its bicistronic nature and the amino acid sequence inferred for
the o, protein gave an important clue to the partial coiled-coil nature of the polypeptide.
Expression of o, as a fusion protein containing functional hemagglutinating and cell-binding
domains will facilitate structure/function studies using site-directed mutagenesis, comple-
menting the more traditional biochemical and genetic approaches that have already been
used. Similarly, sequences responsible for the cellular location of rotavirus VP7 are also
being identified by mutagenesis and expression. Other studies employing in vitro RNA
transcription and translation systems to study mutated genes are also in progress. While
these are powerful analytical tools, their efficient use relies very much on narrowing the
target area for study using biochemical data and information such as that obtained from
mutants selected for altered function. Thus, the gene cloning studies of the last few years
have made possible new approaches to studying viral protein structure and function. Perhaps
the next major obstacle to this line of research will be to find a way to incorporate a desirable
mutation into the genome of an infectious dSRNA virus.
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[. INTRODUCTION

Double-stranded RNA (dsRNA) mycoviruses have been demonstrated in at least 16 species
of fungi.®® Although most of these viruses are propagated from cell to cell only by mating,
meiosis, and mitosis, their properties are sufficiently similar to those of infectious dsSRNA
viruses of plant and animal cells that they are nevertheless considered viruses.®® In some
cases, it has been possible to demonstrate infectivity of viral particles to protoplasts.®’-*
Replication of the dsRNA mycoviruses was previously reviewed in 1979.%°

The mycoviruses are sufficiently well integrated into host cell metabolism that they usually
cause no symptoms in infected cells. In fact, they are so widespread that they may be present
in at least a majority of fungal species isolated from the wild. For instance, more than 60%
of Ustilago maydis strains isolated from the wild have viral dsRNAs.** In two fungi, U.
maydis and Saccharomyces cerevisiae, there are viral dsRNAs that encode extracellular
toxins lethal to cells without these viral dSRNAs (see reviews in References 16, 20, 98). In
these cases, the endogenous viruses may even confer a selective advantage on their host
cells. We might expect the fungal viruses to utilize many host functions, other than those
normally used by RNA viruses, in their successful attempts to persist in their host cells
without killing them. In the best studied cases, the S. cerevisiae viruses, this is clearly
true.!*?

Although most dramatic in the fungi, this phenomenon of permanent persistent infection
with dsRNA viruses is not unique to the fungi. There are such dsRNA viruses in plants,*’-64:6
insects,®” and protozoans.'®'-'°? Persistent infections can also occur with mammalian dsRNA
viruses.®*® The ubiquitous nature of the fungal viruses is not the result of integration of
provirus, at least in the most well-studied cases.*'*>'°® This also appears to be the case
among other lower eucaryotes.'®'-'*

There are two major reasons why replication of the dSRNA mycoviruses is of general
interest to virologists. First, their replication must be intimately controlled by the host, a
situation atypical of RNA viruses, but perhaps illustrative of mechanisms of persistence.
Second, the mycoviruses are fundamentally simpler than the reoviruses, so that understanding
the enzyme activities intrinsic to their virions should prove much simpler than understanding
those activities proven among the reoviruses. Since the enzymatic activities responsible for
replication of the dsRNA viruses have been intractible to purification and characterization,
the investigation of replication of the dsSRNA mycoviruses may provide useful generalizations.

II. dsRNA MYCOVIRUS CAPSID STRUCTURE

The capsid structure of the dSRNA mycoviruses is simple in three respects. First, every
well-studied dsRNA mycovirus has a single major capsid polypeptide, rather than the 7
characteristic of the reoviruses.>® Second, each virus particle contains only a single type of
dsRNA segment (although it may have more than one copy of this segment), rather than
the 10 or 12 different segments characteristic of reoviruses or the three of phi6.%-% The
viral dsSRNAs, which range from around 0.7 to 5 kilobases in length, are therefore packaged
independently into similar particles. The replication and transcription of any segment can
then be studied independently of any other segment, and in some cases, a single segment
is sufficient for all viral functions.**-**¢6#2 Third, preliminary evidence indicates that the
best-studied dsSRNA mycoviruses have simple T=1 icosahedral capsids, the simplest type of
icosahedral particle.

