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Preface

At this writing the decade of the 1980s is rapidly coming to a
close, and it is an appropriate time to review the picornavirus
field. During the past decade there has been a remarkable
reemergence of interest in picornaviruses and a virtual explo-
sion of experimentation. The renaissance of picornaviruses can
be attributed to several developments near the beginning of the
1980s. In 1981 the nucleotide sequence of the first picornavirus
genome, that of poliovirus, was determined, providing a genetic
map that would be the basis for a number of experimental
questions regarding gene function and expression (Kitamura
et al., Nature 291: 547; Racaniello and Baltimore, Proc Natl
Acad Sci USA 78: 4887). In the same year it was reported that a
cloned cDNA copy of the poliovirus genome is infectious when
transfected into cultured mammalian cells (Racaniello and
Baltimore, Science 214: 916, 1981). This discovery, which
enables construction of poliovirus mutants and recombinants,
has since been used for the study of many picornaviruses.
Furthermore, the availability of cloned copies of viral genomes
permits manipulation of gene products apart from infected cells.
Third, the use of hybridoma technology to generate anti-
picornavirus neutralizing monoclonal antibodies permitted
mapping of antigenic sites (for example, Evans et al.,, Nature
304: 459, 1983). Finally, at mid-decade the three-dimensional
structures of poliovirus (Hogle et al., Science 229: 1358, 1985)
and rhinovirus (Rossmann et al., Nature 317: 145, 1985) were
solved. The structures provide a physical description of anti-
genic sites on the virion and serve as the framework for
experiments on virion assembly and disassembly.

These discoveries are the basis for much of the work
described in this volume. Included are six chapters which cover
most aspects of the replication of picornaviruses. Viral infection
begins with binding of virus to a cell receptor, which is the topic
of the first chapter by Racaniello (“Cell Receptors for Picornavi-
ruses”). Receptors for poliovirus and rhinovirus were recently
identified, and the molecular clones encoding these cell surface
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proteins will be potent reagents for future studies. Once
picornavirus RNA has entered the cell it is translated in a
unique manner: ribosomes bind directly to an internal sequence
within the 5-noncoding region. This process has been well
studied in poliovirus and is the subject of the chapter by
Sonenberg (“Poliovirus Translation”). Picornaviral protein is
produced as a precursor, and cleavage of this protein is required
to produce functional gene products. The intricacies of protein
processing, which is carried out by virus coded proteinases, is
the subject of the third chapter, by Lawson and Semler
(“Picornavirus Protein Processing: Enzymes, Substrates and
Genetic Regulation”), giving a comprehensive analysis of these
activities. Several of the picornavirus proteins are involved in
the replication of the viral RNA genome. RNA synthesis has
been best studied during the course of poliovirus infection.
Despite research in this area for over 25 years, the mechanism of
RNA synthesis in poliovirus-infected cells has not been
elucidated. The current state of the field is discussed in the
chapter by Richards and Ehrenfeld (“Poliovirus RNA Replic-
ation”). The product of the infectious cycle, infectious virions,
are of icosahedral symmetry. Our understanding of how this
structure relates to antigenicity has improved markedly in the
last decade. The sequences in the capsid that give rise to
antiviral antibodies is the subject of the fifth chapter by Minor
(“The Antigenic Structure of Picornaviruses”). This volume
would not be complete without a general consideration of the
genetics of picornaviruses. From the early rudimentary yet
important studies on poliovirus mutants, isolated by chemical
mutagenesis, the field has progressed to the state where defined
mutants are readily isolated by site-directed mutagenesis. This
approach is of enormous power and enables dissection of gene
function. The final chapter by Sarnow, Jacobson, and Najita
reviews the state of poliovirus genetics that has progressed so
rapidly as a result of the advent of infectious viral cDNA clones
(“Poliovirus Genetics”).

The work of the past 10 years demonstrates that picornavi-
ruses hold considerable interest for many investigators. Indeed,
it is likely that experimentation on this fascinating family of
viruses will continue well into the next century.

Vincent R. Racaniello
November 1989, New York City Columbia University
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1 Introduction

The surfaces of animal cells bear specific receptor sites for different viruses. These
sites are the first part of the host cell that viruses encounter as they begin the
infectious cycle. Receptor binding has been studied as long as other events in the
viral life cycle, yet with the exception of the influenza virus receptor, sialic acid,
these studies have not, until recently, resulted in the isolation and identification of
viral receptors. Undoubtedly one reason for the slow progress in this field has
been the difficulties encountered in purification of cell receptors for viruses. The
application of recombinant DNA and monoclonal antibody technologies has
recently resulted in the identification of receptors for five viruses. Two of these
viruses are members of the picornavirus family, and therefore it is a suitable time
to review our knowledge of picornavirus receptors, and consider the questions
about these receptors that can now be addressed. This review will focus on the
identification of cell receptors for several picornaviruses. Other aspects of the
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virus-receptor interaction, including studies of binding kinetics and the events
that occur shortly after receptor binding, have been extensively reviewed and will
not be covered here (CROWELL and LANDAU 1983; MaRrsH and HELENIUS 1989).

It is often concluded that cell receptors are the main determinant of viral host
range and cell and tissue tropism. Cell receptors are necessary for viral infection,
but they are by no means sufficient. Once a virus binds a cell receptor, it must
either be taken into the cell or fuse with the external envelope; its genetic material
must be transcribed, translated, and replicated (not necessarily in that order);
proteins must be processed and new virions must be assembled, to result in a
productive infection. Viral replication in different cells may be blocked at many
steps in the viral life cycle other than receptor binding. It is therefore important to
remember that cell receptors are not the sole determinants of viral host range and
cell and tissue tropism.

Poliovirus was one of the first animal viruses to be intensely studied, and
therefore its cell receptor has also received much attention. As we shall see,
information on the properties of picornavirus receptors emerged slowly. For
example, it was found that cell receptors for poliovirus were membrane proteins,
and competition experiments showed that in general, different picornaviruses
employed different receptors. However, it was not until 1989 that two picorna-
virus receptors—those for poliovirus and for the major group of rhinoviruses—
were identified. In the next several years approaches similar to those used for
identifying the receptors for poliovirus and the major group of rhinoviruses will
be used to identify other picornavirus receptors.

The picornavirus family contains the polioviruses, coxsackieviruses, echo-
viruses, rhinoviruses, cardioviruses (encephalomyocarditis virus, mengovirus,
Theiler’s murine encephalomyocarditis virus), aphthoviruses (foot-and-mouth
disease virus), and hepatitis A viruses. Despite their similar genome organization
and virion structures, these viruses cause a wide variety of human and animal
illnesses, from paralytic poliomyelitis to the common cold to foot-and-mouth
disease. Picornaviruses are comprised of a single, positive strand of RNA
contained within a protein shell of icosahedral symmetry that is assembled from
four different viral polypeptides. The viral RNAs contain a single long open
reading frame that is translated directly upon entering the cytoplasm into a
polyprotein that is proteolytically processed to form functional viral polypep-
tides. A consideration or our recent understanding of other aspects of picorna-
virus replication may be found in other chapters of this volume.

2 Cell Receptors for Poliovirus

2.1 Identification of a Cell Receptor

The idea that initiation of poliovirus replication requires a cell surface receptor
(PVR) took hold in the 1950s and probably originated from analogies made with



Cell Receptors for Picornaviruses 3

well-characterized bacteriophage systems and with other animal viruses such as
influenza virus. Early experiments showed that poliovirus attached to cuitured
monkey kidney cells and human HeLa cells at an exponential rate, and this
attachment was electrostatic, salt-dependent, and temperature-independent
(YOUNGNER 1955; FoGH 1955; BACHTOLD et al. 1957; HoLLAND and MCLAREN
1959). When HeLa cells were disrupted by freeze-thawing, the resulting cell debris
could specifically bind poliovirus and neutralize its infectivity (HOLLAND and
MCcLAREN 1959). Only debris prepared from poliovirus-susceptible primate cells,
and not from poliovirus-resistant mouse cells, couid neutralize infectivity, and
therefore it was suggested that the active virus-binding material in these
subcellular preparations was a cellular receptor (HOLLAND and MCLAREN 1959).

After these initial studies, general information on the physical properties of
poliovirus receptors emerged slowly. Poliovirus binding activity in HeLa cell
debris was found to be present mainly in the microsome fraction (HOLLAND and
McLAReN 1961). The virus-binding activity was sensitive to heat, ether,
chloroform, and trypsin, but not to periodate, lipase, or neuraminidase
(HoLrAND and McLAREN 1959, 1961). Based on these studies, it was suggested
that the receptor was a lipoprotein (HOLLAND and MCLAREN 1959, 1961).
However, in a later study it was shown that binding of poliovirus to its receptor is
blocked by concanavalin A, leading to the suggestion that this receptor is a
glycoprotein (LONBERG-HOLM 1975b).

Treatment of whole cells with proteases inactivates receptors for poliovirus,
which can regenerate within 12-16h (Zajac and CrROwWEeLL 1965b). The
regeneration of receptors is prevented by treatment of cells with inhibitors of
protein synthesis (LEVITT and CROWELL 1967). After treatment of cells with
proteases, no receptors are detected on internal structures (Zajac and CROWELL
1965a).

Early attempts to solubilize the PVR from cell membranes failed (HOLLAND
and McLAREN 1961; DESENA and MANDEL 1976). Subsequently, when a solid-
phase assay was used to detect virus binding, solubilization of the poliovirus
receptor from membranes was achieved with deoxycholate, suggesting that the
poliovirus receptor is an integral membrane protein (KRaAH and CROWELL 1982).
However, no further characterization of the receptor polypeptide was reported.

A combination of virus competition experiments and differential inactivation
of binding activity by heat, treatment with proteolytic enzymes, or low pH
treatment have demonstrated that the three poliovirus serotypes share a common
receptor which is different from the receptor for the six serotypes of coxsackie-
virus B, the group A coxsackieviruses, echoviruses, and the human rhinoviruses
(CROWELL 1963, 1966; Zajac and CROWELL 1965a, b; LONBERG-HOLM et al. 1976).
Virus binding studies have revealed that HeLa cells contain approximately
3 x 103 poliovirus receptor sites (LONBERG-HOLM and PHILIPSON 1974), although
it is not known how many receptor molecules comprise a cellular receptor
site.

It is well known that poliovirus replicates only in cultured cells of human or
monkey origin, and not in cells of other animal species. For example, poliovirus
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does not replicate in various cells lines derived from the rabbit, dog, cat, swine,
calf, guinea pig, mouse, or chick (MCLAREN et al. 1959). To determine whether
this host range was controlled by the presence or absence of cell receptors,
virus attachment to a variety of cultured cells was studied. The results indicated
that susceptible human and monkey cell lines absorbed poliovirus, while
insusceptible nonprimate cell lines such as those derived from the hamster, rabbit,
dog, cat, swine, calf, guinea pig, mouse, and chick, did not absorb virus
(KAPLAN 1955; MCLAREN et al. 1959). However, purified poliovirus RNA can
initiate one round of replication in all cultured mammalian cells tested, including
all the nonsusceptible nonprimate cells described above, demonstrating the
absence of postreceptor blocks to poliovirus replication (DESOMER et al. 1959;
HoLLAND et al. 1959a). These studies indicated that host range of poliovirus, at
least in cultured cells, appears to be largely controlled at the stages of virus entry,
such as receptor binding, virus penetration, and uncoating. However, not all
resistance to poliovirus infection can be explained by blocks to virus entry (for
example, see OKADA et al. 1987; KAPLAN et al. 1989).

Somatic cell hybrids between human and mouse cells were isolated to map the
gene encoding a poliovirus receptor. Three cell lines that were susceptible to
poliovirus infection contained 11-17 human chromosomes, and all included
chromosome 19. Poliovirus-resistant lines derived from these cells all lacked
chromosome 19. It was therefore suggested that susceptibility to poliovirus
infection, perhaps mediated by the cell receptor, was encoded by a gene on human
chromosome 19 (MILLER et al. 1974).

Several groups have isolated monoclonal antireceptor antibodies for use in
characterizing the cell receptor for poliovirus. These monoclonal antibodies
prevent virus binding to susceptible cells, and aiso protect cells from virus
infection, presumably by blocking a critical epitope on the receptor. Using
Hep2C cells as inoculum, two monoclonal antibodies, called 280 and 281, were
isolated that protect cells against infection with all three poliovirus serotypes, but
not with a variety of other viruses, including rhinovirus 1b, coxsackievirus A9 and
BS5, and nine other enteroviruses (MINOR et al. 1984). A second antibody, D171,
directed against an epitope on HeLa cells, also blocked infection with all three
poliovirus serotypes, but not with echovirus 30, coxsackievirus BS5, herpes
simplex virus type 1, vesicular stomatitis virus, and adenovirus 5 (NOBIS et al.
1985). All three antibodies appear to recognize the same antigenic site (P. NoBIs,
personal communication). D171 binds only to cells of human or monkey origin,
and not to pig, dog, rabbit, rat, hamster, or mouse cells, thereby confirming earlier
conclusions that these nonsusceptible cells lines lack receptors. A third antibody,
AF3, directed against HeLa cells, blocks infection with poliovirus types 1 and 2,
but has little effect against type 3, and does not inhibit infection with echovirus 6,
coxsackievirus B1, B3, and A18, influenza virus, and adenovirus 2 (SHEPLEY et al.
1988). The reason for the differential inhibition among the poliovirus serotypes is
not known. AF3 detects a 100 kDa polypeptide in the membrane of HeLa cells in
Western blot analysis. Recognition of proteins by antibodies 280, 281, and D171
has not been reported.
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Since biochemical approaches had not been successful for isolating the cell
receptor for poliovirus, a genetic approach was taken to identify genomic and
cDNA sequences encoding the receptor (MENDELSOHN et al. 1986, 1989). The
strategy used DNA-mediated transformation to transfer susceptibility to
poliovirus infection from HeLa cells to nonsusceptible, receptor-negative mouse
L cells. Mouse L cells were cotransformed with HeLa cell DNA and a selectable
marker, and transformants were screened for susceptibility to poliovirus infection
and for reactivity with antireceptor monoclonal antibody D171. Using this
approach, mouse cell lines were isolated that were susceptible to infection with all
three poliovirus serotypes. Next, genomic libraries were prepared from the L cell
transformants, and the library was screened with the human Alu repeat sequence
blur-8. The resulting genomic clones encoded the cell receptor for poliovirus,
since they hybridized with DNAs in human but not mouse cells, and hybridized
with a 3.3kb RNA in Hela cells and in the L cell transformants but not in
untransformed L cells.

The genomic clones were used as hybridization probes to isolate cDNA
clones from a HeLa cell library. Two long cDNA clones were isolated which,
when transformed into L cells under the control of an SV40 promoter, directed
the synthesis of functional poliovirus receptors as assayed by susceptibility to
poliovirus infection. The cDNA clones therefore encode functional cell receptors
for poliovirus.

The polypeptide encoded by the cDNA clones is a typical transmembrane
protein, and contains an N-terminal hydrophobic signal sequence, an ecto-
domain, a transmembrane domain and a cytoplasmic tail (Fig. 1). The two cDNA
clones encode slightly different proteins of predicted molecular weight 43 and
45kDa, which differ in the length of the cytoplasmic tail.

Examination of the predicted amino acid sequence reveals that the poliovirus
receptor is a new member of the immunoglobulin superfamily. The predicted
polypeptide can be folded into three domains, each of which is formed by disulfide
bonding (Fig. 1). Other members of this superfamily have roles in cell-cell
recognition and adhesion (WILLIAMS and BARCLAY 1988). Perhaps the natural
cellular function of the poliovirus receptor involves such activities.

Although the predicted molecular weight of a receptor polypeptide is 43 or
45kDa, the constitution of the receptor complex in the cell membrane is not
known. To address this question, we have prepared polyclonal rabbit antiserum
directed against a fusion polypeptide, synthesized in E. coli, of the trpE gene
product and the PVR. These antibodies react with several polypeptides in HeLa
cells, and efforts are currently directed at determining the relationship of these
polypeptides to virus binding (M. FREISTADT and V. RACANIELLO, unpublished
results).

Some information on the constitution of the virus binding site has been
obtained through expression of the PVR in insect cells (G. KapLAN and
V.R. RACANIELLO, unpublished results). When the PVR is expressed in insect cells
using a baculovirus vector, the receptor is expressed on the cell surface, and
poliovirus is able to bind to the insect cells. Analysis with polyclonal antireceptor
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Fig. 1. Putative structure of cell receptors for poliovirus and the major rhinovirus group (ICAM-1).
The ectodomain, with immunoglobulin-like domains formed by disulfide bonds, the transmembrane
domain, and the cytoplasmic tails are shown. The actual constitution of the receptor sites is not
known

antiserum indicates that the insect cells express a 67kDa glycoprotein. A
polypeptide of similar molecular weight is also observed in HeLa cells. These
results suggest that the poliovirus binding site contains only the 67kDa
polypeptide, although it is not known how many polypeptides constitute the
binding site.

Binding of poliovirus to insect cells expressing the PVR does not lead to
productive infection. Although the block to poliovirus replication in insect cells is
not known, it is possible that virus entry does not occur, which would suggest
than an additional polypeptide is required for this step.

The predicted PVR polypeptide contains eight potential N-linked glycosyl-
ation sites. At least some of these are probably used since the receptor polypeptide
produced in insect cells is 67 kDa, and treatment of these cells with tunicamycin
results in a polypeptide of 35kDa. Sialic acid may be a component of the
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poliovirus receptor, as revealed by the finding that poliovirus binding to cells is
blocked by wheat germ lectin (TOMASSINI et al. 1989b).

An interesting question is the relationship between the 100 kDA polypeptlde
identified by monoclonal antibody AF3, and the PVR encoded in the HeLa cell
c¢DNA clones. Our polyclonal antireceptor antisera do not detect polypeptides of
100kDa in HeLa cells (unpublished results). AF3 might recognize a protein
encoded by one of the larger receptor-related RNAs that are detected by
Northern blot analysis (MENDELSOHN et al. 1989). Alternatively, AF3 might
recognize a different protein that is associated with the receptor site, but not
encoded by the PVR cDNA clones, possibly explaining the differential blocking
of poliovirus infection by AF3.

2.2 Receptors and Host Range

As discussed above, restriction of poliovirus replication to primate cell cultures
appears to be controlled by the cell receptor. In animals, susceptibility to
poliovirus infection is largely confined to primates. To determine whether this
restriction is also controlled at the stages of viral entry, viral RNA was inoculated
intracerebrally into rabbits, chicks, guinea pigs, and hamsters. In all cases, virus
was produced in the absence of disease (HOLLAND et al. 1959b). These authors
concluded that, in the animals tested, the block to poliovirus replication is due to
lack of receptors. However, these studies could not rule out blocks at the stages of
virus penetration and uncoating, which would be bypassed by transfection with
viral RNA.