The capsid polypeptides of the best-characterized dsSRNA mycoviruses are summarized
in Table 1. All of these have a single major capsid polypeptide, a situation more characteristic
of plant viruses than of animal viruses and completely different from that of the reoviruses
or of phi6. With a few exceptions, these capsid polypeptides are large, greater than 50
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Table 1
MAJOR CAPSID POLYPEPTIDES OF dsRNA MYCOVIRUSES

Molecular
weight Number/
Virus species Abbr. (kdaltons) virion Ref.
Allomyces arbuscala 28—38 59
Aspergillus foetidus virus AfV-§S 87 120 25
Aspergillus foetidus virus AfV-F 83 120 25
Colletotrichum lindemuthianum virus 53 81
Gaeumannomyces graminis virus
Group | 54—60 27
Group 11 68—72 27,80
Group III 78—87 27
Helminthosporium maydis 121 11
Penicillium crysogenum virus PcV 87 60 22,70
83 76
Penicillium stoliniferum virus S PsV-S 42 120 26
Penicillium stoliniferum virus F PsV-F 47 26
Saccharomyces cerevisiae virus | SeV-L, 88 60 54,82
81 92
75 75
Saccharomyces cerevisiae virus 2 ScV-L, 88 82
86 36
Saccharomyces cerevisiae virus a ScV-L, 76—80 82
73—77 92
82 36
Ustilago maydis virus UmV 75 60

kdaltons, and in 10 of the 15 cases, larger than 70 kdaltons. There have been reports of
minor capsid polypeptides in some of these viruses,?®-7>#1%2 but these may be major capsid
polypeptides of secondary viruses in the same species (it is common for a single cell to
harbor several different dsSRNA viruses), undissociated multimers or degradation products
of the major capsid polypeptide,* or host proteins contaminating the virus particle prepa-
ration. In those cases in which there is more than one virus in the same cell (e.g., PsV and
ScV), there is no mixing of components; each viral dsRNA is separately encapsidated in its
own capsid polypeptide and never in that of the co-infecting virus.?-*¢:398292 There is as
yet no well-documented case of more than one capsid polypeptide in a dsSRNA fungal virion.
However, in the ScV system, in which only one viral dsRNA (L,) is sufficient for its own
replication and packaging, the sequence predicts one viral polypeptide in addition to the
major capsid polypeptide.'®-'*

Various physical techniques, including scanning transmission electron microscopy,®? have
been used to measure the molecular weight of mycovirus virions and thus to estimate the
number of capsid polypeptide molecules per virion. In two cases, the result has been a
number close to 60, consistent with an icosahedral capsid with three molecules per face
(T=1), the simplest possible icosahedral structure. In several cases, the proposed capsid
structure is a T=1 icosahedron with dimers of the capsid polypeptide as subunits, so that
there would be 120 monomers per capsid.?>-* Electron microscopy of all of the well-
characterized dsRNA mycoviruses demonstrates particles with apparent icosahedral sym-
metry, but in no case has detailed electron microscopy or X-ray diffraction been performed.

III. RNA POLYMERASES OF dsRNA MYCOVIRUSES

Like viruses whose genomes are single-stranded RNAs complementary to the viral mRNAs
(negative strand RNA), the dsRNA viruses are obliged to have capsid-associated RNA
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Table 2
dsRNA MYCOVIRUSES FOR WHICH RNA
POLYMERASES ARE KNOWN

Virus species Abbreviation Ref.
Allomyces arbuscula virus 58
Aspergillus foetidus virus S AfV-S 77,78,79
Aspergillus foetidus virns F AfV-F 77
Gaeumannomyces graminis Virus GgV 24,27