Some poliovirus strains have been adapted to replicate in nonprimate hosts
such as the mouse (ARMSTRONG 1939), chick embryo (Roca-GARCIA et al. 1952),
and suckling hamster (MOYER et al. 1952). Poliovirus variants capable of growing
in mice have arisen spontaneously during propagation of viruses in cultured cells
(Lr and ScHAEFFER 1953; Li et al. 1955). Recent studies on the mouse-adapted
P2/Lansing strain provide insight into why some poliovirus strains cannot
replicate in mice. P2/Lansing was originally isolated from a fatal case of human
poliomyelitis and subsequently adapted to mice (ARMSTRONG 1939). After
intracerebral inoculation into mice, P2/Lansing induces fatal poliomyelitis. In
contrast, inoculation of mice with P1/Mahoney fails to result in disease. Recently
it was shown that the ability of P2/Lansing to infect mice can be transferred to the
P1/Mahoney strain by exchange of the 8 amino acid sequence in VP1 known as
neutralization antigenic site 1 (N-Agl) (MURRAY et al. 1988; MARTIN et al. 1988).
This result suggests that N-Ag1 of P2/Lansing is involved in receptor binding or
virus entry in the mouse.

An important question is therefore whether the expanded host range of
P2/Lansing is due to acquisition of a new receptor specificity. Unfortunately it is
not possible to demonstrate binding of P2/Lansing to mouse brain homogenates
(HoLLAND 1961), and therefore it cannot be determined whether receptors for
P1/Mahoney are absent in the mouse. Our approach to this problem is to
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molecularly clone the P2/Lansing receptor cDNA from mice and determine
whether it can bind P2/Lansing but not P1/Mahoney. We have isolated cDNA
clones from mouse brain that encode a murine homolog of the human PVR that
might represent the P2/Lansing receptor (M. MORRISON and V. RACANIELLO,
unpublished results). The encoded murine protein is similar to the human PVR in
that it has three Ig-like domains, a transmembrane sequence, and a cytoplasmic
tail. The Ig-like domains of the human and mouse polypeptides have approxi-
mately 709, amino acid identity. Experiments are under way to determine
whether the mouse cDNA encodes a functional receptor that can bind
P2/Lansing but not P1/Mahoney.

2.3 Receptors and Tissue Tropism

Within the infected primate, poliovirus replication is limited to specific cells and
tissues. For example, in humans poliovirus replicates in the oropharyngeal
mucosa, in Peyer’s patches of the gut, and in motor neurons within the central
nervous system, and significant replication in other tissues has not been observed
(BopiaN 1959). Poliovirus fails to replicate when inoculated directly into monkey
kidney or testicular tissue (KAPLAN 1955; Evans et al. 1954; LEDINKO et al. 1951).
A simple explanation for this restricted tissue tropism is that it is determined by
receptor distribution.

An early approach to this question was to examine the ability of poliovirus to
bind to homogenates of tissues. This assay depends on the loss of infectivity
associated with receptor binding at 37° C. In one study, it was found that virus
bound to homogenates from susceptible organs of humans and monkeys (brain,
spinal cord, intestine), while insusceptible tissues (heart, lung, kidney, skeletal
muscle) did not bind virus (HoLLAND 1961). Virus binding was abolished by
heating at 60° C, or by treatment with trypsin or 8 M urea. However, occasional
low levels of virus binding to kidney, liver and lung were observed (HoLLAND
1961). Based on these studies, it was concluded that poliovirus tissue tropism is
determined by the presence or absence of receptors. However, a separate study
reported significant virus binding to many monkey and human tissues, including
those that do not support poliovirus replication (KUNIN and JORDAN 1961). The
reasons for the different results of the two studies are not known, but clearly a
different approach to the problem of tissue tropism is required.

The availability of receptor cDNAs enables further examination of the
relationship of tissue tropism and expression of cell receptors for poliovirus.
When RNA from a variety of human tissues was examined by northern blot
analysis, a 3.3 kb receptor RNA was detected in all tissues, including those which
are sites of poliovirus replication (cerebellar cortex, motor cortex, spinal cord,
ileum) and tissues in which poliovirus does not replicate (frontal cortex, kidney).
Thus susceptibility to poliovirus infection does not appear to be governed solely
by expression of receptor RNA in tissues.
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It is curious that receptor RNAs were detected in tissues such as kidney that
are not sites of poliovirus replication. Perhaps the receptor RNA is not translated
into protein in these tissues, or perhaps the encoded protein cannot bind
poliovirus because of differences in amino acid sequence or posttranslational
modification. The 100 kDa protein detected by AF3 in HeLa cells is also present
in human spinal cord, brain stem, and cortex, but not in kidney (SHEPLEY et al.
1988). AF3 appears to recognize a carbohydrate epitope (M. SHEPLEY, personal
communication), and absence of this epitope in the kidney suggests that
glycosylation is important for susceptibility to poliovirus infection. Perhaps
expression of the PVR is limited to specific cells within the kidney that may not
have access to infectious virus, or which contain other blocks to viral replication.
We are currently employing our polyclonal antireceptor antibody to examine
receptor expression in tissues by Western blot analysis, and in specific cell types
by immunohistochemistry.

It was once believed that attenuation of neurovirulence of poliovirus vaccine
strains was due to altered receptor specificity of the vaccine strains. This
conclusion was based on the reduced ability of the vaccine strains to bind to
central nervous system homogenates (SABIN 1957; KuNIN 1962; HOLLAND 1961).
Subsequently another study found no difference in the binding of attenuated and
neurovirulent virus strains (HARTER and CHOPPIN 1965). The location in the
capsid of an attenuating mutation in the P2/Sabin strain is consistent with
alteration of receptor binding (R. REN, E. Moss, and V. RACANIELLO, unpublished
results). However, the effects of the mutation are likely to be subtie and not
detectable by assays of virus binding to tissues homogenates.

Although poliovirus replicates in few human tissues, with some exceptions it
can replicate in nearly all cultured human cells. For example, injection of
poliovirus into monkey kidney does not result in virus multiplication, and fresh
kidney does not bind poliovirus, yet cultured monkey kidney cells are susceptible
to poliovirus infection (KAPLAN 1955). The same observations were made
using human amnion and cultured human amnion cells (HoLLaND 1961).
Perhaps cell culture results in unmasking, modification, or synthesis of receptors
to permit virus infection. The mechanism by which cultured cells acquire
susceptibility to poliovirus should be clarified studying receptor expression with
DNA and antibody probes.

3 Cell Receptors for Rhinovirus

Human rhinoviruses (HR Vs), the agents of the common cold, infect only humans
and chimpanzees. In humans, viral replication is limited to the upper respiratory
tract. Most rhinovirus strains replicate only in human or chimpanzee cell lines.

Cell receptors for rhinovirus were first detected by adsorbing virus to cells
HAFF et al. 1966; StoTT and HEATH 1970; THOMAS et al. 1970); adsorption was
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prevented by prior treatment of cells with trypsin (STOTT and HEATH 1970). The
first clue that different rhinoviruses might employ different receptors came from
the observation that, while HRV-2 and HRV-14 both adsorbed to WI-26
(human) cells, only HRV-2 adsorbed to African green monkey kidney cells (HAFF
et al. 1966). This observation provided an explanation for the inability of HRV-14
to grow in AGMK cells. Subsequently competition studies demonstrated that
HRV-2 and HRV-14 bind to different cell receptors (LONBERG-HOLM and
KORANT 1972). Serotypes 3, 5, 15, 39, 41, and 51 were shown to employ the same
receptor as HRV-14 (LoNBERG-HoOLM et al. 1976). More recently it was demon-
strated that the vast majority of rhinovirus serotypes—approximately 78,
including the prototype HRV-14—recognize one receptor, which has been
termed the “major group” rhinovirus receptor (ABRAHAM and COLONNO 1984;
CoLoNNO et al. 1986). Competition studies demonstrate that the major group
receptor is also recognized by coxsackieviruses A13, A18, and A21 (LONBERG-
HoLMmet al. 1976). The remaining ten serotypes of HRV, including the prototypes
HRV-1A and HRV-2, recognize what has been called the “minor group”
receptor. The major and minor group HRYV receptors are distinct from cell
receptors used by poliovirus and CVB (LONBERG-HOLM et al. 1976).

For many years little information on the properties of rhinovirus receptors
was available. Since virus binding was sensitive to trypsin (STOTT and HEATH
1970) and concanavalin A (LONBERG-HOLM 1975), the receptor was believed to
be a cell surface glycoprotein. Progress on studying this receptor was probably
hampered by its low abundance on cells. However, the development of
monoclonal antibody technology enabled great advances in the study of HRV
receptors. Using HelLa cells as immunogen, a monoclonal antibody was isolated
that blocked attachment of rhinovirus to cells and protected cells against
rhinovirus infection. This antibody, called 1A6, blocked infection only with
rhinovirus serotypes of the major group was thus specific for the major group
receptor. As would be predicted, 1A6 also blocked infection with coxsackie
viruses A13, A18, and A21 (COLONNO et al. 1986).

Antibody 1A6 was used in binding assays to demonstrate that a wide variety
of human cell lines, but not monkey, mouse, bovine, or goat cells, express the
major HRV receptor (COLONNO et al. 1986). The major group receptor was also
detected on chimpanzee liver cells, which are permissive for viral replication.
Therefore, the presence of the major group receptor paralleled the known host
range of the major group viruses. The same results were obtained when receptors
were assayed by binding studies with labeled HRV.

Monoclonal antibody 1A6 was shown to bind to membrane extracts
solubilized with sodium deoxycholate. Therefore, it was possible to isolate the
receptor protein by gel filtration and monoclonal antibody affinity chromato-
graphy, using a solid phase radioimmunoassay to monitor purification. A
polypeptide of apparent molecular weight 90kDa on SDS-PAGE was eluted
from the affinity column with diethylamine. When this protein was inoculated
into rabbits, the resulting polyclonal antiserum blocked HRV-15 binding to
HelLa cells, providing strong evidence that the 90 kDa polypeptide was the major
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group rhinovirus receptor, or at least a component of that receptor (TOMASSINI
and COLONNO 1986). Further characterization of the 90 kDa polypeptide revealed
that it was an acidic glycoprotein whose molecular mass was composed of 30%;
carbohydrate, including sialic acid, as revealed by digestion with various
glycosidases (ToMasSINI et al. 1989b). Seven N-linked glycosylation sites were
detected. However, neuraminidase treatment of cells reduced virus binding by
only 359 and had no effect on binding of antibody 1A6. Therefore, it appears that
sialic acid does not constitute the entire virus binding site.

Amino acid sequencing of CNBr and tryptic peptides derived from the
purified 90 kDa receptor polypeptide enabled synthesis of oligonucleotide probes
which were used to isolate cDNAs encoding the polypeptide (TOMASSINI et al.
1989a). A full length cDNA was constructed that directed the synthesis of
functional HRV-15 and 1A6 binding sites in Vero cells after DNA transform-
ation. This work proved that the 90kDa polypeptide is the major group
rhinovirus receptor.

Sequence analysis of the major group HRV receptor cDNA revealed that the
encoded 55kDa polypeptide is nearly identical to the previously described
intercellular adhesion molecule-1 (ICAM-1; ToMASSINI et al. 1989a). The same
conclusion was reached by two other groups. (GREVE et al. 1989; STAUNTON et al.
1989). One group isolated monoclonal antibodies that block attachment of the
major group rhinoviruses to cells (GREVE et al. 1989). One monoclonal antibody
was used to purify a 95 kDa polypeptide that bound rhinovirus; the amino acid
sequence of this protein revealed its identity with [CAM-1. In addition, L cell
transformants were obtained, using HeLa cell DNA as donor, that express
functional rhinovirus binding sites. ICAM-1 oligonucleotide probes were used to
obtain a full length cDNA from the transformants that directed the synthesis of
rhinovirus binding sites after transformation into L cells. The gene encoding the
ICAM-1 cDNA was mapped to human chromosome 19, the same chromosome
that carries the gene for the poliovirus receptor. A third group had previously
isolated full length cDNA clones encoding ICAM-1, based on its involvement in
cell adhesion (STAUNTON et al. 1988). These workers subsequently demonstrated
that transformation of an ICAM-1 cDNA clone into mouse cells results in
expression of rhinovirus binding sites. Furthermore, purified ICAM-1 binds
rhinovirus, and anti-ICAM-1 monoclonal antibodies prevent rhinovirus infec-
tion of HeLa cells.

ICAM-1 is a ligand for lymphocyte function-associated antigen 1 (LFA-1), a
member of the integrin superfamily. The interaction between the two molecules is
important for leukocyte adhesion to different cell types. Like the poliovirus
receptor, [CAM-1 is a member of the immunoglobulin superfamily. However,
ICAM-1 contains five predicted Ig-like domains, while the PVR contains three
(Fig. 1).

It was previously known that synthesis of I[CAM-1 is induced by soluble
mediators of inflammation, such as interferon and interleukin (DUSTIN et al.
1986). As expected, treatment of HeLa cells with IFN-y and TNF-« results in
enhancement of HRV-15 binding (ToMAssINI et al. 1989a). It is therefore possible
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that the immune response to rhinovirus infection might induce receptor
synthesis, thereby enhancing infection and spread of virus within the host. We
must consider rhinovirus quite smart to have selected ICAM-1 for its cellular
receptor.

Does the distribution of ICAM-1 in humans parallel rhinovirus tissue
tropism? Studies on the expression of ICAM-1 indicate that it is found in a variety
of human cell types, including vascular endothelial cells, thymic epithelial cells,
other epithelial cells, fibroblasts, tissue macrophages, mitogen-stimulated T
lymphocyte blasts, and germinal center dendritic cells in tonsils, lymph nodes,
and Peyer’s patches (DusTIN et al. 1986). Indeed, the wide distribution of ICAM-1
was predicted by analyses with monoclonal antibody 1A6, which reacts with cells
derived from a variety of human tissues (CoLONNO et al. 1986). However,
rhinovirus only replicates in epithelial cells of the upper respiratory tract, and
therefore rhinovirus tropism cannot be explained by receptor distribution.
Clearly other factors must regulate rhinovirus tissue tropism, such as the
sensitivity of rhinovirus to low pH and high temperature.

It is curious that binding of rhinovirus to ICAM-1 expressed on mouse cells
does not lead to productive infection (GREVE et al. 1989). Therefore, resistance of
mouse cells to rhinovirus infection cannot be entirely attributed to the absence of
viral receptors. The block to rhinovirus infection in ICAM-1 positive mouse cells
has not been identified, but might involve any phase of viral replication after
receptor binding.

Work on the rhinovirus minor group receptor is just beginning. In contrast
to ICAM-1, minor group receptors are present on both human and mouse cells
(CoLonNoO et al. 1986). Although HRV-2 will bind to mouse cells, viral replication
does not occur. An HRV-2 variant selected for the ability to replicate in mouse
cells has an altered 2C polypeptide, suggesting that the block to HRV-2
replication in these cells involves some aspect of viral RNA synthesis. (YIN and
Lomax 1985). Levels of the minor group receptor do not increase after treatment
of cells with cytokines, as observed for [CAM-1 (TomassINI et al. 1989a). Binding
of minor group rhinoviruses to cells is prevented by wheat germ lectin (TOMASSINI
et al. 1989b), and to a lesser extent by concanavalin A (LONBERG-HoOLM 1975).
The minor group receptor will bind virus after solubilization of HeLa cells with
detergents (MiSCHAK et al. 1988). The solubilized receptor complex has been
enriched by lectin and gel chromatography, and appears to have a molecular
weight of 450 kDa. Identification of the receptor protein awaits molecular cloning
of its cDNA and functional expression in cultured cells.

There are some clues about what part of rhinovirus attaches to ICAM-1.
Examination of the three-dimensional structure of rhinovirus 14 reveals a
prominent depression in the virion surface surrounding each fivefold axis of
symmetry. This feature was called the “canyon” and it was suggested to be the site
on the virion that interacts with the cell receptor (ROSSMANN et al. 1985). The
canyon appears to be inaccessible to antibodies and therefore would not undergo
change as a result of immune selection; sequence conservation would be an
expected property of a receptor attachment site. To provide evidence in support
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of the canyon hypothesis, rhinovirus mutants were isolated that contain single
amino acid changes at positions lining the canyon (COLONNO et al. 1988). Seven
small plaque mutants were recovered that had lower binding affinities than wild
type virus, suggesting that this region is involved in receptor binding. Further
support for the canyon hypothesis comes from studies of a series of antiviral WIN
compounds (Sterling-Winthrop) that block HRV-14 attachment to cells (HENzZ
et al. 1989). These compounds insert into the virion in a hydrophobic pocket
below the canyon floor and result in conformational changes in this area.
Presumably the changes of the canyon result in a reduced ability of the virus to
bind cell receptors. Eighty viral mutants resistant to these compounds were
isolated, and the amino acid sequence associated with resistance was identified
for each mutant. The results indicate that mutants resistant to high levels of the
compound map at two sites lining the drug binding pocket, while mutants
resistant to low levels contain changes at five sites in the region of the canyon
altered by drug binding. One mechanism of drug resistance appears to involve
compensation for the effect of the drug on virus attachment. Thus the mutations
appear to lie in sites that are involved in virus attachment. Final identity of the
virion attachment site will come when the three-dimensional structure of the
virus-receptor complex is solved.

4 Cell Receptors for Coxsackievirus

Coxsackievirus infection of humans is associated with a wide variety of illnesses,
including paralytic disease, meningitis, myocarditis, pleurodynia, exanthems, and
enanthems. Thus coxsackieviruses display a broader tissue tropism than
poliovirus or rhinovirus. Coxsackieviruses are classified in two groups A and B
(CVA, CVB) according to the type of lesions produced after inoculation into
suckling mice. Group A viruses produce diffuse myositis, while group B viruses
produce focal areas of degeneration in the brain and muscle, and occasionally in
the myocardium.

Coxsackievirus A9 adsorbs to a variety of susceptible primary human and
rhesus monkey cell cultures, and infectivity is lost after incubation of virus with
debris prepared from these cells (MCLAREN et al. 1960). Continuous human cell
lines cannot adsorb coxsackievirus A9, but express receptors for coxsackieviruses
B1, B3, and BS. Although the continuous lines are resistant to infection with
coxsackie A viruses, the block can be bypassed by transfection with purified viral
RNA, suggesting that receptors for the group A and B viruses are different
(McLAREN et al. 1960). Competition experiments confirm that the two virus
groups use different receptors on HeLa cells (LONBERG-HOLM et al. 1976).
Surprisingly, these studies also reveal that the CVB receptor is shared by
adenovirus type 2. Other studies have demonstrated that CVB receptors are
sensitive to chymotrypsin (Zasac and CROWELL 1965b), are present only on the
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cell surface (Zasac and CROWELL 1965a), and are regenerated after inactivation
with proteolytic enzymes (ZAJAC and CROWELL 1965a; LEVITT and CROWELL
1967).

The receptor for group B coxsackieviruses has been solubilized from HeLa
cell membranes, using sodium deoxycholate (KRaH and CROWELL 1982). To
detect the receptor, a solid-phase assay was employed that measured binding of
virus to plastic cell culture wells coated with solubilized membranes. This assay
was used to further characterize the CVB3 receptor (KrRaH and CROWELL 1985).
The receptor complex has an apparent molecular weight of 275kDa as
determined by gel filtration. Virus binding activity is destroyed by treatment with
glycosidases, suggesting that the receptor is a glycoprotein. This suggestion is
supported by the observation that concanavalin A, and wheatgerm, lentil and pea
lectins bind to the receptor complex. However, only concanavalin A, and pea and
lentil lectins reduce virus attachment, suggesting that the sugar residues
recognized by these lectins might be near the site that interacts with virus.