(groups I and II)
Helminthosporium victoriae virus HvV-A 45
Penicillium stoloniferum virus S PsV-S 21,23
Penicillium stoloniferum virus F PsV-F 31
Penicillium chrysogenum virus PcV 70
Penicillium cyaneo-fulvum virus 67
Saccharomyces cerevisiae virus ScV 19,53,103,104
Ustilago maydis virus UmV 5

polymerases (transcriptases) to synthesize the viral mRNAs. Unlike the negative strand RNA
viruses, the reoviruses synthesize genomic dsRNAs on plus strand templates within nascent
viral particles.’® Synthesis of reovirus mRNAs and dsRNAs is conservative: that is, the
parental RNA strands remain associated and do not appear among the progeny molecules.*®
Less is known about replication among the fungal viruses. The dsRNA viruses of 11 species
of fungi have been shown to have particle-associated RNA polymerase activities (Table 2).
Typically, the predominant products of these reactions are single-stranded RNAs, and the
reactions are not significantly stimulated by detergent or protease treatments (as opposed to
activition of the reovirus transcriptase by chymotrypsin), not inhibited by actinomycin D,
not stimulated by S-adenosylmethionine (SAM), and dependent on magnesium ion (see
Reference 24 for example). Typically, maximal activities are seen at a magnesium ion
concentration of about 5 mM.?*'%* S-adenosylhomocysteine, alpha-amanitin, and rifampicin
are not inhibitory,'* but ethidium bromide””-'* and sodium pyrophosphate'®* are. Radioactive
label in the methyl group of SAM is not incorporated into RNA.'® This is as expected, since
at least in the case of ScV, neither the viral dsSRNAs'* nor their transcripts'*7* are capped
or methylated.

A. Mode of Transcription and Replication

In most cases, the fungal virus RNA polymerases have been shown to synthesize single-
stranded RNA which is extruded from the virion. In only one case (ScV) has this been
shown to be the viral plus strand (the messenger strand). In one case, the RNA synthesized
appears predominantly in dsRNA (PsV-S). In only one case (ScV) has incorporation into
both dsRNA and ssRNA been sufficiently well characterized that transcriptase (ssRNA-
producing) and replicase (dsRNA-producing) activities have been demonstrated.

In two cases the mode of synthesis of single-stranded RNA has been determined. In AfV-
S it is semiconservative,”® while in ScV it is conservative.”” Again, in only two cases has
the mode of synthesis of dSRNA been examined. In ScV it is conservative,**:7274.86-113 while
in PsV-S it may be semi-conservative.?"??

These conclusions about the modes of transcription and replication of dsRNA fungal viral
genomes are based on examinations in vitro (with AfV-S, PsV-§S, and ScV) and in vivo
(with ScV). Three methods have been used to determine whether viral RNA synthesis is
conservative (analogous to transcription of dsDNA genomes) or semiconservative (resulting
in displacement of a parental strand). One method is analogous to the Meselson-Stahl
experiment: newly synthesized RNA is density labeled with nucleotides containing isotopes
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of either higher or lower atomic weight than those of the parental RNA, or with modified
nucleotides of higher molecular weight. Progeny dsRNA should be of hybrid density after
one cycle of replication, if replication is semiconservative. This method has been used in
vitro with PsV-§2* and AfV-S” and in vivo with ScV.”** A second method is to uniformly
label viral dsRNAs in vivo, purify particles, allow RNA synthesis to occur in vitro in the
presence of differentially labeled nucleotides, and look for the appearance of the first label
in the ssRNA produced in vitro. A positive result indicates semiconservative transcription.
This method has been used for ScV.'*7>'13 A final method is to characterize the strandedness
of the label incorporated into dsRNA in vitro during polymerase reactions. Semiconservative
transcription results in synthesis of labeled plus strands in the dsRNA. Conservative repli-
cation results in synthesis of labeled minus strands. This method has been used for AfV-
S7H and SCV.43.72,113

1. AfV-S Polymerase

The virion RNA polymerase of AfV-S is typical in some respects of the fungal virus RNA
polymerases. The activity is maximal at about 3 mM Mg™* *, is inhibited by ethidium bromide,
but not by actinomycin D, is not significantly increased by heat shock or detergent treatment,
and results primarily in the synthesis of single-stranded RNA.”” The molecular weights of
the single-stranded products are half those of their parental RNAs,” and as many as 8 mol
of product RNA are produced per mole of parental RNA.” A significant proportion of the
label incorporated, about 35% early in the reaction, appears in dsRNA rather than in single-
stranded RNA.77”? The label incorporated into dsRNA can be displaced from the dsRNA
by hybridization of denatured dsRNA to unlabeled ssRNA synthesized in vitro.” Although
this is a negative experiment, it can be interpreted to mean that the ssSRNA synthesized in
vitro is only of one strand and that synthesis is semiconservative.” It does not signify which
strand is synthesized, however, although for obvious teleological reasons it is almost certainly
the plus strand. Consequently, we cannot yet say if the AfV-S polymerase is a transcriptase.
A density labeling experiment with bromodeoxyuridine (Budr) also demonstrates a density
shift of an appropriate portion of the dsRNA to a value consistent with a hybrid density.”
In this case, as with similar experiments on ScV in vivo, no hybrid density controls were
used.”*78-% Finally, the label incorporated into dsSRNA by AfV-S during the reaction can
be chased out of dsRNA into ssRNA by further incubation with unlabeled nucleotides.’
These three experiments make a fairly conclusive case for semiconservative synthesis of
one strand (presumably the plus strand) by AfV-S.