The ability to solubilize the CVB3 receptor was used as part of a receptor
purification scheme. CVB3 virions were bound to HeLa cells, and the virus-
receptor complex was solubilized with sodium deoxycholate and triton X-100
(MAPOLES et al. 1985). This complex, when purified from virions by centrifug-
ation, contains the virion capsid proteins and one additional protein of 49.5 kDa
called Rp-a. Rp-a purified from this complex can bind CVB3 and CVB1 but not
poliovirus type 1. It was suggested that Rp-o is a member of the CVB receptor
complex that is responsible for recognition and binding of the virion. Final proof
of this hypothesis will require isolation of ¢cDNA encoding Rp-« and de-
monstration that this cDNA directs expression of functional CVB binding sites.
Once the CVB3 receptor is molecularly cloned, it will be interesting to determine
whether it can also be recognized by Ad2, as suggested by virus competition
studies (LONBERG-HOLM et al. 1976).

Monoclonal antibodies have also been useful for studying CV receptors. One
group has reported the isolation of several monoclonal antibodies that block
binding and infection of HeLa cells with CVB strains but not with PV1, CVA
strains, or encephalomyocarditis virus (EMCV; CaMPBELL and CORDS 1983).
These results confirmed the receptor specificities predicted by competition
experiments discussed above. Another group has isolated anti-HeLa cell
monoclonal antibodies that block attachment of CVB3 to cells (CROWELL et al.
1986). This monoclonal antibody protects cells from infection with CVBI, 3, 5,
echovirus 6, and CVA21 but not from infection with four additional echovirus
serotypes, four other CVA strains, HRV14, three poliovirus strains, three HRV
strains, and EMCV. Some of these findings do not agree with the results of
binding competition experiments. For example, competition studies show that
CVA21 and HRV 14 share the same receptor, while echovirus 6 does not share a
receptor with CVB3. These differences remain unresolved.

An interesting observation has been made concerning receptor specificity of
the coxsackie B viruses (REAGAN et al. 1984). These viruses do not replicate in
human rhabdomyosarcoma (RD) cells because the cells do not bear CVB
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receptors. However, after blind passage in RD celis, CVB variants were obtained
that could grow in these cells. These viral variants acquired the ability to
agglutinate human erythrocytes, and formed small plaques on HeLa cells. In
competition studies in HeLa cells, the CVB3-RD variant blocks attachment of
CVB3, but CVBI does not block receptors for CVB3-RD. These results suggest
that the CVB3-RD variant recognizes a new receptor on RD cells, and that both
this receptor and the normal CVB receptor are present on HeLa cells. Using
HeLa cells as immunogen, monoclonal antibodies were obtained that could
either block CVB3 infection of HeLa cells or CVB3-RD infection of RD cells. In
addition, one monoclonal antibody, Rmc CVB3-CVB3RD, blocks infection of
HeLa cells with CVB3 and infection of RD cells with CVB3-RD but has no effect
on CVB3-RD infection of HeLa cells. This result is somewhat puzzling, because if
the monoclonal antibody blocks each viral receptor in the respective cells, it
would be expected to block infection of CYB3-RD in HeLa cells as well. An
explanation of these observations might come from molecular cloning of the
different CVB receptors on HeLa and RD cells.

S Cell Receptors for Aphthovirus

Very little information is available about cell receptors for foot-and-mouth
disease virus (FMDYV). Early experiments examined the kinetics of FMDV
adsorption to susceptible cells (THORNE and CARTWRIGHT 1961, BROWN et al.
1961,1962; THORNE 1962; BAxT and BacHrAcH 1980). Virus attaches to debris
derived from susceptible cells, and heating the debris at 56° C, or treatment with
lipid solvents or low pH (3.0) abolishes binding activity (THORNE and
CARTWRIGHT 1961). The number of receptor sites on HHK-21 cells for several
FMDV strains is estimated at 1-2.5 x 10* (BaxT and BAcHRACH 1980). FMDV
receptors reside in a plasma membrane fraction derived from BHK-21 cells, and
virus does not bind to membranes prepared from trypsin-treated cells (BaxT and
BacHRACH 1982). Competition experiments, employing radioactively labeled
and unlabeled viruses, indicate that cells contain different receptors for the SAT,
A, C, and O viral subtypes (BAXT and BACHRACH 1982; SEKIGUCHI et al. 1982).

Perhaps the best clues about the nature of FMDYV receptors have come from
analysis of the putative attachment site on the virion. Trypsin treatment of
FMDYV virions abolishes infectivity by preventing virus binding to cells (BROWN
et al. 1963). The trypsin-treated virions have reduced density and reduced
immunogenicity in guinea pigs (WiLD and BROwN 1967). Electrophoretic
analysis of the trypsin-treated virions indicates altered mobility of one of the
capsid polypeptides (WILD et al. 1969). These data led to the suggestion that
trypsin treatment removes a site on the virion responsible for attachment to a cell
receptor (WILD et al. 1969). Since trypsin treatment also reduced the immunoge-
nicity of the particles, it was suggested that the same part of the virion is also an
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immunizing antigen (WILD et al. 1969). A portion of VP1 between amino acids
135 and 160 was subsequently shown to constitute a major neutralization
antigenic site, and several trypsin cleavage sites are located in this region
(STROHMAIER et al. 1982; BITTLE et al. 1982). This part of VP1 contains the amino
acid sequence Arg-Gly-Asp (RGD) at positions 145 to 147, which is conserved in
the seven FMDYV serotypes, with one exception, a RSGD in strain A1061. RGD is
responsible for the binding of many extracellular ligands to cell surface receptors
known as integrins (reviewed in RUOSLAHTI and PIERSCHBACHER 1987). For
example, the extracellular glycoprotein fibronectin binds to a receptor via the
RGD sequence, and RGD-containing peptides will attach to such receptors
(PiERSCHBACHER and RuoOsLAHTI 1984). Recently it was shown that RGD-
containing peptides inhibit attachment of FMDYV to BHK cells (Fox et al. 1989).
Antibody directed against this region of VP1 blocks attachment of FMDYV to
BHK cells, and neutralizing monoclonal antibodies, which also block virus
attachment, do not block virus binding in the presence of RGD-containing
peptides. These result suggest that cell receptors for FMDYV might be members of
the integrin superfamily. It should be noted that trypsin treatment of FMDYV also
cleaves within the carboxy terminal region of VP, in the area of residues
203-213, and this cleavage also results in inhibition of virus attachment (Fox
et al. 1989). This region may therefore also be part of the receptor attachment site.

RGD-containing peptides block attachment of both A and O FMDV
subtypes, although competition experiments had previously shown that these
subtypes recognize two different receptors (Fox et al. 1989; BAxT and BACHRACH
1982; SExIGUCHI et al. 1982). This result is not unexpected, because both
fibronectin and vitronectin receptors are blocked by RGD-containing peptides,
although the two proteins do not compete for the same receptor (PYTELA et al.
1985). Thus receptor specificity in FMDYV is probably controlled by sequences in
addition to the RGD, perhaps those at the carboxy terminus of VP1.

Since FMDYV can infect many different cell types, DNA-mediated transform-
ation probably cannot be used for cloning the FMDYV receptor gene. It may be
necessary to isolate monoclonal antibodies that inhibit FMDYV attachment to
cells, and use them to isolate the receptor protein. The receptor cDNAs could
then be isolated using oligonucleotide probes derived from the receptor amino
acid sequence, as was done for the major group rhinovirus receptor.

6 Cell Receptors for Other Picornaviruses

Nearly nothing is known about cell surface receptors for the many picorna-
viruses that have not been discussed here. The cardiovirus genus contains viruses
such as mengovirus, encephalomyocarditis virus (EMCYV), and Theiler’s murine
encephalomyocarditis virus (TMEYV), all of which are pathogens of mice. Attach-
ment of EMCYV to human and mouse cells has been studied (McCLINTOCK et al.
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1980), but no other information on the receptor is available. An assay for TMEV
receptors has recently been described in which virus is first bound to cells,
followed by antiviral antibody and '2°I-labeled protein A (RuBio and CUESTA
1988). Using this assay, specific binding of TMEV to BHK-21 cell receptors was
demonstrated. Perhaps this assay will be used to provide information on the
nature of TMEV receptors. Several picornaviruses, including echovirus 7 and 19,
coxsackie B3, and EMCV, are able to bind to and agglutinate human
erythrocytes. The receptor on erythrocytes for such viruses has been partially
characterized (PHILIPSON et al. 1964), and in the case of EMCYV is suggested to be
glycophorin A (ALLAWAY et al. 1986). However, since attachment of viruses to
erythrocytes does not lead to productive infection, it is not clear that study of
these erythrocyte receptors will provide information about the receptors on
susceptible cells.

7 Concluding Remarks

Now that cell receptors for two picornaviruses have been identified and their
cDNAs molecularly cloned, a variety of interesting experiments are possible. One
important goal is to provide a molecular description of the virus-receptor
complex. To achieve this goal, it will first be necessary to identify the domain(s) of
the PVR receptor and ICAM-1 that bind virus, followed by a more detailed
analysis of the virus binding site by site-directed mutagenesis. This information
can then be interpreted in the context of the three-dimensional structure of the
receptor and the virus-receptor complex. The results of these studies would not
only be scientifically fascinating, but might lead to the design of new antiviral
agents.

It is possible that the steps that occur just after receptor binding, such as virus
entry into the cell and uncoating, are in part mediated by the receptor protein. It
will be of interest to determine whether receptor mutants can be isolated that
display defects in mediating these activities. Perhaps entry and uncoating of
picornaviruses are mediated by different polypeptides within the receptor
complex.

Our understanding of the virus-receptor interaction would not be complete
without a description of the part of the virion that interacts with the cell receptor.
Some evidence has been presented which suggests that rhinovirus binds to
ICAM-1 via the canyon. The structure of mengovirus reveals not a canyon, but
rather “pits” surrounding the fivefold axis, and these have been proposed as cell
attachment sites (LLUo et al. 1987). It was a surprise, however, when the structure
of FMDYV revealed the absence of pits or canyons on the virion surface (ACHARYA
et al. 1989). The RGD sequence within VP1, which appears to mediate binding of
FMDV to cell receptors, is located in a polypeptide loop that forms a disordered
protrusion on the virion surface, for which the structure could not be deduced.
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Perhaps some picornaviruses bind to their receptors via surface loops, as in
FMDYV, while others bind to receptors via canyons or pits in the virion surface.
Poliovirus may use a canyon or a loop to bind to cell receptors, depending on the
animal host. The structure of poliovirus reveals a canyon like that of rhinovirus
(HOGLE et al. 1985), although no evidence has been presented that this structure
mediates binding to a cell receptor. The ability of P2/Lansing to infect mice can be
conferred to another poliovirus strain by exchange of N-Agl, a polypeptide loop
on the surface of the virion also known as the B-C loop (MURRAY et al. 1988;
MARTIN et al. 1988). If infection of mice by P2/Lansing involves recognition of a
new receptor by this strain, then it would appear that binding to this receptor is
mediated by the B-C loop. Thus poliovirus host range variants that have
acquired a second receptor specificity may recognize a different receptor in each
host.

It is interesting that two members of the picornavirus family use receptors
that are members of the immunoglobulin superfamily. Is this a coincidence,
simply because so many surface proteins are members of this superfamily, or is
the part of these viruses that binds the receptor particularly suited for attachment
to members of the Ig superfamily? For example, might the domain structure of the
Ig-like proteins fit nicely into the canyon of certain picornaviruses? Computer
modeling of the C1 domain of ICAM-1, although very preliminary, suggests that
Cl1 fits well into the rhinovirus canyon, and covers residues thought to be
important for viral attachment (GIRANDA et al. 1989). It is clearly necessary to
determine whether or not cell receptors for other picornaviruses are members of
the Ig superfamily or the integrin superfamily, and whether virions bind to these
receptors via canyons, pits, or protein loops.

In addition to receptors for rhinovirus and poliovirus, other receptors
identified so far include that for HIV-1, known to be CD4, also an Ig superfamily
member (MADDON et al. 1986). The receptor binding protein of HIV-11is gp120; it
will be interesting to determine whether the site on gp120 that binds receptor has
a pit or canyon-like feature. Other receptors identified include the ecotropic
Moloney murine leukemia virus receptor, a 67kDa protein that may span the
membrane seven times (ALBRITTON et al. 1989); complement receptor 2 (CR-2);
the Epstein-Barr virus receptor (AHEARN et al. 1988; MOORE et al. 1987); and sialic
acid, the influenza virus receptor.

Clearly the study of viral receptors is just beginning, and soon our knowledge
of these structures and the ways in which they initiate the infectious cycle will
approach what is known about other stages of viral replication. Although these
studies will clarify yet another stage of the viral life cycle, receptors do not exist
solely to be used by viruses. Identification of viral receptors in some cases means
discovery of new cell proteins, and unravelling the function of these proteins will
surely be an interesting task.
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1 Introduction

Considerable effort has gone into investigations of translation of picornavirus
and particularly of poliovirus. Picornavirus mRNAs have unique structural
properties that make them ideal for studying the mechanism and control of
translation initiation in eukaryotes. Accordingly, the studies of poliovirus and
encephalomyocarditis virus (EMCV) mRNAs and their translation have yielded
novel insights into the mechanism of eukaryotic translation. In addition, the
ability of poliovirus to induce a precipitous and dramatic reduction of cellular
protein synthesis stems from its unique translational features.

The poliovirus replication cycle commences with the binding of the virus to a
specific receptor followed by internalization. In the cell the genomic RNA is
uncoated and is then translated into a polyprotein that is processed in the native
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form by two virus-encoded proteinases into the different functional viral
polypeptides (see Chap. 3, this volume). Translation in the presence of amino acid
analogues results in the synthesis of a single polypeptide with a molecular weight
of 247000. The genomic RNA is positive stranded with ~ 7500 nucleotides
(different serotypes are slightly different in length), and contains a long 5
noncoding region of ~ 740 nucleotides, and a much shorter 3’ noncoding region
of ~ 70 nucleotides (see RACANIELLO and BALTIMORE 1981; KiTAMURA et al.
1981) for poliovirus type 1, Mahoney strain. Sequences of the other poliovirus
strains have been also determined.

Like most cellular and viral mRNA, poliovirus RNA contains a 3’ poly A tail
of heterogeneous length (YoGo and WiMMER 1972). However, unlike all cellular
and most viral mRNAs the poliovirus genomic RNA does not possess a
cap structure (m?’GpppN, see below), but instead has a small polypeptide termed
VPg covalently linked to its 5" end (FLANAGAN et al. 1977; LEE et al. 1977). In
polysomal RNA VPg is removed resulting in a 5 pUp terminated RNA
(HEWLETT et al. 1976; NoMOTO et al. 1976).

The long 5’ noncoding region of poliovirus RNA is laden with six to eight
AUG codons of which three are conserved among the three different serotypes
(Tovopa et al. 1984). These AUGs are not likely to serve as initiation codons,
because mutation of six out of the seven upstream AUGs in type 2 (Lansing
strain) have no phenotypic effect. (As discussed below the seventh AUG is also
not likely to serve as an initiation codon.) In addition, no translation products
from the upstream small ORFs have been identified. It is significant, however,
that the major portion (up to position ~ 600) of the 5 UTR (untranslated region)
of polioviruses is conserved, and thus must serve an important function. One of
these functions is the initiation of protein synthesis.

Elucidation of the mechanisms of translation of poliovirus RNA and the shut-
off of host protein synthesis was greatly facilitated by the increased knowledge of
the translation initiation process in eukaryotes. Therefore, before describing the
“unique” translational properties of poliovirus I will outline the pathway of
initiation of translation of cellular mRNAs.

2 Initiation of Translation in Eukaryotes

Most of the understanding of translation initiation in eukaryotes is based on
biochemical identification and characterization of initiation factor activities from
rabbit reticulocyte lysate (for review see MOLDAVE 1985; Pain 1986). The
initiation pathway is shown in Fig. 1. Of special importance for the discussion of
poliovirus translation and the mechanism of shut-off of host protein synthesis are
two steps: (a) the binding of ribosomes to the mRNA,; (b) the recycling of elF-2
after its release from ribosomes as an [elF-2-GDP] complex.
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by MOLDAVE (1985), PaIN (1986), and MERRICK et al. (1987)

2.1 Ribosome Binding to mRINA

This complex step in the initiation pathway is most probably the rate limiting
step in translation initiation (JAGUS et al. 1981). Binding of ribosomes to mRNA
requires cis-acting elements on the mRNA, three different initiation factors, and is
dependent on ATP hydrolysis. Several elements in eukaryotic mRNAs play an
important role in ribosome binding: these include the 5’ terminal cap structure,
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primary and secondary structure of the 5 noncoding region, and possibly the 3’
noncoding region and the polyA tail.

The structure m’GpppN (where N is any nucleotide), termed the cap
structure, is present at the 5 terminus of all eukaryotic mRNAs (excluding
organellar mRNAs; SHATKIN 1976). Most but not all eukaryotic viral mRNAs are
also capped; the exceptions include picornaviruses, caliciviruses, and several
plant viral RNAs. Numerous studies in vitro have demonstrated that the cap
structure functions to facilitate ribosome binding to mRNA (for reviews see
BANERJEE 1980; SHATKIN 1985). In addition, the cap structure was demonstrated
to enhance nuclear processes such as pre-mRNA splicing (KONARSKA et al. 1984;
EDERY and SONENBERG 1985) and 3’ end processing (GEORGIEV et al. 1984). The
cap structure also stabilizes mRNA in the cytoplasm (FuruicHr et al. 1977)
and pre-mRNAs in the nucleus (GREEN et al. 1983) against 5’ exonucleolytic
degradation.