2. ScV Transcriptase and Replicase

Despite the early demonstration of an RNA polymerase in ScV particles® in 1977, it was
not until recently that definitive evidence for conservative replication and transcription was
obtained.”” This was primarily because it is inherently more difficult to demonstrate con-
servative synthesis than to demonstrate semiconservative synthesis. Of the three methods
discussed, only one, the characterization of labeled dsRNA, is capable of giving positive,
rather than negative, results. The ScV polymerase synthesizes primarily ssRNA,'%-33-103.104
but not, as described by some authors,?® solely ssRNA. The polymerase exhibits properties
similar to those of other fungal virus polymerases, and its ssSRNA product is of only one
strand. "' The ssRNA product was first shown to be of the plus strand by in vitro translation'®
and later by hybridization to cDNA clones of known sequence coding for a viral product of
known amino acid sequence’ and by direct sequence analysis.*®-"2* The ssSRNA polymerase
activity of ScV is thus a transcriptase, like that of reovirus. The transcript is a complete and
accurate copy of its parental minus strand, with the addition of a terminal A,y or Gg,,. 7>
Initiation occurs in vitro without the addition of any primers or host factors.”

Typically, about 3% of the label incorporated in vitro appears in the viral dsSRNAs.!?-3
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However, if particles labeled in vivo with **P-phosphate are used for in vitro transcription,
less than 2% of the parental **P label is incorporated into ssSRNA.™ More recent results
limited this estimate to 0.7%.7* Similarly, in vivo experiments have shown less than 2% of
the dsRNA after a single round of replication is of hybrid density in density-shift experi-
ments.”* Unfortunately, these experiments can only be interpreted to mean that, at most,
2% (or 0.7%) of the particles are engaged in semiconservative synthesis. Since no estimate
of the number of viral particles engaged in transcription (or replication) is yet available,
these results are difficult to interpret. More definitive experiments have been performed
using the dsRNA radiolabeled in vitro. These experiments were performed with particles
containing S14, a defective-interfering dsRNA derived from the viral toxin encoding dsRNA
(M)) by internal deletion.®' The label incorporated into dsRNA is predominantly in the viral
minus strand, as demonstrated both by hybridization to appropriate M13 ¢cDNA clones and
by strand separation.” Less than 0.004% of the particles incorporate label into (+) strands
of dsRNA. Thus, if transcription were semiconservative, only 0.004% of the particles would
have to be responsible for all the transcript synthesized.™ Since transcription was far more
active than replication in these experiments and replication (synthesis of minus strand)
occurred in 0.05% of the particles, this is very unlikely. ScV transcription and replication
are thus conservative, like those processes in reovirus. Similar experiments have now shown
that ScV-L transcription and replication are conservative,**-'"* although results for ScV-M
particles are more equivocal (see below).3:!"?

It is clear that at least a small proportion of the ScV particles present in vivo are capable
of replication. ScV thus has a full spectrum of particles analogous to those present in reovirus
infection, if the particles undergoing transcription and those undergoing replication are
different. ScV-L replicating particles, like reovirus subviral particles, are encapsidated plus
strands undergoing synthesis of minus strands.®** A fraction of the ScV particles containing
L, (the capsid-encoding dsRNA) have a lower molecular weight than mature L dsRNA
particles and have partially completed L dsRNA with a full-length ssSRNA and a variable
dsRNA portion. About 90% of the RNA synthesized in vitro by these particles is dsSRNA.°
These have the characteristics expected of replicating particles. As expected, they are syn-
thesizing the L, minus strand.*?