Several proteins that bind to the mRNA mediate cap functioning during
translation initiation. A 24 kDa polypeptide termed elF-4E (or CBPI) contains
the binding site for the cap structure (SONENBERG et al. 1978). This protein exists
in the cytoplasm as a singular protein or as a component in a three-subunit
complex termed elF-4F (also, cap-binding protein complex or CBPII; TAHARA
et al. 1981; GRIFO et al. 1983; EDERY et al. 1983); eIF-4E in both forms can be
cross-linked specifically to the mRNA 5 structure, albeit the cross-linking is
about tenfold more efficient when eIF-4E is part of elF-4F (LEe etal
1985a). In addition to eIF-4E, the CBP complex eIF-4F contains a 50kDa
polypeptide that is very similar to the previously characterized initiation factor
elF-4A (molecular weight ~ 50000; Griro et al. 1983; EDERY et al. 1983). The
third polypeptide in eI F-4F has an apparent molecular weight of 220 000 and was
termed p220. As will be discussed below, proteolysis of this subunit is the
apparent major cause of the inactivation of el F-4F, bringing about the inability of
cellular mRNA to translate in poliovirus-infected cells. eIF-4F and eIF-4A are
both required for maximum translation in an in vitro reconstituted translation
system (GRIFO et al. 1983). Thus, elF-4A is required in a singular form and as part
of eI F-4F for efficient translation. In contrast to eIF-4F, its small subunit eIF-4E
was not active in the in vitro reconstituted translation system (GRIFO et al. 1983).
This and other results suggest that eIF-4E functions in the cap recognition
process as part of the three subunit complex, eIF-4F. There is, however, a report
suggesting that eIF-4E functions as a singular entity in binding to the mRNA cap
structure (HIREMATH et al. 1989).

elF-4E was discovered by cross-linking of crude ribosomal high salt wash
fractions to the mRNA 5’ cap structure in the absence of ATP (SONENBERG et al.
1978). Under these conditions, it was the only polypeptide that cross-linked
specifically to the cap structure. However, when cross-linking was performed in
the presence of ATP, two additional polypeptides eIF-4A and eIF-4B cross-
linked to the cap structure in the presence of ATP (SONENBERG 1981; SONENBERG
et al. 1981; Griro et al. 1982; EDERY et al. 1983). This led to the proposal that
subsequent to the binding of eIF-4F to the cap structure a process of melting of
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the 5" mRNA secondary structure occurs, thus enabling the interaction of elF-4A
and elF-4B with the cap structure (SONENBERG et al. 1981). The necessity to
unwind mRNA secondary structure for efficient translation is likely to be the
major raison d’étre of the cap structure. v

Indeed eIF-4F functions as a helicase. The component in elF-4F that is
responsible for the helicase activity is eIF-4A, but eIF-4A on its own also
possesses helicase activity (RAY et al. 1985; RozEN et al. 1990). This feature is
important for the understanding of the mechanism of poliovirus translation
initiation as described below. However, depending on the assay used eIF-4B
appears to stimulate or te be absolutely required for the helicase activity of
elF-4A or elF-4F (Ray et al. 1985; RozeN et al. 1990). Several observations are
consistent with eIF-4A possessing the catalytic site for a helicase activity: (a) eIF-
4A singularly or as a component of eI F-4F binds ATP specifically, as determined
by UV induced cross-linking. ATP cross-linking to eIF-4A in the el F-4F complex
is, however, 60 times more efficient than free eIF-4A (SARKAR et al. 1985). (b) eIF-
4A contains an ATP-binding consensus sequence and is part of a larger gene
family (D-E-A-D family) whose proteins contain the sequence AX3GIGKT
(LINDER et al. 1989; RozeN et al. 1989). Mutation of the lysine residue in this
sequence abrogates ATP binding (RozeN et al. 1989). (c) eIF-4A exhibits ATPase
activity that is single-stranded RNA dependent (ABRAMSON et al. 1987). (d) eIF-
4A functions as a helicase. It was shown to increase RNAase sensitivity of
reovirus mRNA in an ATP-dependent and eIF-4B-stimulated manner (RAY et al.
1985). Furthermore, eIF-4A unwound DNA-RNA duplexes (LAwsoN et al. 1989)
or RNA-RNA duplexes (Rozen et al. 1990). It is noteworthy that eIF-4B was
absolutely required for unwinding of RNA-RNA duplexes with either eIF-4A or
elF-4F. (e) eIF-4F depleted of its elF-4A component had no helicase activity
(RozeN et al. 1990) and was inactive in the RNAase sensitivity assay (RAY et al.
1985).

The model for unwinding of the mRNA 5’ secondary structure by the eIF-4A
subunit of eIF-4F in conjunction with eIF-4B is schematically illustrated in
Fig. 2. It is not entirely clear whether eIF-4F and p220 are released from the
mRNA, before mRNA unwinding, as depicted in the model. It is also postulated
that free el F-4A maintains the mRNA in the unwound single-stranded configur-
ation by binding to the denatured region of the mRNA in a reaction that requires
ATP hydrolysis (ABRAMSON et al. 1987). Ribosomes can bind to the mRNA only
following secondary structure unwinding. However, it is not known where on the
mRNA is the initial ribosomal entry site. This is indicated in Fig. 2 by two
different possibilities.

2.2 elF-2 Recycling

The reader is referred to two small reviews for more detailed description of this
step in the regulation of translation initiation (SAFER 1983; PrROUD 1986). Protein
synthesis initiation factor elF-2 is a multisubunit complex, comprising three
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nonidentical subunits designated «, f§ and y. eIF-2 forms a ternary complex with
GTP and methionyl-tRNA that is transferred to the 40S ribosomal subunit. eIF-2
is released from the ribosome as a complex with GDP prior to 60S subunit
joining (see Fig. 1). The binding constant of GDP to elF-2 is ~ 100-fold greater
than that for GTP. Consequently, in order to recycle elF-2 for a new round of
initiation, GDP has to be exchanged for GTP. An exchange factor which contains
multiple subunits has been identified and purified and was termed GEF (guanine
nucleotide exchange factor, also eIF-2B, RF, eRF or SP; sece reviews by SAFER
1983 and Proup 1986). Phosphorylation of the a-subunit of eIF-2 by two
different kinases, HCR (heme control repressor) and dsl (double-stranded RNA-
activated kinase) results in the entrapment of GEF and consequently a block in
elF-2 recycling.

3 Cap-Independent Translation of Poliovirus RNA

Upon the discovery that poliovirus mRNA is naturally uncapped it became clear
that its translation must proceed by a cap-independent mechanism. Indeed, in
vitro experiments showed that translation of poliovirus RNA was insensitive to
inhibition by cap-analogues, under conditions where translation of most capped
mRNAs is strongly inhibited. In addition, poliovirus RNA translates in extracts
from poliovirus-infected cells in which the cap-binding protein complex, eIF-4F
is inactivated (ROSE et al. 1978). Tt has been suspected for some time that
translation initiation occurs by direct ribosome binding to the 5" noncoding
region of poliovirus mRNA (e.g., PEREZ-BERCOFF 1982). However, direct evidence
has been obtained only recently. There are several lines of evidence that an
internal sequence of the poliovirus 5 UTR is necessary and sufficient for
translation initiation. First, sequences within the mRNA 5’ noncoding region can
confer cap-independent translation to a heterologous gene (PELLETIER et al.
1988a; TRONO et al. 1988b; PELLETIER and SONENBERG 1989). Mutational deletion
analysis of poliovirus type 2 revealed that sequences between nucleotides 320 and
631 are required for cap-independent translation in extracts prepared from
poliovirus-infected cells (PELLETIER et al. 1988a). These sequences were also
found to be important for the translation of poliovirus type 1 in vivo in poliovirus
infected cells and in vitro in cell extracts (TRONO et al. 1988b). Second, sequences
between nucleotides 567 to 627 of poliovirus type 1 (Mahoney strain) were
required for efficient translation in rabbit reticulocyte lysate supplemented with a
HeLa extract (BIENKOWSKA-SZEWCZYK and EHRENFELD 1988). Third, the finding
that an extended region of the 5" noncoding is required for cap-independent
translation is supported by biochemical and genetic analysis of defined mutations
in the 5’ noncoding region (KUGE and NomoTo 1987; TRONO et al. 1988a). Small
deletions or insertions over a wide region (nucleotides 224, 270, and 392) in the 5’
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noncoding region yielded virus that made very little protein and did not inhibit
host cell translation, but synthesized a significant amount of viral RNA—a
phenotype consistent with a defect in translation. Based on this conclusion the
region was termed P for protein synthesis (TRONO et al. 1988a). Several other
mutations in region P were lethal, suggesting that this region is critical for
translation. The notion that the P region extends hundreds of nucleotides is also
supported by the results of KUGE and NomoTo (1987), who generated a four-
nucleotide insertion mutant at nucleotide 220 of the Sabin 1 virus. This mutant
virus had similar properties to those described above by TroNoO et al. (1988a).
Partial revertants of the mutants were isolated and found to contain second-site
mutations in nucleotides 186 and 524 or 186 and 480, suggesting that the
functional length of region P might extend from nucleotide 184 to 524. Finally, a
mutation of an A base at position 588 of poliovirus type 2 (Lansing strain) caused
a smali-plaque phenotype and reduced translational efficiency in a HeLa celi-free
extract in vitro (PELLETIER et al. 1988c).

Direct evidence for internal binding of ribosomes to the poliovirus 5 UTR
was provided by PELLETIER and SONENBERG (1988, 1989), who used a bicistronic
mRNA in which the poliovirus 5’ UTR was inserted into the intercistronic region.
In vivo experiments showed that the second cistron could be translated under
conditions in which the first cistron was not translated, i.., in poliovirus-infected
cells or cells grown in hypertonic medium. Thus, translation of the second cistron
was separate and independent of that of the first. Control experiments showed
that the independent translation of the second cistron did not result from
fragmentation of the bicistronic mRNA (PELLETIER and SONENBERG 1988). In the
absence of the intercistronic poliovirus 5 UTR, translation of the second cistron
was dependent on translation of the first cistron. Translation in extracts prepared
from HeLa cells substantiated the conclusions drawn from the in vivo experi-
ments (PELLETIER and SONENBERG 1989). In addition, translation of the second
cistron in the TK/P2CAT mRNA, in contrast to the first cistron, was as predicted
not sensitive to cap analogue inhibition in vitro (PELLETIER and SONENBERG
1989). The region that was required and sufficient for internal ribosome binding
was termed RLP for ribosome landing pad.

Internal binding of ribosomes to the poliovirus 5’ UTR is also consistent with
the finding that mutation of six out of the seven upstream AUGs in the 5 UTR
had no effect on translation in vitro or on virus replication in vivo (PELLETIER
et al. 1988c). According to the ribosome scanning model (Kozax 1983) upstream
AUGs have inhibitory effects on translation and their removal is expected to
increase translational efficiency if ribosomes access the initiator AUG by
scanning.

From the current data it is not clear how the ribosome reaches the poliovirus
initiator AUG at position 745. There are several possible alternative scenarios:
(a) The ribosome binds to a specific sequence in the RLP and then linearly scans
the RNA to encounter the initiator AUG. (b) The ribosome binds to a specific
sequence in the RLP and then is translocated directly to the initiator AUG.
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(c) The ribosome binds directly to the initiator AUG, in a manner that is depen-
dent on the upstream RLP sequence. Several results suggest, but do not prove, that
ribosomes bind upstream of the initiator AUG in the RLP region and then scan
the RNA to encounter the initiator AUG. Insertion of RNA containing stable
secondary structure between the RLP and the initiator AUG (at nucleotide 631)
inhibited translation, whereas the insertion of the same sequence upstream of the
RLP had no effect on translation (PELLETIER and SONENBERG 1988). Moreover,
KUGE et al. (1989) found that insertion of an AUG codon between the RLP and
the initiator AUG (in the nonconserved ~ 100 nucleotide sequence), yielded a
mutant virus exhibiting a small plaque phenotype. Wild type revertants
contained mutations in the inserted AUG codon or deletion thereof. It is of
interest that the 100-nucleotide sequence just upstream of the initiator AUG,
in addition to being the least conserved sequence among polioviruses, does
not contain any AUGs. Thus, insertion of an AUG or secondary structure
(PELLETIER and SONENBERG 1988) in this region might interfere with the
movement or translocation of the ribosome from its binding site to the initiator
AUG.

The identification of a large sequence in the poliovirus 5 UTR that
participates in internal ribosome binding strongly argues for the involvement of
secondary and tertiary structures in this process. Several models for the
secondary structure of the 5 UTR have been described (RIVERA et al. 1988;
PILIPENKO et al. 1989a; SKINNER et al. 1989). These models were generated by
computer-predicted minimal energy folding, comparative analysis of the second-
ary structure of polioviruses, coxsackie viruses and rhinoviruses, and biochemical
probing with RNases and chemicals in solution. Although differences exist
between the three secondary structure models, there are also striking similarities,
particularly between the models of PILIPENKO et al. (1989a) and SKINNER et al.
(1989). In the latter models, the region between nucleotides 240 and 620 contain
three domains of secondary structure, termed 1, I1, and 111, starting from the 5’
end (PILIPENKO et al. 1989a). There are strong suggestions that the secondary
structure plays an important functional role. This structure is conserved among
polioviruses, coxsackie B viruses, and rhinoviruses, and, most importantly,
contain compensatory base-pair changes in which the base pairs are changed but
the secondary structure is conserved (PILIPENKO et al. 1989b; SKINNER et al. 1989).
In addition, attenuated viruses reverted to a virulent phenotype by restoring wild
type secondary structure using compensatory mutations (SKINNER et al.
1989).

It is conceivable that the secondary and tertiary structure motifs in the RLP
region are recognized by proteins that facilitate ribosome internal binding. One
approach to identify such proteins is the gel-electrophoresis mobility shift assay.
For the mobility shift assay, MEEROVITCH et al. (1989) used a small RNA fragment
encompassing nucleotides 559 to 624. This RNA contains an adenosine at
position 588 whose mutation reduced translational efficiency in vitro and
displayed a small plaque phenotype (PELLETIER etal. 1988c). This fragment
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formed a specific complex with a component in a HeLa cell extract. A substitution
of Agsgg to asuridine, which affects the template activity of the RNA, also
reduced the extent of complex formation. In agreement with these results, DEL
ANGEL et al. (1989) demonstrated specific binding of cytoplasmic factors with a
sequence from nucleotides 510—629. In addition, they determined by RNase foot-
printing that protein binding occurred to a conserved stem-loop structure
containing nucleotides 550 to 629. Complex formation was also observed with a
second sequence (nucleotides 97—-182) within the 5 UTR (DEL ANGEL et al. 1989).
The polypeptide that is complexed with the 559-624 RNA fragment was
identified by cross-linking as a celiular protein having a molecular weight of
52000 (MEEROVITCH et al. 1989). This protein (termed p52) does not seem to be
one of the characterized translation initiation or elongation factors, and hence is
probably a hitherto unidentified translation initiation factor. However, DEL
ANGEL et al. (1989) found that eIF-2 is part of the complexes formed with
sequences from nucleotides 97-182 and 510-629. The reason for the discrepancy
between these results is not clear at present. It is of interest that the levels of p52 in
reticulocyte lysates and wheat-germ extracts, in which poliovirus RNA is
translated inefficiently, are much lower than in HeLa extracts in which
translation is very efficient, suggesting that the limitation of p52 in the former
translation systems is responsible for the inefficient translation (MEEROVITCH
et al. 1989). This conclusion is strongly supported by recent findings that purified
pS2 stimulated preferentially the translation of poliovirus 5 UTR containing
mRNA in reticulocyte lysate (K. MEEROVITCH, unpublished results). It is also
likely that p52 is the HeLa factor that corrects the aberrant translation pattern

of poliovirus RNA is reticulocyte lysate as discussed below (SVITKIN et al.
1988).

3.1 Molecular Mechanism of Poliovirus
Cap-Independent Translation

A model for poliovirus RNA translation initiation is shown in Fig. 3. The RLP
region is first recognized by one (p52) or more cellular factors that assist in the
subsequent binding of eIF-4A and eIF-4B. It is very likely that the secondary and
tertiary structure of the RLP region are major determinants in the initial
recognition by cellular factors including p52. Following binding of eIF-4A and
elF-4B, they catalyze the unwinding of the RNA secondary structure to create the
binding site for the 40S ribosome. The salient feature of this model is that
unwinding of RNA secondary structure initiates at an internal site on the RNA, in
contrast to the generally accepted model for cellular capped mRNAs, where
unwinding initiates near the cap structure (SONENBERG 1988). Indeed, it was
recently shown that e[F-4A, in combination with eIF-4B, can unwind a partial
duplex RNA that is double stranded at its ends and contains a single-stranded
region in the middle, in a bidirectional manner (ROZEN et al. 1990).
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Fig. 3. Diagram of the 5 noncoding region of poliovirus type 2 (Lansing strain) and model for
internal ribosome binding. The model proposes that a cellular factor p52is involved in the recognition
of a specific sequence and/or structure within the RLP region followed by binding of eIF-4A and
elF-4B and consequent melting of the secondary structure to allow ribosome binding

3.2 Cap-Independent Translation of Other Picornaviruses

The 5’ structures of all picornavirus genomes have common features with that of
poliovirus in that they do not possess a 5’ cap structure and contain long 5’ UTRs
(700-1200 nucleotides) laden with multiple AUGs. Their translational strategy is
therefore expected to resemble that of poliovirus. Indeed, translation initiation
on EMCV RNA was demonstrated to occur by direct binding of ribosomes to an
internal sequence in the 5 noncoding region (JANG et al. 1988,1989). Early
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indications of such a mechanism were reported by SHiH et al. (1987), who showed
that hybridization of cDNA fragments to sequences between nucleotides 1 and
338 of the 5" UTR had no effect on translation of EMCV RNA. In contrast,
hybridization of cDNAs corresponding to sequences between nucleotides 450
and 834 strongly inhibited translation. Subsequently, JANG et al. (1988, 1989)
demonstrated both in vitro and in vivo that ribosomes can initiate internally on a
bicistronic mRNA, in which the intercistronic region contained nucleotides 260
to 848 of the EMCYV 5 UTR. This region was termed IRES for internal ribosome
entry site. Primer extension analysis showed that the results were not due to
nucleolytic degradation of the bicistronic mRNA (JANG et al. 1989). As for
poliovirus, the EMCV IRES is comprised of hundreds of nucleotides, suggesting
the existence of a superstructure that plays an important function in this process.
An extensive secondary structure has been determined for the EMCV 5 UTR
(PILIPENKO et al. 1989Db), which is different from that described for poliovirus 5 UTR.
Some translational properties of EMC viral RNA are different from poliovirus,
particularly the ability of EMC viral RNA to translate efficiently in a reticulocyte
lysate (SHIH et al. 1978; BROWN and EHRENFELD 1979; EMMERT and PHILLIPS
1986; DORNER et al. 1984). Moreover, following binding to the EMCV IRES,
ribosomes are probably transferred directly to the initiator AUG, unlike the
scanning process occurring on poliovirus RNA (R. JACKSON, personal com-
munication). These results imply that the requirements of trans-acting
factors for ribosome internal binding are different for EMCV and polio-
virus.

Direct internal binding of ribosomes to eukaryotic mRNAs is not limited to
naturally uncapped mRNAs such as poliovirus and EMCYV, but was found also
with other viral mRNAs. In most of these cases internal binding of ribosomes
occurred to regions that are contained within translated ORFs, thus synthesiz-
ing overlapping proteins (HERMAN 1986; HassIN et al. 1986; CURRAN and
KoLAKOFSKY 1989; CHANG et al. 1989). In addition, there are other viral mRNAs
whose translation is largely independent of the presence of the cap-binding
protein complex (eIF-4F) including the major late promoter mRNAs of
adenovirus (BABLANIAN and RUSSEL 1974; DoLpH et al. 1988; CASTRILLO and
CarrASco 1988), and alfalfa mosaic virus-4 RNA (GEHRKE et al. 1983). It is not
clear, however, that ribosomes bind internally to these mRNAs.

In light of the finding that internal ribosome binding occurs in uninfected
cells, it is conceivable that cellular mRNAs also use this mechanism of
translation. It was speculated that cellular mRNAs with long 5" UTRs might be
candidates for such a mechanism (PELLETIER and SONENBERG 1988). More
recently, it was reported that translation of the glucose-regulated protein 78 is
increased in poliovirus-infected cells when cap-dependent translation of cellular
mRNAs is inhibited (SARNOwW 1988). Also, heat-shock proteins are more resistant
than the bulk of cellular mRNAs to inhibition after poliovirus infection (MUNOZ
et al. 1984). Although it is clear that these mRNAs have a very reduced
requirement for eIF-4F, it remains to be seen if ribosomes can bind internally
within the 5 UTRs of these mRNAs.
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4 Cell-Specific Translation of Poliovirus RNA

Translational efficiency of poliovirus RNA varies considerably among different
cell extracts. Translation of poliovirus was initially shown to be less efficient than
EMCYV RNA in a reticulocyte lysate (SHIH et al. 1978). This result has engendered
the view that poliovirus is in general a feeble translator (see for example,
Dorner et al. 1984. However, this notion is erroneous since poliovirus
RNA translates efficiently in extracts prepared from HeLa cells (PELLETIER et al.
1988b). More importantly, in vivo when EMCV infected HeLa cells are
superinfected with poliovirus, poliovirus translation is not reduced (DETJEN et al.
1981; ALonso and CARRASCO 1981), in spite of the fact that EMCV mRNA is
believed to outcompete cellular mRNAs. Also, cardioviruses and poliovirus can
replicate simultaneously (McCormicK and PENMAN 1968; SHIRMAN et al. 1973).
Therefore, both in vivo and in vitro, poliovirus RNA can translate efficiently.
However, in several in vitro translation systems including rabbit reticulocyte
lysate and wheat-germ extract (SHIH et al. 1978; PELLETIER et al. 1988b), and in
vivo in Xenopus oocytes (PELLETIER et al. 1988b), translation is inefficient. The
low translational efficiency of poliovirus RNA in certain translation systems was
attributed to sequences in the 5 UTR, since deletion of the 5" UTR dramatically
increased translational efficiency in rabbit reticulocyte lysate, and wheat-germ
and Xenopus oocytes (NICKLIN et al. 1987; PELLETIER et al. 1988b). Deletion
analysis mapped the major inhibitory sequence between nucleotides 70 and 381
(PELLETIER et al. 1988b).

How can the cell-specific translational restriction of poliovirus RNA be
explained? It is possible that rabbit reticulocyte lysate, and wheat-germ or
Xenopus oocytes are limiting in a factor that promotes internal binding of
ribosomes to the 5 UTR in a cap-independent fashion. Consequently, translation
in these systems would be facilitated by a 5’ end mediated process, an inefficient
process due to the inhibitory elements between nucleotides 70 and 380 (PELLETIER
et al. 1988b). This region can assume a stable secondary structure as predicted by
computer modelling and confirmed by chemical and RNase mapping (RIVERA
et al. 1988; PILIPENKO et al. 1989a; SKINNER ct al. 1989). Since secondary structure
in the 5 UTR of several mRNAs has been shown to inhibit cap-dependent
translation in vitro and in vivo (PELLETIER and SONENBERG 1985b), it is
conceivable that the secondary structure in the 5 UTR of poliovirus interdicts
translation. In HeLa cell extract (and also in L cells), however, ribosomes would
bypass the translational barrier by binding internally to the RLP of poliovirus
mRNA (PELLETIER and SONENBERG 1988).

The cell-specific translation probably has bearing on earlier observations that
a significant proportion of translation of poliovirus mRNA in a rabbit
reticulocyte lysate, but not in a HeLa extract, initiates in the P3 region located in
the 3’ one-third of the RNA (BRowN and EHRENFELD 1979; DORNER et al. 1984;
PaiLLIrs and EMMERT 1986). In addition, electron microscopy studies showed
ribosome binding to the mRNA P3 region in rabbit reticulocyte lysate (McCLAIN
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et al. 1981). This abnormal initiation could be reduced by the addition of
components from HeLa cell extracts (BROWN and EHRENFELD 1979; DORNER
et al. 1984; PuiLLips and EMMERT 1986; SvITKIN et al. 1988). PHiLLIPS and
EmMERT (1986) presented evidence that reticulocyte lysate is limiting in a factor
that promotes the utilization of the 5’ proximal initiator AUG. In addition,
several rabbit reticulocyte initiation factors (elF-4A,-4B,-4F and 2) did not
correct the aberrant initiation in reticulocyte lysate. These findings were
confirmed and extended by PELLETIER et al. (1988b), who showed that ribosomal
high salt wash preparations from HeLa cells, but not from rabbit reticulocytes,
stimulated translation of a hybrid mRNA containing the poliovirus 5’ UTR fused
to the CAT ORF. SVITKIN et al. (1988) have partially purified an activity from
Krebs-2 cells that altered the selection of translation sites on poliovirus RNA to
favor the 5’ proximal initiator AUG. This factor, termed initiation correcting
factor (ICF), copurified with the elF-2/eIF-2B complex. Consequently, it was
suggested that ICF is equivalent to eIF-2/eIF-2B complex. This is not consistent
with the finding that a rabbit reticulocyte ribosomal salt wash and purified elF-
2/elF-2B had no ICF activity (SviTKIN et al. 1988; R. JACKSON, personal
communication). However, the possibility, although unlikely, cannot be ruled out
that rabbit reticulocyte eIF-2 or eIF-2B is modified differently than the
corresponding HeLa factors. It is also unlikely that the ICF is elF-4A, as
suggested by the results of DANIELS-MCQUEEN et al. (1983), who showed that
poliovirus RNA translation in rabbit reticulocyte lysate is enhanced by the
addition of eIF-4A. Initiation factor-4A is a very abundant factor in rabbit
reticulocyte lysate and addition of initiation factors or purified eIF-4A did not
relieve the translational inhibition imparted by the 5’ proximal sequence of the
poliovirus mRNA (PELLETIER et al. 1988b). A likely candidate for ICF is HeLa
p52— the HeLa protein that can bind to a specific sequence between nucleotides
559-624 in the poliovirus 5 UTR (MEEROVITCH et al. 1989), since it is limiting in
reticulocyte lysate and the purified protein can stimulate translation in the
reticulocyte lysate (K. MEEROVITCH, unpublished observations).

It would be important to determine whether cell-specific translation occurs
in vivo. Viral replication in several established human blood cell lines was cell
lincage and differentiation stage dependent (OKADA et al. 1987). It was not
established whether viral replication was controlled at the translational lavel, but
in light of the in vitro translation results this is an interesting possibility. The cell-
specific translational restriction of poliovirus replication could also explain in
part tissue tropism of poliovirus (HOLLAND 1961). Although it is believed that
poliovirus tissue tropism is determined largely by the distribution of cell-specific
virus receptors (HOLLAND 1961), it is possible that additional restrictions are
imposed by the translational machinery in certain tissues. Thus, the cell-specific
differential translation of poliovirus might have relevance to the limited tissue
repertoire of poliovirus infection and the manifestation of neurovirulence as
discussed below.
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5 Shut-Off of Host Protein Synthesis After Poliovirus Infection

The precipitous and drastic reduction of host protein synthesis after poliovirus
infection is one of the first described virus-induced shut-off phenomena (for
reviews see EHRENFELD 1984; SONENBERG 1987; CARRASCO and CASTRILLO 1987).
The ability of poliovirus to cause a strong shut-off of host protein synthesis
provides poliovirus mRNA facilitated access to the host translational machinery
by avoiding competition from host mRNAs.

What is the mechanism of shut-off of host protein synthesis by poliovirus?
Most evidence points to the inactivation of eIF-4F as the cause of the shut-off.
When purified from infected cells eIF-4F is inactive in an in vitro reconstituted
translation system (ETCHISON et al. 1984). All other initiation factors could be
purified from poliovirus-infected cells and shown to be active in reconstituted
translation systems (DUNCAN et al. 1983; ETcHISON et al. 1984). These findings
are consistent with the results showing that addition of eIF-4F could restore the
translation of capped mRNAs in extracts prepared from poliovirus-infected cells
(TAHARA et al. 1981; EDpERY et al. 1984). The inactivation of elF-4F is also
consistent with the findings that eIF-4A and ¢IF-4B in Hela extracts were
incapable of cross-linking to the mRNA 5° cap structure, in spite of their
functionality (LEE and SONENBERG 1982; PELLETIER and SONEBERG 1985a). This
could be explained if eIF-4F is inactivated, since cross-linking of eIF-4A and
elF-4B to the mRNA cap structure is dependent on the prior interaction of eIF-
4F with the cap structure (EDERY et al. 1983). As predicted, if elF-4F were
inactivated in the infected extract, addition of exogenous elF-4F rescued the
ability of eIF-4B to cross-link to the mRNA cap structure (LEE et al. 1985a).

How is el F-4F inactivated? The only clear and specific modification of el F-4F
occurs to p220. This subunit is proteolyzed in poliovirus-infected cells to yield
three to four polypeptides of 110-130kDa, as determined first by immuno-
blotting (ETCHISON et al. 1982; LEE et al. 1985b). Furthermore, a modified el F-4F
containing the proteolytic cleavage products and elF-4E was purified from
poliovirus-infected cells (LEE et al. 1985a; BUCKLEY and EHRENFELD 1987). It does
not appear that the 24 kDa subunit (eIF-4E) of eIF-4F is modified in poliovirus-
infected cells (LEE and SONENBERG 1982; BUCKLEY and EHRENFELD 1986). Taken
together, these findings suggest that in poliovirus-infected cells the initial defect in
translation of cellular capped mRNAs is the interaction of eIF-4F with the
mRNA cap structure. This is consistent with the finding that cross-linking of eI F-
4E to the cap structure is significantly reduced in preparations from poliovirus-
infected cells (LEE and SONENBERG 1982). It was also found that eIF-4E from
poliovirus-infected cells sedimented as a low-molecular weight species in contrast
to its sedimentation as a high molecular weight complex in mock-infected cells
(HANSEN et al. 1982).

What is the effector of the p220 cleavage? Several experiments point to the
poliovirus-coded protease 2A (2AP™) as the mediator of p220 cleavage. 2AP™ is
responsible for the cleavage of two Tyr-Gly amino acid pairs: one between VP1
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and 2A and the second between 3C’ and 3D’ (TovoDa et al. 1986). A mutated
virus containing an insertion of the amino acid leucine in 2AP™ gave rise to a
small-plaque phenotype in HeLa and CV-1 cells (BERNSTEIN et al. 1985).
Moreover, in CV-1 cells the early inhibition of host protein synthesis did not
occur. In HeLa cells a general inhibition of protein synthesis, including that of
poliovirus was observed, and might have been due to the increased phosphoryl-
ation of the a-subunit of eIF-2 (BERNSTEIN 1988). Most striking is the finding that
in both HeLa and CV-1 cells, p220 was not cleaved following infection with the
mutant 2AP™ virus (BERNSTEIN et al. 1985). The lack of p220 cleavage cannot be
attributed to the reduced levels of poliovirus proteins in the infected cells, since
cleavage of p220 was even observed in cells infected with poliovirus in the
presence of guanidine, in which synthesis of poliovirus protein is undetected
(BONNEAU and SONENBERG 1987). In support of the involvement of 2AP™ in the
cleavage of p220, RACANIELLO and colleagues (DoOLPH et al. 1987; O’NEILL and
RacCANIELLO 1989) generated a different insertional mutation in 2AP™, which also
resulted in a small plaque mutant. However, 2AP™ most probably does not cleave
p220 directly. Antibodies directed against 2AP™ did not inhibit in vitro
proteolysis of p220 when the latter was incubated with extracts from poliovirus-
infected cells, and p220 proteolyzing activity from poliovirus-infected cells did
not copurify with 2AP™ (LLOYD et al. 1986). In a more recent study it was shown
that translation of 2A?™ mRNA in a HeLa extract caused cleavage of p220, but
antibody against 2AP™ inhibited cleavage when present during translation, but
not when added after translation of 2AP* mRNA (KRAUSSLICH et al. 1987; LLoyD
et al. 1988). Thus, these results provide direct evidence for the role of 2AP™ as a
mediator of p220 cleavage resulting in inactivation of elF-4F and cessation of
cellular protein synthesis. The putative cellular protease that cleaves p220 has not
been identified. However, recent experiments demonstrated that p220is a specific
substrate for calpain, which is a cytoplasmic thiol, Ca®™-activated protease
(E. EHRENFELD, personal communication). It would be of interest to determine
whether 2AP™ activates calpain.

Cleavage of p220 is necessary, but not sufficient to cause complete inhibition
of host protein synthesis. When poliovirus infection was performed in the
presence of guanidine or 3-methyl quercetin, which strongly inhibit poliovirus
RNA synthesis resulting in minimal synthesis of poliovirus protein, p220 is
completely cleaved (BONNEAU and SONENBERG 1987; LLOYD et al. 1987). How-
ever, translation of cellular mRNAs is reduced only to approximately 309, of
control levels (BONNEAU and SONENBERG 1987). This suggests firstly that
translation of celluar mRNA in vivo can occur at a reduced level in a cap-
independent fashion. Therefore, there must be a second event occurring during
poliovirus infection that inhibits cellular cap-independent translation that is
important for the complete abrogation of cellular translation. This event is
unlikely to be competition between poliovirus mRNA and cellular mRNAs for a
limiting translation factor. This is concluded from results showing that transla-
tion of globin mRNA in micrococcal nuclease-treated extracts prepared from
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poliovirus-infected cells (and therefore evidently not containing intact poliovirus
RNA) was completely abolished (BoNNEAU and SONENBERG 1987). Since
poliovirus RNA was degraded by the nuclease treatment, competition could not
explain the reduced globin translation.

5.1 elF-2a Phosphorylation in Poliovirus-Infected Cells

What might be this second event? A likely candidate is the phosphorylation of the
a-subunit of elF-2. A study by BrLack et al. (1989) demonstrated that during
poliovirus infection, double-stranded RNA activated kinase (dsI) becomes
autophosphorylated and activated. There is also significant degradation of dsl
during the infection. The only known substrate of dsI in vivo besides itself is
elF-2a (ROBERTS et al. 1976) and its phosphorylation resuits in inhibition of
protein synthesis. In accordance with dsI activation, phosphorylation of elF-2a
increased approximately threefold relative to mock-infected cells between 3 and
Sh postinfection (BLack et al. 1989). Control experiments ruled out the
possibility that phosphorylation of eIF-2a occurred in vitro after cell disruption
(BLACK et al. 1989). Similar results were obtained by O’NEILL and RACANIELLO
(1989). In contrast to these results, RANSONE and DAsGUPTA (1987, 1988) reported
that despite the activation of the protein kinase, they have failed to detect an
increase in elF-2o phosphorylation in poliovirus-infected cells. In addition,
RANSONE and DasGuprTaA (1988) identified a heat-sensitive inhibitor that selec-
tively blocked the dsI-induced phosphorylation of the a-subunit of eIF-2. There
are several possible explanations for the discrepancy in the results, as pointed by
BLACK et al. (1989). These include the possibilities of phosphatase activation that
dephosphorylates elF-2a during cell extraction and changes in subcellular
location of eIF-2 during infection. However, it is also possible that under certain
conditions an elF-2a phosphorylation inhibitor is activated in poliovirus-
infected cells to control the extent of phosphorylation (RANSONE and DASGUPTA
1988). In fact, the operative mechanism to control the level of eI F-2a phosphoryl-
ation is by degrading the activated dsl in poliovirus-infected cells (BLACK et al.
1989). A similar phenomenon was reported in cells infected with EMCYV, and
vaccinia virus (HOVANESSIAN et al. 1987). Thus, several mechanisms might
operate in poliovirus infected cells to regulate elF-2a activity. It would be of
interest to determine if 2AP™, which mediates the proteolysis of p220, is also
implicated in the degradation of dsl.

Does elF-2a phosphorylation have a differential effect on poliovirus versus
cellular mRNA translation? Maximum phosphorylation of eIF-2a occurs at 3 h
after poliovirus infection, when poliovirus translation is maximal (BLACK et al.
1989) and when no translation of cellular mRNAs is usually detectable (BoNNEAU
and SONENBERG 1987). An attractive possibility to explain the differential ability
of poliovirus mRNA to translate under these conditions is based on the



40 N. Sonenberg

hypothesis that activation of dsl is localized, namely that only the translation of
the dsl, inducing mRNA will be inhibited. Several reports support the idea that
activation of dsl is localized (DEBENEDETTI and BAGLIONI 1984; KAUFMAN and
MURTHA 1987). In poliovirus-infected cells the secondary structure in the 5’
noncoding regions of the cellular mRNAs cannot be unwound because of the
inactivation of elF-4F. Consequently, these double-stranded regions of the
mRNA could activate dsI, and cause the frans-inhibition of cellular mRNA
translation including cap-independent translation. A precedent for trans-
inhibition of mRNA translation by the secondary structure of mRNA was
reported for HIV-1 (EDERY et al. 1989; SENGUPTA and SILVERMAN 1989). In this
case a stable stem and loop structure that is present at the 5" end of HIV-1
mRNAs inhibited in vitro translation in trans by activating dsI which in turn
phosphorylated the a-subunit of eIF-2. In other studies (PRATT et al. 1988) it was
shown that preparations of poly A* mRNA from cells also had a trans-inhibitory
effect.

6 Poliovirus Translation and Neurovirulence

Specific nucleotides in the 5" UTR of poliovirus RNAs have been correlated with
neurovirulence. All three poliovirus serotypes have major neurovirulence
attenuating mutations in the 5" UTR. In Sabin type 3 a base change at position
472 (C to U) in addition to a C to U mutation at nucleotide 2034 determine the
attenuation phenotype (Evans et al. 1985; WESTROP et al. 1989). In the case of the
Sabin type 1 strain, there are multiple attenuating mutations, but an important
mutation was mapped to position 480 (OMATA et al. 1986; NoMoOTO et al. 1987;
KAwAMURA et al. 1989). It has been suggested that a similar change (from A to G)
at position 487 of Sabin 2 is also responsible for the acquisition of neurovirulence
(MmorR and Dunn 1988). Consistent with this suggestion a fragment of P2
containing nucleotides 456 to 628 conferred an attenuated phenotype (Moss et al.
1989). Since the 5 UTR of poliovirus RNA is involved in translation initiation, it
is likely that the attenuation phenotype is the outcome of a modified translational
behavior. This notion is strongly supported by the studies of AGoL and colla-
borators (SVITKIN et al. 1985, 1988), who showed first that translation of mRNAs
from attenuated strains of poliovirus types 1 and 3 is less efficient than that of
their neurovirulent counterparts. In addition, SVITKIN et al. (1988) demonstrated
that the initiation-correcting factor (ICF; see above) was less efficient in
correcting the aberrant translation pattern in reticulocyte lysate of attenuated
viral RNAs than of neurovirulent RNAs. Further evidence for the correlation
between attenuation and translational efficiency was obtained from experiments
in tissue culture by using human neuroblastoma cell lines. Recombinant
poliovirus that contains the 5 UTR of Sabin 3 with the mutation of C to U at
position 472 replicated to a tenfold-lower titer than the neurovirulent virus, and
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the defect was determined to be at the translational level (LAMonICA and
RACANIELLO 1989). Similarly, AGoL et al. (1989) found that determinants in the 5’
UTR of Sabin strains 1 and 2 are responsible for the inability of these strains to
replicate in human neuroblastoma cell lines. Attenuated poliovirus can replicate
efficiently in HelLa cells (LAMonicA and RACANIELLO 1989) and therefore it is an
attractive idea that a translational factor is more limiting in neural cells than in
HeLa cells. This is consistent with the idea that the 5 UTR of the poliovirus
genome contains tissue-specific cis-acting elements, and in conjunction with tissue-
specific trans-acting factors (such as p52) are responsible for the tissue specificity
of poliovirus. It would be of interest to determine if p52 is indeed implicated

in the differential expression of attenuated and neurovirulent poliovirus in neural
cells.

7 Conclusions and Future Work

The work conducted in the past few years on picornavirus RNA translation has
engendered fundamental knowledge about this critical step in virus replication. A
key finding was that ribosome entry on picornavirus RNAs does not occur from
the 5" end of RNA, as was postulated for all eukaryotic mRNAs, but rather by
internal binding to a sequence in the 5’ noncoding region. This mechanism of
ribosome binding answers long-standing questions about the ability of poliovirus
RNA to translate without the cap structure, and in poliovirus-infected cells at a
time when cellular mRNAs cannot be translated.