Replicating M, particles may have either one or two dsRNAs after replication.?*-'!* There
should therefore be two classes of M, (and S) viral particles undergoing minus strand
synthesis: those with only an encapsidated plus strand, and those with a plus strand and a
dsRNA. This second class of particles, with a dsRNA and a nascent, encapsidated (not
extruded) plus strand exists.*® Since synthesis of both plus strands and of minus strands
destined to become dsRNA occurs in vitro,**-''? the asymmetry of strand production observed
during in vitro synthesis of dsSRNA™ reflects the proportion of particles in which the plus
strand was completed prior to in vitro synthesis in the particle preparation used. There are
differences in the life-cycle of ScV-L and ScV-M particles, but it is unclear whether these
affect the actual process of replication (see Section IV.).

3. PsV-§S Replication

In Penicillium stoliniferum virus S particles, the major RNA polymerase activity is not
synthesis of single-stranded RNA as in ScV, but rather synthesis of dsSRNA.?' The particles
with this polymerase activity (H particles) contain one dsRNA copy of either of two genomic
RNA species of about 1.6 kilobases, and a single molecule of ssSRNA, whose length varies
up to at most 1.6 kilobases, the size of the individual dsRNA strands.?® Equilibrium cesium
chloride density gradient centrifugation shows that the particles that result from this RNA
polymerase activity are denser than their percursor particles. The precursor particles have a
density of about 1.36 and the product particles about 1.39 g/cm’.??® The amount of label
incorporated is consistent with the synthesis of varying amounts of RNA, reaching a max-
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imum of 1.6 kilobase-pairs (or two strands of 1.6 kilobases). These data have been interpreted
to mean that a particle of PsV-S containing one molecule of genomic dsRNA synthesizes a
complete new copy of this dSRNA, which remains encapsidated in the same particle.>' This
is similar to the process of replication by ScV-M,, also a smaller dsSRNA of about 1.8
kilobases.**'!*

Density-label experiments were performed with those H particles that have the least single-
stranded RNA, and thus should synthesize, according to this model, essentially two new
strands per particle. The progeny particles labeled in vitro in the presence of 5-bromo-UTP
have dsRNA of higher average density than that of the precursor H particles.?® This RNA
has a density thought to be consistent with hybrid-density molecules in which one strand is
an unlabeled parental strand and the other is labeled in vitro in the presence of the density
label. This was interpreted as supportive of semiconservative replication.?* However, the
density-label experiments do not necessarily show semiconservative replication, since the
H particles used must have been heterogeneous, some containing preformed, complete single-
stranded RNAs. The resultant dSRNAs have heterogeneous densities. The greatest density
might actually represent RNA labeled in both strands. There were no controls to establish
the actual densities of hybrid molecules and of molecules with 5-Br-U in both strands. In
addition, the strandedness of the product RNA was never established. If replication of PsV-
S is as similar to that of ScV-M, as it appears, there should be a class of PsV-S particles
that have only the viral plus strand engaged in synthesis of minus strand. There is an
appropriate class of particles (M) with single-stranded RNA of unknown polarity, but no
polymerase activity has yet been demonstrated in them.?!

It seems well established that dsRNA fungal virus transcription (synthesis of viral plus
strands) may be either conservative (ScV) or semiconservative (AfV-S). As in reovirus,
replication appears to consist of synthesis of viral minus strands on the plus strand templates
that result from transcription.

IV. HOST GENES IN REPLICATION

S. cerevisiae is the only fungus whose dsRNA viruses have been studied extensively for
which genetic analysis is routine. There is extensive literature on host genes affecting the
maintenance and expression of the ScV dsRNAs (see References 20, 98, 111, and 112 for
reviews). Most laboratory and commercial strains of yeast have the ScV-L, virus and the
unrelated ScV-L, virus. These appear under various names in the literature. L, is synonymous
with L, or L,,. L, is synonymous with Ly.. L, encodes a capsid polypeptide®* that also
encapsidates M, a viral dsRNA encoding a killer toxin.® Within this viral family is another
viral dsRNA, L, (L,,) with some sequence homology to L,”* encoding a related viral capsid
polypeptide® that can also encapsidate a toxin-encoding dsRNA (M,). The L, and L, capsid
polypeptides are in some circumstances interchangeable.®® There are thus two families of
dsRNA viruses in S. cerevisiae: the L, family and the L, family. These are generally affected
by different host functions, as shown in Table 3.