Future work will concentrate on the structural requirements for the RLP and
IRES elements and the trans-acting factor(s) that promote this process. Efforts
will continue to elucidate the details of the mechanism of the shut-off of host
protein synthesis after poliovirus infection. In particular, it is critically important
to identify the protease that cleaves the p220 component of eIF-4F. It became
clear however, that in addition to p220, phosphorylation of eIF-2a could also
play an important role in the shut-off of host protein synthesis. Studies are in
progress to clarify the mechanism by which poliovirus counteracts the biochem-
ical pathway activated by double-stranded RNA that ultimately results in eIF-2a
phosphorylation. An intriguing possibility is that 2AP™ is also responsible for the
degradation of dsl.

Of considerable importance is the relationship between tissue-specific
translation of poliovirus RNA and neurovirulence. The recent experiments from
RAcaNIELLO’s and AGOL’s laboratories clearly demonstrate a correlation be-
tween neurovirulence and translation in a neuroblastoma cell line, but not in
HeLla cells. An attractive hypothesis is that differences in translation factors
between tissues account for such differential translation. It is anticipated that the
invigorated research effort on picornavirus translation will continue with a
vengeance. These studies might yield new surprises and insights into the complex
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machinery of protein synthesis in eukaryotic cells, and should shed light on the
control of translation during normal cell growth and in disease.
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1 Introduction

The sequence of events leading to the successful completion of a picornavirus
infection of susceptible cells is ultimately controlled by proteolytic processing. As
a consequence of encoding their viral-specific polypeptides within a single, open
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reading frame, picornaviruses must depend upon the intramolecular and
intermolecular interactions of viral proteinases and their cognate substrates. This
chapter will first provide an overview of how the biosynthetic activities that occur
during a picornavirus life cycle are regulated by protein processing activities and
signals encoded in the viral genome. An examination of the nature of
picornavirus proteinases and their polyprotein substrates will be presented in
order to underscore the unifying principles of proteolytic cleavage and to point
out the peculiar differences in processing strategies among the different
picornaviruses. The application of recombinant DNA methodologies, particular-
ly site-specific mutagenesis, to the study of structure/function relationships of
picornavirus cleavage activities will then be discussed. This discussion will also
focus on the molecular genetics of viable virus mutants with engineered processing
lesions and on in vitro expression of altered cleavage phenotypes. Finally, the
biochemical implications of the observed picornavirus processing activities will
be addressed. In particular, primary sequence versus conformational determi-
nants of protein processing will be analyzed, as well as the importance of cis
versus trans cleavage. Other reviews of picornavirus protein processing have been
published recently and they provide insights and details that will complement the
present treatment of this topic (KRAussLICH and WIMMER 1988; KRAUSSLICH et al.
1988; JacksoN 1989; DEwALT and SEMLER 1989).

2 Regulation of Poliovirus Gene Expression
by Protein Processing

2.1 Early Events During Viral Infection

The successful initiation of a picornavirus infection requires adsorption of virus
particles to specific cellular receptors present on susceptible cells. Identification of
such receptors for human rhinovirus (HRV) and poliovirus (PV) has recently been
reported (GREVE et al. 1989; STAUNTON et al. 1989; MENDELSOHN et al. 1989).
The process of penetration and uncoating releases the viral genomic RNA into the
cytoplasm of the cell. Picornavirus RNAs are message-sense genomes containing
a 5'-genome-linked protein (VPg) and 3'-polyadenylate tract (LEE et al. 1977;
FLANEGAN et al. 1977; ARMSTRONG et al. 1972; YoGo and WIMMER 1972). Because
the infecting virions contain no diffusable proteins used in viral RNA replication,
the first biosynthetic phase required in the virus life cycle is protein synthesis. The
products of viral-specific translation contain viral proteinases capable of
intramolecular and intermolecular cleavage (HANECAK et al. 1982, 1984; Toyopa
et al. 1986, PALMENBERG and RUECKERT 1982; STREBEL and BECK 1986; YPMA-
WONG and SEMLER 1987a; NICKLIN et al. 1987). Collectively, there have been
three different types of proteinase activities identified for the picornaviruses (L,
2A, and 3C). For the enteroviruses (poliovirus and coxsackievirus) and rhino-



Picornavirus Protein Processing 51

viruses, after ribosomes have traversed the P1-2A region of the viral genome (refer
to Fig. 1), the 2A portion of this precursor is able to cleave between its own amino
terminus and the carboxy terminus of VP10. It has been suggested that the P1
precursor liberated by such a 2A cleavage activity is the authentic substrate for in
vitro processing by the 3C proteinase activity that produces capsid proteins
(NickLIN et al. 1987; YPMA-WONG and SEMLER 1987b). For encephalomyocardit-
is virus (EMCYV), foot-and-mouth disease virus (FMDYV), and Theiler’s murine
encephalomyelitis virus (TMEYV), the 2A-like cleavage most likely occurs between
2A and 2B to generate, an L-P1-2A or P1-2A precursor polypeptide (JACKSON
1986; VAKHARIA et al. 1987; CLARKE and SANGAR 1988; Roos et al. 1989a; refer to
Fig. 1). The cleavage between P1 and 2A appears to be mediated by 3C for both
EMCYV and FMDV (JACKSON 1986; PARKS et al. 1986; VAKHARIA et al. 1987;
CLARKE and SANGAR 1988) and also for TMEV (Roos et al. 1989a). The
ribosomes then proceed through the remainder of the P2 and P3 regions of the
viral genome.

Encoded in the amino-terminal portion of the P3 region is the nucleotide
sequence specifying viral proteinase 3C (Fig. 1). Data from pulse-chase labeling
experiments, bacterial expression of cDNA clones, and in vitro translation of
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Fig. 1. The genetic maps of picornaviruses representative of the genera Enterovirus (PV1), Rhinovirus
(HRV14), Aphthovirus (FMDV), and Cardiovirus (EMCV). Peptides are designated according to the
standard L-4-3-4 convention (RUECKERT and WIMMER 1984). Polyprotein cleavage events mediated
by the respective 3C proteinase activities are designated above the genome maps by (¥). Cleavage
events known or thought to be carried out by the 2A proteinase are shown below the genetic maps by
(A). Alternate products generated by 2A-mediated cleavage which do not occur in all members of the
respective genera are shown by a dotted line. The cleavage event mediated by the L proteinase of
FMDV is designated above the map by (). The cleavage of 1AB, which has not been assigned to any
viral or host proteolytic activity, is indicated below the maps by ( A ). The dotted linein the L protein of
FMDYV indicates the additional translational start site present in these virus genomes. (Adapted from
ARNOLD et al. 1987)



52 M. A. Lawson and B. L. Semler

viral RNAs suggest that the amino-terminal cleavage of 3C occurs very quickly,
perhaps by an autocatalytic cleavage mechanism that proceeds as soon as the 3C
protein is synthesized and can fold into an active conformation (RUECKERT et al.
1979; PALMENBERG and RUECKERT 1982; HANECAK et al. 1984; JACKSON 1986). As
will be discussed in detail below, cleavage by the 3C proteinase activity may occur
in cis or trans and may involve the activity of precursor polypeptides containing
the 3C coding sequence. The products of translation and protein processing of P2
and P3 precursors include polypeptides that are required for RNA replication.
The faithful generation of these proteins early in the infectious cycle is critical for a
successful viral infection. The replication proteins must actively (and efficiently)
copy some of the input viral RNAs into minus strand copies of the viral genome
to initiate the process of template amplification.

The generation of replication proteins early in the picornavirus infectious
cycle requires specific and efficient recognition and cleavage events. As a result,
some of these cleavages (e.g., P3 —3AB + 3CD or 3CD - 3C + 3D) can occur in
cis, thereby bypassing the kinetic shortcomings of a bimolecular process between
two polypeptides that may not be in close proximity within the cytoplasm of an
infected cell (especially early in infection). Such a mechanism may also be
operational in the generation of 2A cleavage activity. It has recently been shown
that in vitro cleavage of the p220 component of eukaryotic initiation factor 4F
(elF-4F) was induced by poliovirus protein 2A, albeit by an indirect mechanism
(KrRAuUSSLICH et al. 1987; LLoyD et al. 1988). The cieavage of p220 has been
implicated as one of the mechanisms that enteroviruses and human rhinoviruses
employ to shut off translation of capped mRNAs early after infection (ETCHISON
et al. 1982, 1984; SONENBERG 1987; LLOYD et al. 1988). As mentioned above, for
these viruses, protein 2A acts as the proteinase that intramolecularly cleaves the
P1-P2 bond. The liberated 2A polypeptide may then go on to carry out its
function(s) in host shut off. Note that the carboxy terminus of 2A contains a Q-G
pair that is ultimately cleaved by 3C. KRAUSSLICH et al. (1987) have shown that
cleavage of the Q-G bond in vitro is not required for production of the p220
cleavage activity. Thus, the virus may not depend on a trans cleavage by the
downstream 3C proteinase activity to initiate one of the processes proposed to be
involved in host shut off.

2.2 Gene Product Amplification Events

Following the early rounds of viral-specific protein and RNA synthesis in
picornavirus-infected cells, there is a rapid takeover by the virus of the cellular
biosynthetic machinery. As a result, there is a rapid shut off of host macro-
molecular synthesis and the specific accumulation of viral gene products. The
proteins involved in RNA replication generate complexes with template RNAs
and cellular components to produce a membrane-bound replication structure
that actively synthesizes viral-specific RNAs (PENMAN et al. 1964; GIRARD et al.
1967; CaLiGUIRI and TaMM 1970; LoescH and ARLINGHAUS 1974). The generation
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of the enzymatic proteins that participate in viral RNA synthesis and the actual
product RNAs themselves is directly regulated by 3C processing activity. All of
the viral proteins that have been implicated in RNA synthesis activity (e.g., 3D,
3CD, 2C, and 3AB) are the products of specific cleavage by the 3C proteinase
activity. In addition, the progeny viral RNAs all contain a VPg molecule
covalently attached to their 5'-terminal uridylic acid residue by a phosphodiester
bond to a tyrosine residue within the genome-linked protein (NoMoTO et al. 1977,
FLANEGAN et al. 1977, ROTHBERG et al. 1978; AMBROS and BALTIMORE 1978;
VARTAPETIAN et al. 1980; KiNG et al. 1980). Both the amino and carboxy-terminal
cleavage sites that flank the amino acid sequence of VPg are cleaved by
proteinase 3C (KITAMURA et al. 1981; SEMLER et al. 1981b; HANECAK et al. 1982).
There have been numerous proposals based upon in vitro RNA synthesis
experiments that suggest possible mechanisms for how VPg is attached to the 5’
ends of progeny RNAs (DasGUPTA et al. 1980; TAKEGAMI et al. 1983; MORROW
et al. 1984; YOUNG et al. 1985; ANDREWS and BALTIMORE 1986; TAKEDA et al.
1986). Independent of the precise mechanism of VPg attachment to RNA chains,
the production of VPg from a precursor polypeptide requires two peptide bonds
to be cleaved by 3C proteinase activity prior to or shortly after the initiation of
RNA synthesis. Thus, the control of the catalytic as well as the noncatalytic
polypeptides that participate in viral RNA replication is exerted at the level of
protein processing by the 3C proteinase activity.

The progeny plus strand RNAs (that are the products of membrane-bound
replication) are then used as templates for further protein or RNA synthesis or
they associate with procapsid structures and eventually are packaged into
virions. The regulatory processes that control the ultimate fate of the progeny
RNAs are not well understood. Perhaps it is the relative concentration of
preformed procapsids in infected cells that determines the probability of viral
RNA associating with virion precursors. There may also be a contribution from a
cellular enzyme that was shown to cleave VPg from the 5'-ends of poliovirus
RNA to generate the mRNA (containing a 5-pUp) found associated with
polyribosomes (AMBROS et al. 1978). This enzyme (called the unlinking enzyme) is
present in uninfected HeLa cells as well as in several other different mammalian
cell types. It is possible that picornaviruses use the unlinking activity to regulate
which progeny RNAs are destined to be mRNA and which RNAs are to be
packaged into virion particles (since only VPg-linked RNA is packaged).

The increased number of picornavirus mRNAs associated with cellular
polyribosomes and actively engaged in viral-specific translation ultimately yields
large numbers of viral-specific proteins. Among these proteins are the 3C-
containing polypeptides responsible for cleavage at specfic sites. Unlike the early
phases of the infectious cycle, this product-amplification period produces
sufficient quantities of 3C (or 3CD) proteinase molecules to allow trans cleavages
of precursor polypeptides. As a result, the half-life of viral precursor polypeptides
during this period is short (relative to that seen early during infection) and the
protein profile on a polyacrylamide gel consists primarily of final cleavage
products.
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2.3 Late Events

The regulation of the late events that occur during a picornavirus infection of
cultured cells is also controlled, in part, by proteolytic processing. The generation
of morphogenetic precursors to progeny virion particles depends upon an
ordered set of events that requires the precise folding and cleavage of the P1
precursor polypeptide (PUTNAK and PHILLIPS 1981; RUECKERT 1985; ARNOLD
et al. 1987). As mentioned above, the generation of poliovirus polypeptide P1
(and by analogy, the P1 of coxsackievirus and human rhinovirus) itself requires
the 2A proteinase activity. The liberated P1 polypeptide then folds into a
protomer structure that sediments in a sucrose gradient as a 5S structure.
Cleavage of this structure to produce VPO, VP3, and VP1 appears to be a
prerequisite for the formation of the next morphogenetic intermediate, the 14S
pentamer (PUTNAK and PHILLIPS 1981; RUECKERT 1985). It has been demon-
strated for EMCYV that site-specific mutagenesis of the VP3-VP1 Q-G site to a
P-G site results in no in vitro cleavage of the site by the 3C proteinase. In addition,
the lack of cleavage of the VP3-VP1 scissile bond prevents the formation of the
14S pentamer from the 5SS protomer precursor (PARKS and PALMENBERG 1987).
As suggested by ARNOLD et al. (1987), the release of the amino terminus of VP3
after proteolytic cleavage may generate (and stabilize) the 14S pentamers by self-
association into a f-cylinder structure.

Finally, one of the last steps in virion morphogenesis is the cleavage of VPO in
procapsids to VP4 and VP2. This cleavage only occurs after procapsids have
associated with a viral RNA that will be encapsidated in the mature virion
particle (PUTNAK and PHILLIPS 1981; JACOBSON and BALTIMORE 1968a). The sites
of proteolytic cleavage in VPO are not among the dipeptides cleaved by the
known viral proteinases. In addition, structural determinations from X-ray
crystallographic data obtained for HRV 14, poliovirus type 1 (PV1), and Mengo
virus suggest that this cleavage could be accomplished by an intramolecular
serine protease-like activity (ROSSMANN et al. 1985; HOGLE et al. 1985; Luo et al.
1987; ARNOLD et al. 1987). Such a mechanism was proposed based upon the
proximity of a nucleophilic serine residue to a nearby asparagine within VPO.
Following removal of a proton from the serine hydroxyl (possibly by one of the
bases of the virion RNA being encapsidated), a nucleophilic attack on the peptide
bond adjacent to the nearby Asn residue would result in the generation of VP4
and VP2. It should be noted that the recently solved structure of FMDV does not
contain a structurally homologous region of VPO that could accommodate such a
proposed nucleophilic attack (ACHARYA et al. 1989). Although more experi-
mental evidence is required for proof of the precise mechanism of VPO cleavage, it
is clear that protein processing is a key element in controlling the final maturation
steps during the assembly of progeny virions.
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3 The Nature of Picornavirus Proteinases and Their Substrates

3.1 Evidence for Polyproteins and Precursors

Two lines of investigation led to the description of proteolytic processing in the
formation of picornavirus proteins: studies of the formation of the poliovirus type
1 (PV1) virion particle and studies of the synthesis of virus specific proteins in
infected cells. The latter studies also led to the discovery of large polyproteins not
found in the virion. Comparison of the proteins present in infectious 150S
poliovirus particles containing 1A, 1B, 1C, and 1D (VP4, VP2, VP3, and VP1)
with those of naturally occurring 74S empty capsids containing 1AB (VPO), 1C,
and 1D and with virus particles disrupted in vitro which contained 1B, 1C, and
ID showed that the naturally occurring empty virus particles were not
breakdown products of complete virions (MAIZEL et al. 1967). It was proposed by
MaizkeL and colleagues that the 74S particles were possibly precursors to whole
infectious virions. The relationship of the 1AB-containing 74S particle to the
infectious 1508 virion was more clearly delineated by JACOBSON and BALTIMORE
(1968a). By using the newly described technique of inhibiting poliovirus
replication in the presence of guanidine (PENMAN and SUMMERS 1965; SUMMERS
et al. 1965), they were able to show the accumulation of 74S particles in infected
HeLa cells. After the release from guanidine inhibition, the 74S particles were
observed to form complete (infectious) 1508 virions. Analysis of the composition
of the two particles confirmed previous data that the 74S noninfectious particles
contained 1AB and the complete virions contained 1A and 1B almost exclusively.
The dynamic relationship between the 74S and the 150S particles allowed the
interpretation that the 74S particle was a procapsid structure serving as a
precursor to the infectious virion. The loss of 1AB concurrent with the
appearance of 1A and 1B also suggested to JAcOBSON and BALTIMORE (1968a) that
1AB was proteolytically cleaved to form 1A and 1B.

A more detailed description of proteolytic processing and the demonstration
of large polyproteins in the infected cell resulted from attempts to account for the
estimated coding capacity of poliovirus RNA. Studies of the physical and
chemical properties of the poliovirion suggested to early researchers that the
virus particle contained an RNA molecule of approximately 2 x 10° Da
(SCHAFFER and SCHWERDT 1959; SCHAFFER 1962). A messenger RNA of that size
was expected to encode a total protein mass of about 220kDa. The values
estimated were very close to the actual values of 2.4 x 10° Da and 247 kDa for the
RNA genome and encoded polyprotein, respectively (GRANBOULAN and GIRARD
1969; KiTAMURA et al. 1981; RACANIELLO and BALTIMORE 1981). The viral capsid
proteins were the only clearly identified virus specific proteins and had, according
to then current measurements, an average molecular weight of 27 kDa (MAIzZEL
1963), utilizing about one-half of the expected coding capacity of the viral
genome. It was expected that the known virus-directed functions found in the
infected cell, the ability to replicate viral RNA (BALTIMORE et al. 1963), and the
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disruption of host cell protein and RNA synthesis (SALZMAN et al. 1959;
ZIMMERMAN et al. 1963) would be attributed to a few as yet unidentified proteins.
Analysis of the proteins synthesized in infected cells after the inhibition of host
mRNA synthesis showed the presence of many more proteins in infected cells of
greater apparent molecular weight than suggested by the remaining coding
capacity of the genome (SUMMERS et al. 1965). Pulse-labelling of virus proteins at
different times after infection also showed a shift in the proportions of protein of
higher molecular weight early during infection, to lower molecular weight
proteins at later times. The seemingly differential synthesis of virus proteins
throughout the infection led SuMMERs and coworkers to conclude that the
genomic RNA of poliovirus was multicistronic in nature. Differential expression
of cistrons in a single mRNA could then be explained by a model of independent
cistrons subject to differential rates of translation throughout the infectious cycle.
Precedence for such a model was found in the operon theory of gene regulation in
prokaryotes.