Most of the host genes necessary for maintenance of ScV or modulating its numbers have
been defined by recessive mutations resulting in the loss of M, from haploids. These are
the mak genes. Table 3 summarizes what is known about the viruses affected by each host
gene. Note that in many cases not all the viral subtypes have been combined with each
mutation, so that those viruses listed as unaffected or affected are only those that have been
tested. In general, a given mutation affects only one family of viruses (the L, or the L,
family). Yet, in many cases, ScV-L, is unaffected while ScV-M, is affected by a host gene
(for instance, by mak4, 5, 6, 7, 14, 15, etc.). In some cases, the host function even
discriminates between viruses whose genomes differ by probably only a few base-pairs (see
spel0 in Table 3, Reference 100). One possible explanation for the multiplicity of host gene
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Table 3
HOST GENES AFFECTING ScV FUNCTIONS

Gene Affected Not affected Host function Ref.
makl ScV-M, M, ScV-L,, L, DNA topoisomerase 1 3,97
spe2 ScV-M,, M, ScV-L, L, SAM decarboxylase 32,33,100
spel0® ScV-M,, ScV-L,, Liyn Polyamine synth. 100
M,, Lie
mak8 ScV-M,, M, ScV-L, Ribosomal protein L3 110
mak3,10 ScV-L,, M, ScV-L, 39,91,92,109
M,
petl8 ScV-L,, M,, ScV-L, 62,91,92,109
M,
makl6 ScV-M,, M, ScV-L, 112
mak4—7 ScV-M, ScV-L, LS 3,91,92,109
makl4—15 ScV-M, ScV-L, 3,91,92,109
makl7,19 ScV-M, ScV-L,, L, 3,91,92,109
mak24,26 ScV-M, Scv-L,, LS° 3,91,92,109
mak27 ScV-M, ScV-L, 3,91,92,109
mak2,9 ScV-M, 112
makll—13 ScV-M, 112
makl8 ScV-M, 112
mak20—23 ScV-M, 112
mak25 ScV-M, 112
mktl,2 ScV-M, SeV-L,, M, 108
ski2—8 ScV-M,;, M,, 3,84,99
L, L,
clo ScV-L, ScV-L,, M;, M, 105

L, and L are alleles of L,
®  mak4,7,17, and 24 do not affect ScV-L,.?

functions necessary for M,, but not for L,, is that packaging of L, plus strands may take
place coincident with their translation, so that plus strands and capsid polypeptide are already
in physical proximity. M, plus strands must be brought to the sites of capsid formation, and
this may require many host gene functions. This model is consistent with the observation
that defective L, genomes, which no longer encode the capsid polypeptide, but retain the
terminal sequences of L, require many of the same host gene products required by M, for
replication.®®

Many of the mutations that affect maintenance of ScV are pleiotropic. For instance, pet]8
also results in respiratory deficiency due to loss of mitochondria and temperature sensitivty
of growth;®? spe2 mutants are defective in sporulation and grow very slowly; and makl, 13,
15, 16, 17, 20, 22, and 27 confer temperature sensitivity of growth.'”” In a few cases, the
host functions encoded by these genes are known. These host functions are DNA topoiso-
merase [ (makl), SAM decarboxylase (spe2), polyamine synthetase (spel0), and ribosomal
protein L3 (mak8); see Table 3. The viral functions of none of these host gene products are
known, although a role for the spe2 gene product can be deduced (see below). The role of
topoisomerase I may be very indirect.”’ It has been proposed that L3 may play a role similar
to that of E. coli ribosomal protein S1 in QB bacteriophage infection (see chapter by
Biebricher and Eigen),''* although there is no evidence for such a role.

Host gene products could conceivably be involved in any process necessary for mainte-
nance of the virus: for instance in translation, transcription, replication, packaging, or
segregation during mitosis. One of the host functions identified, the spe2 gene product SAM
decarboxylase, is required for synthesis of the polyamines spermidine and spermine,****1%
and spelO is required for synthesis of all polyamines.'” Since there are numerous
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cases of both DNA'*® and RNA**® viruses that use polyamines to neutralize the charges of
their genomes for packaging, this is probably the role of polyamines implicated by spe2 and
spel0. This would imply that the packaging process is different for ScV-L, and ScV-M,,
even though both are packaged in virions with the same capsid polypeptide. Recent evidence
on the function of pet!/8 supports this view.

The pet!8 mutation confers on ScV-L,, but not on ScV-M,, particles a thermolabile RNA
polymerase activity.*? The thermolability correlates with sensitivity of particles to disruption,
monitored by release of dsSRNA. These data could be interpreted in several ways. The
thermolability could be the result of a thermolabile host protein present in ScV-L, particles,
but absent in ScV-M, particles. The pet/8 protein could be required for thermostable pack-
aging of L,, but not present in viral particles and not required for packaging of M,. The
petl8 protein could be a component of ScV-L, particles that confers thermostability to
otherwise thermolabile particles. One of the latter two explanations seems to be correct,
since all the per/8 mutants used in these experiments have complete deletions of the single,
wild-type gene.*? The petrl8 protein could play a number of roles in packaging of L,. One
possibility is that it is a scaffolding protein, analogous to the lambda Nu3 protein, the
phiX174 D gene product, or the P22 gp8.44->2 These proteins are necessary for proper
maturation of viral particles, but are removed from the particle in the process of maturation.
The known examples of scaffolding proteins, however, are all viral gene products, not host
gene products. Another possibility is that per/8 is a small basic protein serving to neutralize
the charges of L,, analogous to the polyamines required for packaging of M,. The makl0
gene product similarly affects L, particles.*?

There are other indications that the enzymatic activities of ScV-L, and ScV-M, particles
are not identical. Like the reoviruses,''* ScV-L, particles make a series of oligonucleotides
corresponding to the 5’ end of the transcript, varying in size from several to 25 nucleotides
in length.'® There do not appear to be corresponding ‘‘pause products’” made by ScV-S
particles (see below).” Finally, the viral dsRNA sequences required in cis appear to be
different in M and L (see below).

Host proteins have also been implicated in RNA polymerase activities in other viral
systems. One of the cellular RNA pol II subunits also appears to be a subunit in the rabbit
poxvirus DNA dependent RNA polymerase.®® Since actin has been implicated as a positive
regulatory protein for RNA polymerase II,>* it might also be required for viral RNA
polymerases. These experiments stimulated an examination of the dependence of RNA virus
polymerases on actin and, since it interacts with actin, tubulin. The VSV and Sendai tran-
scriptases appear to be dependent on tubulin molecules packaged in the virions, but not on
actin.® There is only one gene for tubulin in S. cerevisiae,” but it has not yet been implicated
in the ScV polymerase activities. Immunological evidence indicates that none of the yeast
RNA polymerase II subunits are found in ScV particles.?®

There is relatively little information on whether ScV replication is limited by coordination
with cell division. Experiments with cell cycle arrest by temperature shifts of temperature-
sensitive mutants and by alpha factor®®-''* suggest that ScV replication does not take place
during S phase. Experiments with normally growing cells separated by size,’® imply that
ScV replication takes place throughout the cell cycle. This question remains to be resolved,
since cell cycle arrest may result in conditions not normally encountered by replicating ScV
particles; for instance, reduction of the INTP pool size.

V. VIRAL dsRNA SEQUENCES REQUIRED IN CIS

There is strong evidence that all the dsRNA viruses require specific sequences at both
ends of their genomic dsRNAs. For instance, all 10 genomic dsRNAs of reovirus preserve
4 base-pairs at both ends.> Since the viral transcriptase must initiate at one end and the viral
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replicase at the other, we might expect these sequences to play a role in transcription and
replication. They might also be necessary for packaging.