Explaining the source of the large virus specific proteins in infected cells grew
more puzzling when the composition of the mRNA isolated from the polyribo-
somes in infected cells was found to be identical to that isolated from infectious
virions (SUMMERS and LEVINTOW 19635), ruling out the possible contribution of
protein by mRNA of host-cell origin, or from other forms of viral RNA. Rigorous
molecular weight determinations of the virus specific proteins along with pulse
chase experiments of the kinetics of viral protein synthesis in infected cells helped
account for the apparent discrepancy in protein mass versus coding capacity
(SuMMERS and MaIzeL 1968; MaizeL and SUMMERS 1968). Although the com-
bined mass of all virus specific proteins was approximately 500 kDa, several of the
proteins could be demonstrated to be primary translation products, while others
were secondary products that coincidentally appeared as the amount of primary
products decreased. It was concluded by SUMMERS and MAIZEL (1968) that the
larger molecular weight proteins were precursors to the smaller capsid proteins
and that the smaller proteins were most likely produced by specific proteolytic
events. They also proposed that proteolysis would serve to regulate the
expression of a particular protein function. The processing model of gene
expression developed by this group did not directly argue against a multicistronic
genomic RNA, but did reconcile the apparent difference between the number of
virus proteins and the coding capacity of the genome. The processing of large
polypeptides to smaller proteins during PV1 infection was confirmed and
expanded to other picornaviruses by HOLLAND and KIeHN (1968). Using the
enteroviruses poliovirus types 1 and 2, coxsackievirus Bl and BS5, and the
cardiovirus Mengo virus they showed that the processing of viral proteins in
infected cells was not dependent on the host cell but rather determined by the
infecting virus. HoLLAND and KienN (1968) also found by following virus particle
formation that there were distinct primary and secondary cleavage events that led
to the production of a mature virus particle.

A complete model describing the role of proteolytic processing in poliovirus
gene expression was presented by JacoBsoN and BALTIMORE (1968b). By
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employing amino acid analogues to partially inhibit protein processing in
infected cells, they detected a large polypeptide, NCVPO (P2-P3), the presence of
which coincided with the lack of the smaller P2 and P3 proteins. An even larger
protein, NCVPO0O (P1-P2-P3) was also detected. The larger precursor proteins
were better demonstrated in PV1-infected cells by the use of nonspecific protease
inhibitors (JAcOBSON et al. 1970). They were also more easily detected in
coxsackievirus B1 infected cells under normal conditions (KieaN and HOLLAND
1970) and in cells infected with PV1 at elevated temperatures (BALTIMORE 1971,
GARFINKLE and TERSHAK 1971). It was also noted that under conditions which
severely inhibited protein processing, proteins smaller than P2 were not
produced. The above data provided evidence for a proteolytic cascade in which a
large polyprotein was synthesized and subsequently cleaved to form the primary
proteins P1, P2, and P3. These three proteins would then be individually
processed to form the other proteins involved the virus life cycle. Not only did this
model refine the conclusions by SUMMERS and M A1ZEL (1968), but also suggested to
JacoBsoN and BALTIMORE (1968b) that, in general, a eukaryotic messenger RNA
must be monocistronic in nature, that is, bear only one utilized start codon and
one utilized stop codon. The somewhat peculiar protein processing method of
gene expression employed by picornaviruses may largely be the way this group
of viruses deals with the requirement for monocistronic mRNA dictated by the
eukaryotic transiational machinery. In a broader view, the methods of gene
expression used by other RNA viruses of the positive, negative, and double-
stranded variety may also be the result of adaptation to this requirement.

3.2 Gene Order Determination

The hypothesis of a single open reading frame encoding all the picornavirus
specific proteins was upheld by experiments designed to determine the order in
which the proteins occurred in the genome. Should translation be initiated at a
discrete location on the genomic RNA, the order of occurrence of the various
gene products could be determined by examination of the kinetics of virus specific
protein synthesis or of the incorporation of radiolabeled amino acids into virus
specific protein after inhibition of the initiation of translation. Experiments which
used the latter approach took advantage of the antibiotic pactamycin, which at
low concentrations inhibits translation by preferentially blocking initiation
rather than elongation, allowing only previously initiated peptides to be
completed. The addition of radioactive amino acids after or concurrent with the
addition of the drug would show, upon polyacrylamide gel electrophoresis, a
quantifiable decrease in the amount of radiolabeled amino acids incorporated
into the completed proteins, the amino terminal sequences being the most
affected and incorporating the least amount of label. Such experiments (TABER
et al. 1971; SUMMERS and MaizgL 1971) ordered the primary gene products of
poliovirus as Pla, P2x, and P1b (P1, 2C, and P3). A finer analysis by REKOSH
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ordered the capsid proteins in the P1 precursor as VP4, VP2, VP3, and VP1 (1A,
1B, 1C, and 1D; REKOSH 1972).

Similar gene orders were determined for the gene products of the cardiovirus
EMCYV, human rhinovirus type 1 (HRV1), and Mengo virus, and the same
relative amounts of analogous peptides were synthesized by several picorna-
viruses (BUTTERWORTH and RUECKERT 1972a; MCcCLEAN and RUECKERT 1973;
PaucHa et al. 1974; BUTTERWORTH and KORANT 1974) indicating that picorna-
viruses utilized the same general scheme of translation and processing
(BUTTERWORTH 1973). Detailed kinetic analysis of proteins synthesized in
EMCV-infected HeLa cells further improved the genetic map of the genome and
ordered much of the EMCV proteolytic cascade (BUTTERWORTH et al. 1971;
BUTTERWORTH and RUECKERT 1972b). The relationship of the various picorna-
viral proteins to each other as well as their map locations were upheld by the
more biochemical methodology of analysis by tryptic and CNBr digests of
partially purified proteins (JACOBSON et al. 1970; BUTTERWORTH et al. 1971;
ABRAHAM and COOPER 1975; SANGAR et al. 1977; DoEL et al. 1978; RUECKERT
et al. 1979; SvITKIN et al. 1979; KEw et al. 1980; WIEGERS and DErNICK 1981a, b;
SEMLER et al. 1982; GRUBMAN et al. 1984; PALLANSCH et al. 1984). The validity of
the gene order determinations for poliovirus was confirmed by sequencing the
viral genome (K1TAMURA et al. 1981; RACANIELLO and BALTIMORE 1981) and
precisely determining the amino acid sequences cleaved in the various processing
events (EMiINT et al. 1982; SEMLER et al. 1981a, b; LARSEN et al. 1982; ADLER et al.
1983). The genetic maps of other picornaviruses are derived from the cloned
genomic RNAs and by comparison with each other and their known protein
products (BoOTHROYD et al. 1982; STANwWAY et al. 1984a, b; CALLAHAN et al. 1985;
CARROLL et al. 1984; PALMENBERG et al. 1984; FoRrss et al. 1984; ROBERTSON et al.
1985; LINDBERG et al. 1987; IizukA et al. 1987; JENKINS et al. 1987; TRACY et al.
1985; L1PTON et al. 1984; PEVEAR et al. 1987; OHARA et al. 1988; TICEHURST et al.
1989; Roos et al. 1989a). The currently accepted genomic maps of the several
genera of picornaviruses are shown in Fig. 1.

3.3 Evidence for and Identification of Viral Proteinases
3.3.1 Evidence for Virus Encoded Proteinases

That the proteolysis of picornaviral proteins was specific to viral proteins and
may be a virus-specified function was noted by KierN and HoLLAND (1970) who
observed that the proteolytic activity increased over time during infection.
Inhibition of proteolysis through the use of amino acid analogues did not
influence the overall size distribution of HeLa cell proteins as it did the virus
specific proteins (individual cellular proteins could not be followed by this
analysis). The explanation offered for this phenomenon was that the proteolytic
activity involved in processing viral proteins specifically was either a cellular
protein activated by infection or a proteinase encoded by the virus itself. It was
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well established that the cleavage of the poliovirus and EMCYV capsid precursor
occurred while the polyprotein was in statu nascendi (JACOBSON et al. 1970;
BuTTERWORTH and RUECKERT 1972b). Due to the efficiency of these cleavage
events, the identification of the activity responsible for their mediation as host or
virus specified was difficult. Several lines of experimental evidence suggested that
at least an initial cleavage event was mediated by the host cell during poliovirus
and FMDYV infection (KORANT 1972; BURROUGHS et al. 1984) and during
translation of poliovirus RNA in an in vitro system (VILLA-KOMAROFF et al.
1975).

3.3.2 Identification of 3C As a Virus Specific Proteinase

Direct evidence for a virus encodd proteinase was provided by LAWRENCE and
THACH (1975) who clearly correlated the increase in EMCV-specific proteolytic
activity with increased viral protein synthesis. Partial purification of the
proteinase activity was also attained, and it was thought to be associated with the
capsid protein 1C (7). An equivalent purification of a poliovirus-specific enzyme
was attained by KORANT et al. (1979) who tentatively identified the proteinase as
2C (2x). The use of a rabbit reticulocyte lysate in vitro translation system (PELHAM
and JACKSON 1976) in combination with the translation inhibitors edeine and
emetine allowed Pelham to demonstrate that the enzyme responsible for the
majority of EMCV processing was, in fact, virus encoded and present in a protein
other than the capsid precursor (PELHAM 1978). Kinetic studies of the synthesis of
EMCYV proteins in vitro suggested to Shih et al. (1979) that the EMCV viral
proteinase was a 22kDa virus-specific peptide (3C) rather than the 23kDa
peptide 1C. Biochemical evidence supporting this was presented by Gorbalenya
et al. (1979) who purified the activity of the EMCV proteinase as a 22 kDa virus
specified protein. The 22kDa peptide was purified from in vitro translation
reactions and mapped to the 3’ end of the viral genome (SVITKIN et al. 1979;
PALMENBERG et al. 1979). Clever experimentation gave clear evidence that the
22kDa 3C protein of EMCYV was itself a proteinase rather than an activator of a
host cell proteolytic activity (GORBALENYA et al. 1981). In their discussion these
workers proposed by argument of analogous genome structure that the correct
poliovirus proteinase was the 3C protein, as in EMCV. The validity of such an
argument was affirmed by experiments (HANECAK et al. 1982)in which antibodies
to poliovirus 3C specifically inhibited proteolysis at Q-G amino acid cleavage
sites of proteins synthesized in a HeLa cell in vitro translation system (CELMA and
EHRENFELD 1975), whereas 2C-specific antibodies did not have an effect on any
cleavage event. It was noted then that the rapid cleavage event that occurred at a
Y-G sequence at the P1-P2 junction as well as the cleavage at the 3C'/3D’ junction
were not affected, leaving open the possibility of host cell proteases at work. The 3C
proteinases of PV1 and PV2 as well as that of HRV14 have since been expressed
in E. coli and their activities as proteinases have been characterized (HANECAK
et al. 1984; IvANOFF et al. 1986; NICKLIN et al. 1988; LiBBY et al. 1988; PALLAI
et al. 1989). The PV2 and the HRV14 enzymes have been purified to apparent
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homogeneity (NICKLIN et al. 1988; LiBBy et al. 1988). The major proteolytic
activity of the aphthovirus FMDV was mapped to the 3’ end of the virus genome
in a manner similar to that of PELHAM, above (GRUBMAN and BaxT 1982). The
data assigning the source of proteolytic activity of FMDYV to the 3C region of the
genome was presented by KLUMP et al. (1984). However, rigorous determination
of 3C as an authentic proteinase rather than an activator of proteolytic activity
was not carried out. Recent experiments involving the cardiovirus TMEV by
Roos and coworkers (1989a) have shown that the majority of cleavage events in
TMEYV protein processing are mediated by the 3C protein. The above experi-
ments clearly delineated the active proteolytic role of 3C in EMCV, PV, FMDYV,
and TMEYV protein processing. The central role of 3C-mediated processing may
be considered a general characteristic of picornavirus gene expression.

3.3.3 Identification of 2A as a Virus Specific Proteinase

Identification of the enzyme responsible for rapid removal of the capsid precursor
from the nascent polypeptide was elusive and required a more easily manipulated
system for analyzing picornavirus directed protein synthesis than that allowed by
analysis of infected cells or crude cell extracts. Consequently, the identification of
additional viral proteinases was almost entirely dependent on the availability of
cloned cDNAs of picornavirus genomes and their use in in vitro transcription
and translation systems.

The strongest evidence for a second proteinase encoded by a picornavirus was
the identification of the poliovirus 2A protein as a Y-G specific proteinase
responsible for the rapid removal of the capsid precursor P1 from the nascent
polyprotein (Toyopa et al. 1986). As in the identification of the poliovirus 3C
proteinase by HANECAK et al. (1982) described above, several experimental
approaches were taken to show the proteolytic activity of 2A. Expression of wild
type and mutant poliovirus 2A ¢cDNAs in E. coli and in infected HeLa cell
extracts coupled with antibody inhibition experiments were employed to
designate the primary structure of the 2A protein as the entity responsible for
cleavage at Y-G sequences in the poliovirus polyprotein. The conclusions of
Toyopa et al. were supported by further in vitro experiments involving
translation in a rabbit reticulocyte lysate system of in vitro synthesized
subgenomic RNAs (NICKLIN et al. 1987). The poliovirus 2A proteinase has been
purified from infected HeLa cells to near homogeneity and the activity of the
enzyme using synthetic substrates has been characterized (KONIG and
ROSENWIRTH 1988).

Aside from its direct role in the initial cleavage of the nascent polyprotein, the
2A proteinase of enteroviruses and of rhinoviruses has been shown to be partially
responsible for host shut-off by causing indirectly the cleavage of the p220 com-
ponent of eIF-4F. The degradation of p220 has been shown to limit the ability
of the host cell translational apparatus to utilize capped mRNAs, thereby
enhancing the translation of the uncapped viral RNA (ETCHIsON et al. 1982, 1984;
BONNEAU and SONENBERG 1987; LLoYD et al. 1986, 1987, 1988; KRAUSSLICH et al.
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1987). The exact mechanism by which the cleavage of p220 is directed is still
obscure and requires further mutational and biochemical analysis.

In an in vitro study that exploited the efficient translation of EMCYV viral
RNA in the rabbit reticulocyte lysate, JAcksoN (1986) was able to show in a
detailed kinetic analysis that the resistance to protease inhibitors and the
extremely efficient nature of the LP12A/2B cleavage event (the cardiovirus and
aphthovirus homologue of the P1/2A cleavage of enteroviruses and rhinoviruses)
could be best explained by an intramolecular cleavage mechanism. The evidence
presented also argued for a proteolytic enzyme present in the 5 half of the genome
(Jackson 1986). Support for this came from in vitro expression of RNA
synthesized from truncated subgenomic cDNA clones containing only the
LP12AB regions of the genome (PARKS et al. 1986). The expression of such
subgenomic RNAs in rabbit reticulocyte lysates generated authentic LP12A
substrates for cleavage by cotranslated or posttranslationally added EMCYV 3C
proteinase. An accurate determination of the enzyme responsible for the
LP12A/2B cleavage in EMCYV has yet to be made. Recent experiments with the
aphthovirus FMDYV (VAKHARIA et al. 1987; CLARKE and SANGER 1988) and with
the cardiovirus TMEYV (Roos et al. 1989a) in in vitro translation systems have
also implicated the 2A protein in a proteolytic role, perhaps via an intramolecular
reaction. The predicted amino acid sequences of the 2A proteins of EMCV,
TMEYV, and FMDYV do not contain sequences thought to be required for the
formation of a catalytic center. Interestingly, the 2A region of FMDYV contains
only 16 amino acids. The cleavage of the LP12A/2B junction in the polyproteins
of FMDV and TMEV does not require the presence of functional 3C or L
proteins (CLARKE and SANGER 1988; Roos et al. 1989a) but clear determination
of the responsible protein has not been forthcoming. An unpopular but legi-

timate possibility still exists that a host cell enzyme is responsibie for this
event.

3.3.4 The Proteolytic Activity of the FMDYV L Protein

Building upon the work of BURROUGHS et al. (1984) which showed that more than
one proteinase was involved in the processing of the FMDV polyprotein,
STrREBEL and BECK (1986) demonstrated by mutational analysis of LP1 subgenomic
c¢DNAs and subsequent expression in E. coli that the L protein was responsible for
mediating the LP/1 cleavage. Expression in vitro of RNA transcribed from wild
type and mutant cDNAs bearing lesions in the L coding region showed that the
L/P1 cleavage was sensitive to L mutation or deletion, and to antibodies directed
against the L protein, whereas similar treatment of the P1 sequences did not have
an effect. The L protein is found in as many as three forms in infected cells and
under some in vitro translation conditions. Two of these are attributed to the
alternate use of initiating AUG codons in the FMDV RNA and result in an L
protein of either 20kDa (La) or 16 kDa (Lb; CLARKE et al. 1985; SANGER et al.
1987). The third form of L, LY/, is derived from Lb, possibly by the removal of
carboxy-terminal amino acids via some unidentified processing mechanism
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(SANGAR et al. 1988). Whether the alternate forms of L are functionally different is
not known.

There are unique differences between the L proteins of FMDYV and of the
cardioviruses EMCV and TMEYV. Although both aphthoviruses and cardiovir-
uses possess L proteins, only those of FMDYV possess proteolytic activity. The
FMDYV L proteins catalyze the cleavage of the L/P1 bond while the cleavage of
the L/P1 junction in EMCYV is carried out by 3C (PaRrKs et al. 1986). Experiments
by Roos et al. (1989a) indicate that like EMCV, the TMEV L protein does not
possess proteolytic activity. Due to the sequence similarity between EMCYV and
TMEYV it is likely that the TMEV L protein is also removed from the LP12A
precursor by the 3C proteinase (OHARA et al. 1988; Roos et al. 1989a). Another
significant difference between the cardio- and aphthovirus L proteins is the role of
L in host cell shut-off. The FMDYV L protein has recently been shown to mediate
the cleavage of p220 as does the poliovirus and rhinovirus 2A proteins (DEVANEY
et al. 1988; LLoYD et al. 1988). It is tempting to speculate that the ability to rapidly
inhibit the translation of capped mRNA during infection is related to the
proteolytic activities of the L and 2A proteins, and that the cardioviruses have
somehow lost or never evolved the ability to inhibit host cell translation in this
way (MOSENSKIS et al. 1985).

3.3.5 Other Forms of Viral Proteinases

Refinement of in vitro translation systems (DORNER et al. 1984; YpPmMa-WONG and
SEMLER 1987a) and more sophisticated mutational analysis of the picornavirus
proteinases has shown that the various precursors of the 3C proteinase possess
proteolytic activity as well (YPMA-WONG and SEMLER 1987a; JORE et al. 1988;
YPMA-WONG et al. 1988b; PARKS et al. 1989). The active precursor proteins may
be directly involved in regulation of gene expression by their differential activity
and by modified substrate interaction. These aspects of picornavirus protein
processing will be treated in more detail below.