There does not appear to be any great degree of conservation of ends among the fungal
virus dsRNAs. For instance, within the ScV-L, family, the L, plus strand has the 5’ sequence
ppPGAAAAAUUUUUAAA, while the M, plus strand has the 5’ sequence ppp-
GAAAAAUAAAUGAC,0-12:17:61.89.9 [yt there is less similarity at the 3’ end of the plus
strand, which is GAAACACCCAUCA,,, in M, and UUACCCAUAUGCA,,; in
L, 10.12.17.61.89.95.96 When the sequences of L, and M,, which belong to the same family, are
included, the sequence similarities are reduced even further.'> Nevertheless, there is good
evidence that sequences at the ends of the ScV dsRNAs are necessary. There are defective
interfering dsRNAs (S) derived from M,, which, when introduced into the same cells as
M,, replace it by faster replication.®’-** These are all derived from M, by internal
deletion!*-17-41:57:61.96 and  therefore, preserve the end sequences of the dsRNAs. Just how
much of the end sequences are necessary has not been determined, but the three defective
dsRNAs best characterized retain several hundred bases from the 3’ end of the plus strand
and at least 44 to 82 bases from the 5" end of the plus strand.®' The large region at the 3’
end of the plus strand has no extensive open reading frames and is probably required in cis.
It has 5 repeats of a 11-base-pair consensus sequence with dyad symmetry, a sequence which
also appears in M,,*>! but not in the sequenced regions of L,. It has been proposed that
this sequence is recognized by some of the many host proteins required for maintenance of
ScV-M,, but not for maintenance of ScV-L,.°! At the 5" end of the plus strand, only a small
region (less than 82 bases) is necessary. Since the only M, open reading frame, which
encodes the toxin, begins at position 14,'%% it may be that only a very small noncoding
region is necessary at this end for viral dsSRNA replication.

A similar defective derivative of L, has also been isolated.*** As with the defective dsSRNAs
derived from M,, this dsSRNA retains several hundred bases from the 3’ end of the L, plus
strand and a small region from the 5’ region of the plus strand. Like the S dsRNAs, but
unlike its parental dsRNA L,, it is dependent on many of the Mak gene products for its
maintenance. This may be the result of differences in packaging between capsid polypeptide
encoding and noncoding dsRNAs (see Section IV).

Some information about the viral polymerases may also be derived by determination of
the break points of defective interfering dSRNAs. The break points of the defective interfering
dsRNAs from ScV have been determined in two cases. These are shown in Figure 1. The
only obvious generalization is that the deleted portion is flanked by 5" and 3’ C residues in
both cases. In the transcriptase copy choice mechanism which has been proposed for deletion
generation,®* this would correspond to premature transcription termination and reinitiation
with a C in each case. This is also true of termination of the wild-type plus strands, since
their penultimate residue is invariably C; the terminal A, or Gy, is not template encoded.'*-”
In both cases, the termination event occurred within the sequence CCU.¢

The only other fungal virus dsRNAs for which any sequences have been determined are
those of UmV.***® Even within one viral subtype of UmV there is little sequence homology
at the ends of the viral dsSRNAs, no more than 3 nucleotides. Many (but not all) of the UmV
dsRNAs have one (deduced) 5’ end with the sequence pppGAAAAA, similar to the 5' ends
of the ScV plus strands. It was proposed that this was the 5’ end of the UmV plus strands,
and there is now evidence that, in at least one case, it is.*” One of the UmV dsRNAs is
only 357 base-pairs long, has no extensive open reading frames, and apparently arises by
packaging and replication of a specific 3’ fragment of the plus strand of a larger dsRNA of
1.5 kilobases.3*° This is not a defective-interfering dsSRNA, and since it does not preserve
the putative transcriptase initiation site, it may not be transcribed. Evidence on this point is
equivocal.® These data do demonstrate, however, that packaging does not require sequences
at the 5' ends of the viral plus strands.
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* * * * * *
CAAGTCGATCACCTGGGGTTCATTCGTAGCGAGC CTCACCTTGAG
CAAGTCGATCACC CACAAGCACACTCACCTTGAG

FIGURE 1. Break points of yeast defective interfering dsRNAs. The sequences of two defective interfering ScV
dsRNAs derived from their parental dsSRNA, M, by internal deletion are shown around their break points, as
deduced from complete sequences® or partial sequences.®** The plus strands are shown. Numbers on the left refer
to distance in nucleotides from the 5’ end of the plus strand of M,. Numbers on the right refer to distances in
nucleotides from the 3’ end of the plus strand of M,. The sequences shown are those of the cDNAs.

Further information about cis-acting sequences in viral dsRNAs will probably await in
vitro mutagenesis of cDNA clones.

16.
17.
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