3.4 The Nature of Picornaviral Proteinases

Placing the proteinases of picornaviruses and other related viral proteinases in
one of the classical divisions of known proteases (acid proteases, metallo-
proteases, thiol proteases, and serine proteases) has been a task of considerable
difficulty. A tentative identification of the major proteolytic (3C) activity of
poliovirus as one of the trypsin-like serine protease class of enzymes was based on
the inhibition of cleavage by chloromethyl ketone substrate analogues (SUMMERS
et al. 1972), which act by alkylation of the imidazole ring of the active site
histidine residue (CRAIK et al. 1987). The conclusions of the study by SUMMERS
and coworkers were tempered by the known susceptibility of thiol proteases to
the alkylating activity of the inhibiting compounds employed. Host cell effects on
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the sensitivity of processing to different chloromethyl ketone inhibitors was
reported as well (KORANT 1972). To further cloud the issue, proteolytic processing
was found to be sensitive to the thiol protease inhibitors iodoacetamide,
N-ethylmaleimide, and cystatin in in vitro processing studies. The 3C proteinase
of EMCV was also found to be largely sensitive to thiol protease inhibitors
(KORANT 1973; KORANT et al. 1985; PELHAM 1978). More detailed studies of the
purified EMCV 3C proteinase showed clearly that cysteine residues were
important for catalytic activity and that the nonspecific alkylation of substrates
by chloromethyl ketone serine protease inhibitors was indeed interfering with
classification of the enzyme (GORBALENYA and SvITKIN 1983). Though structur-
ally quite different, serine and thiol proteases, use similar mechanisms of catalysis,
and the two classes of enzymes are taken to be an example of convergent
evolution. Both classes of enzymes rely on the nucleophilic attack of the carbonyl
carbon atom by an ionized serine hydroxyl or cysteine thiol group, catalyzed by a
histidine residue. The serine or cysteine and histidine residues are part of a
catalytic triad which additionally includes an aspartic acid residue, all of which
are arranged in the active site to create an extended, hydrogen bonded system
with the substrate during the formation of a stable transition state (for reviews see
NEURATH 1984; POLGAR and HarLAsz 1982). However, the serine and cysteine
residues are not interchangeable between the enzyme classes (HIGAKI et al. 1987).
The role of the aspartic acid residue in peptide bond cleavage by thiol proteases is
not entirely clear (POLGAR and HaLAsz 1982). The apparent conservation of the
aspartic acid among serine, thiol, and picornaviral proteolytic enzymes does
imply an integral role in the catalytic mechanism.

The sequence comparison of several picornaviruses and plant viruses
revealed significant regions of similarity between them. These studies suggested
that the C,,; and H4; residues of the poliovirus 3C proteinase and the
equivalent residues in other picornaviruses and plant viruses may serve as the
catalytic residues in a proteinase active site. No conserved aspartic acid residue
was found by the comparative methods used (ARGOs et al. 1984; FRANSSEN
et al. 1984; WERNER et al. 1986; DOMIER et al. 1987; GORBALENYA et al. 1988). The
involvement of C, - in catalysis has been supported by mutational analysis of
poliovirus 3C proteinase subclones expressed E. coli in which the C,,, residue
was converted to a S, and the mutated protein subsequently lost all catalytic
activity, as monitored by the cleavage of the 3C/3D bond. Conversion of C, s,
(a nonconserved residue) to a S had only a negligible effect. Support for the
involvement of H,4, was also reported, as conversion to G also abolished
proteolytic activity (IVANOFF et al. 1986). A more recent amino acid sequence
comparison biased toward predicted secondary structure of the picornavirus 3C
and 2A proteinases rearranged the proposed active site residues to include
H,o, Dss, and C,,, for the 3C proteinase and H,,, D;q, and C, 44 for the 2A
proteinase. The study also showed that the 3C and 2A proteinases resemble the
large and small trypsin-like serine proteases, respectively, in structure, but
suggested that in the mechanism of catalysis, they may resemble that of the
cysteine-utilizing thiol proteases (BAzaN and FLETTERICK 1988).
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Other studies of 3C proteinase similarity to cellular enzymes have shown a
relatedness to cellular thiol proteinases that extends into the 3D coding sequence
(GORBALENYA et al. 1986). The dilemma of classification of the picornavirus
proteinases has been somewhat resolved by the recent proposal of a superfamily
of serine-like proteases that include both the cellular serine proteases and the
picornavirus proteinases (GORBALENYA et al. 1989).

In summary, the picornavirus proteinases represent a unique class of enzymes
that integrate the characteristics of both serine and thiol proteases. The viral
proteinases should provide an indispensable tool for understanding the mechan-
ism of proteolysis by both classes of enzymes. The picornavirus proteinases
remain a target for antiviral chemotherapy, and the unique nature of the enzymes
may provide an avenue for their selective inhibition. A better understanding of
the structure and catalysis of picornaviral proteinases awaits the availability of a
crystal structure.

3.5 The Nature of the Substrates

The picornaviral proteinases are significantly different from other proteolytic
enzymes not only in their unique combination of structure and catalytic
mechanism, but also in the substrates utilized. The proteinases of picornaviruses
appear to have only one general role in the virus life cycle: to regulate viral gene
expression through specific processing of the encoded polyprotein. Because the
substrates are apparently limited and the proteinases have coevolved with them,
it is reasonable to suppose that the substrates have as great a role in processing as
the proteinases themselves. This cooperation is reflected in the primary amino
acid sequence of the cleavage sites and in the secondary and tertiary structure of
the polyprotein.

Evidence that the structure of the substrate is important in processing can be
obtained by reevaluating the results of early processing studies in which
poliovirus-infected cells were incubated in the presence of amino acid analogues
to allow the detection of higher molecular weight precursor proteins (KiEHN and
HorLrLanD 1970; BALTIMORE et al. 1969; JacoBsoN et al. 1970). Such treatment
disrupts processing, presumably by altering the structure of proteins into which
the amino acid analogues are incorporated. Because the target size of the
proteinase is much smaller than that of the remaining proteins, the greater effect
would be on the substrates. Misfolding of substrate precursor proteins may
render them incompetent as such. Further evidence for the importance of
structure in processing comes from temperature shift experiments. The process-
ing of virus proteins was inhibited when infection was carried out at elevated
temperatures and could not be reversed when returned to normally permissive
temperatures (GARFINKLE and TERSHAK 1971; BALTIMORE 1971).

Insight into the different dependence on higher order structure for substrate
utilization by the poliovirus 2A and 3C proteinases can also be derived from the
above experiments. In retrospect, the processing events most affected by
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incorporation of amino acid analogues and by elevated temperature were those
we now know to be 3C-mediated. The removal of the P1 capsid precursor by 2A
was the least affected, indicating that 2A may be less dependent on substrate
conformation for utilization than 3C. Such an interpretation is further supported
by recent in vitro translation experiments which show that the processing of the
poliovirus P1/2A junction is dependent on minimal sequences around the
cleavage site (YPMA-WONG and SEMLER 1987b). The 3C proteinase has been
purified from E. coli expressing the protein (NICKLIN et al. 1988; PALLAI et al.
1989). The activity of the purified protein is less efficient when tested against
synthetic peptides that mimic an authentic cleavage site compared to cleavage of
authentic precursor polypeptides, suggesting further that extended structural
interactions are important for efficient substrate recognition and utilization.

The cleavage activity of 3C is responsible for the majority of processing events
in all known picornaviruses. The processing of the capsid precursor P1 to 1AB,
1C, and 1D, as weli as all P2 and P3 processing is dependent on 3C activity. In
poliovirus, 3C-mediated cleavages occur at Q-G sequences exclusively, aithough
it appears unique among picornaviruses in this characteristic (KITAMURA et al.
1981; HANECAK et al. 1982). Other enteroviruses as well as rhinoviruses,
cardioviruses, and aphthoviruses can utilize other dipeptide sequences, although
the variability is limited and may be governed by interaction with the active site of
the proteinase (see Table 1). Not all sequences recognized by the 3C proteinases
are used as cleavage sites in the polyprotein. For poliovirus, only 9 of 13 predicted
Q-G pairs in the polyprotein are cleaved (the ninth being a rare event in the 3CD
protein; SEMLER et al. 1983). There are additional contributions to cleavage site
recognition by the primary amino acid sequence. The utilized cleavage sites of the
3C proteinases of poliovirus include an aliphatic residue in the P, position (where
Pn denotes the nth residue amino terminal to the cleaved peptide bond and Pn’
denotes the nth residue carboxyterminal to the cleaved bond; NICKLIN et al.
1986). The amino acid residues around the cleavage sites may play some role in
site recognition, but seem to be secondary to structural considerations (YPMA-
WONG et al. 1988a). That the viral proteinases do not cleave at every occurrence
of the recognized sequence(s) is not surprising upon consideration that the viral
proteinases are not general degradative enzymes but act on specific proteins in a
manner that maintains their functional integrity. The uncleaved dipeptide
sequences recognized by the proteinases may also remain inaccessible to the
proteinase as is seen in the capsid protein 1B of poliovirus (HOGLE et al. 1985) in
which a Q-G dipeptide pair is confined within a B-barrel structure.

The 2A proteinase of enteroviruses and rhinoviruses is responsible for the
separation of the capsid precursor from the polyprotein during translation of the
viral RNA. Although it is widely accepted that the P1/2A cleavage occurs while
the polyprotein is nascent, immediately after the synthesis of 2A, this has only
been clearly demonstrated for the LP12A/2B cleavage in EMCV (JACKSON 1986).
However, analysis of polyribosomes from poliovirus infected Hela cells
revealed no nascent polypeptides greater than 130kD (JacoBson et al. 1970).
The target sequence of the 2A proteinase of enteroviruses and rhinoviruses is
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different than that of 3C, generally Y-G (see Table 1). In some poliovirus and
rhinovirus serotypes there is an additional cleavage site recognized by 2A in the
P3 region which generates, when cleaved, the 3C’' and 3D’ proteins. This
additional cleavage is not important for virus growth in cell clulture, and the
function of 3C" and 3D’ remains unclear (LEE and WIMMER 1988; see below).

An outstanding feature of the 2A proteinases of entero- and rhinoviruses, and
that of the leader protein FMDYV, is their role in mediating the inhibiton of
capped mRNA translation during infection (KRAUSSLICH et al. 1987; LLoyD et al.
1988; DEVANEY et al. 1988). There is convincing evidence that cleavage of the p220
component of eIF-4F is involved in the inhibition of translation of capped
mRNAs (ETCHISON et al. 1982; ETcHisoN and FouT 1985) and that p220 is not
directly cleaved by either the 3C or the 2A protein (LLOYD et al. 1985, 1986; LEe
et al. 1985). Because the cleavage of p220 is correlated with proteolytic activity
(LLoYyD et al. 1988), it is possible that cleavage is the ultimate result of a
proteolytic cascade initiated by the 2A or L proteins.

4 Molecular Genetics of Proteolytic Cleavage

4.1 Lesions That Affect Enzymatic Activity of
the Viral Proteinases

The techniques of gene manipulation have proved invaluable to the analysis of
protein processing in picornaviruses, and we have obtained a great deal of
information on how picornaviruses may regulate gene expression through
protein processing. Presented here briefly are mutational analyses of picorna-
virus processing categorized by the enzymatic activity chiefly targeted or affected.
A particular mutation in a viral proteinase will exhibit a wide variety of effects on
processing or other viral functions, and often the effects seen are particular to the
system in which the mutant is analyzed. The pleiotropic effects of mutations in
picornavirus genes reflect the highly integrated nature of the various gene
functions and, although they may make particular phenotypes difficult to
understand, will eventually provide a better understanding of the regulation of
the virus life cycle.

4.1.1 Lesions That Affect 3C Activity

The simplest manipulation of a cloned gene is deletion of all or part of the coding
sequences and then analyzing the effect of such a drastic alteration. This
approach was taken to identify the 3C region of the O,K strain of FMDV as a
proteinase (KLuMP et al. 1984). The effect of a carboxy-terminal 31 amino acid
deletion of 3C was analyzed by expression in E. coli of subgenomic cDNA clones
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containing sequences from 1D through the 3C proteinase. The results showed
such a deletion to cause the loss of processing activity as measured by the
presence or absence of 1D. Interestingly, no processing of the 2A/2B junction was
detected in these studies although it has been shown more recently that
processing of this site is independent of active L and 3C proteins (VAKHARIA et al.
1987).

Bacterially expressed poliovirus 3C has been analyzed by linker insertion and
site directed mutagenesis. HANECAK et al. (1984) introduced four amino acids into
3C via insertion of an octameric Sac I linker at the Bgl I1 site in the cDNA clone.
Expression of the resulting mutant 3C proteinase in E. coli showed loss of 3C
activity as judged by cleavage of the amino and carboxyl terminal Q-G sites of the
3C protein itself. The same insertion mutant has been analyzed in an vitro
translation system programmed with RNA transcribed from a full length cDNA
bearing the lesion (YPMA-WONG and SEMLER 1987a). All of the potential cleavage
sites are theoretically tested by this method. In the in vitro translation system the
mutated 3C was incapable of proper processing activity. Unusual proteins were
seen upon translation, however their identities were not clearly established. Thus,
abolition of all 3C activity could not be positively concluded. A similar insertion
of four amino acids into the EMCYV 3C coding sequence near the putative active
site C, 54 also disrupted 3C-mediated processing. The EMCV insertion mutant
was analyzed by in vitro transcription of a subgenomic cDNA clone bearing the
lesion and subsequent in vitro translation of the RNA in a rabbit reticulocyte
lysate (PARKS et al. 1986). The processing of only the L/P1AB and the P3 proteins
were tested in this study. A duplication of the P, serine residue of the PV1 3C/D
cleavage site disrupted processing at that site when analyzed in a bacterial
expression system (SEMLER et al. 1987). Translation in vitro of the same mutation
did not reveal any gross processing defects (YPMA-WONG et al. 1988b). No viable
virus has been recovered by DNA transfection of the mutant cDNA (SEMLER et al.
1987).

It was shown in both in vitro translation studies above that the proteins
produced by mutant cDNA clones were indeed capable of functioning as
substrates. This is especially revealing in the EMCV study in which the
mutant P3 protein produced in vitro was fully competent as a substrate for post
translationally added wild type 3C activity from EMCV-infected cells. Wild type
poliovirus P3 proteins produced in the in vitro translation system are not
processed to a great extent by proteolytic activity from infected cells so the same
phenomenon could not be examined. The data from the EMCYV experiment can
be interpreted to mean that only the activity of the proteinase was affected
by the insertion. The recognition of mutant 3C as a substrate by wild type 3C
activity suggests that recognition may be limited to the region of the cleavage
site.

Recently the proteolytic activity of HRV14 and CVB3 was shown to function
on poliovirus substrates when provided in the context of a chimeric polyprotein
(DEWALT et al. 1989). Insertion of four amino acids into the CVB3 3C proteinase
or deletion of part of the HRV14 3C proteinase disrupted processing of the
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chimeric polyprotein. Further experiments involving more exact replacement of
the poliovirus 3C with that of CVB3 have shown that the amino acid insertion
used above only partially disrupts processing. Additional insertion mutagenesis
of the latter chimeric cDNA has also shown that the degree to which processing is
disrupted is dependent on the site of the insertion. Suballelic replacement of
regions of the poliovirus 3C protein with equivalent regions of the CVB3 3C
protein has also indicated a differential ability of 3C to recognize structural and
non structural proteins as substrates (M. A. LAwSON; B. DASMAHAPATRA and
B. L. SEMLER, submitted for publication).

The tentative identification of the C,,, and H,4, residues as the active C-H
pair in the poliovirus 3C proteinase was made by conversion of the C and H
residues to S and G, respectively (IVANOFF et al. 1986). The loss of proteolytic
activity of 3C due to the mutations was observed in a bacterial expression system.
Conversion of the nearby C, 55 to S had a negligible effect. The only substrate
tested in the study was the 3C/3D site, an inefficiently cleaved site both in vivo
and in vitro. Although the mutations made were not exhaustive, the conclusion
that C,,, may be a part of the catalytic site has been supported by sequence
comparison analyses (ARGOs et al. 1984; Bazan and FLETTERICK 1988; WERNER
et al. 1986).

Site-directed mutagenesis of the poliovirus 3C ¢cDNA has proved an
invaluable tool for analysis of the 3C proteinase, not only as a means of creating
specific mutants, but also as a tool for creation of mutagenic cassettes to allow
more thorough mutational analysis of small, defined regions of the protein. Using
the mutagenic cassette methodology, DEWALT and SEMLER (1987) have construc-
ted a series of single and double amino acid conversion mutations in the region of
aas; —aag, of the poliovirus 3C proteinase. Viable mutant viruses were
recovered by DNA transfection of COS-1 monolayers. Upon analysis, the
mutant viruses were found to have the general defect of altered recognition of the
3C/3D cleavage site, producing either excess or depressed amounts of 3C and 3D
proteins (DEWALT and SEMLER 1987; DEWALT et al. 1990). A broad conclusion of
these studies was that the mutagenized region, a proposed loop between f-barrel
secondary structures (WERNER etal 1986, BazaN and FLETTERICK 1988),
was involved in efficient recognition of cleavage of the 3C/3D site. A I,,»T
conversion in the poliovirus 3C proteinase also exhibits decreased 3C/3D
cleavage activity (KEAN et al. 1988). In addition, a slight decrease in the cleavage
at the 2B/2C junction was observed. The effects of these mutations on the virus
infectious cycle will be discussed further below.

It has become evident that the system in which a particular mutation is
evaluated (expression of ¢DNA in bacteria; in vitro translation of RNA
transcribed from ¢cDNAs; or in cell culture) as well as how the enzyme is supplied
(in trans from subgenomic clones and infected cell extracts or in cis as part of a
polyprotein) can greatly influence the eventual interpretation of the effect on
processing. Different mutations at the same site also cause different phenotypes.
Future studies of processing should include as many substrates as possible and
evaluate both the trans and cis activities of the proteinases.
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4.1.2 Lesions of 3CD

The demonstration of 3CD as the minimal P3 protein capable of complete P1
processing in poliovirus (JORE et al. 1988; YpMA-WONG et al. 1988b) and the
activity of EMCV precursors toward 3C substrates (PARkS et al. 1989) has
indicated a unique mechanism utilized by picornaviruses in the regulation of
gene expression. Proteolytic activity may be regulated by both the structure of the
substrates and the form in which the processing activity is provided. The insertion
of four amino acids at aa,; of the 3D protein disrupted P1 processing in an in
vitro translation system (YPMA-WONG et al. 1988b). Mutational analysis of 3D
was expanded by BURNS et al. (1989) who analyzed the effect of several 3D
mutations on polymerase activity and 3CD-mediated proteolysis of P1. All of the
mutations affected polymerase activity. Cleavage of the 3C/3D bond was only
mildly affected in all mutants described, as assayed by bacterial expression of
subgenomic clones encoding only the 3CD protein. Again, as in the EMCV and
PV1 insertion mutations discussed above, the data suggest that only a limited
region of the protein serves in recognition as a substrate. When the trans cleavage
activity of the 3CD mutants was analyzed by addition of bacterial extracts
containing mutant 3CD (as well as 3C and 3D) to in vitro translation reactions
containing P1 protein, it was seen that insertion of an amino acid at aa, ,4 and at
aa, o did not disrupt processing of P1 whereas insertion of single amino acid at
position 241,257,236, and insertion of four amino acids at position 147 in the 3D
portion of 3CD prevented complete processing. No functional correlation
between the location of the mutations and the resultant processing phenotype
could be found. Although several more mutations of 3D are known, the effects of
the mutations on P1 processing have not been assessed (AGUT et al. 1989;
BELLOCQ et al. 1987; BERNSTEIN et al. 1986; KEaN et al. 1988; LEE and WIMMER
1988; PLoTcH et al. 1989; Toyopa et al. 1987). Replacement of the CVB3 3D
coding sequences with those of PV1 severely limits the processing activity of
coxsackievirus B3 3C on P1 in in vitro translation assays (M. A. LAwson etal,,
submitted for publication). The processing of EMCV P1 has recently been shown
to be carried out by larger precursors containing 3C sequences as well as by 3C
itself (PARKS et al. 1989). The differential cleavage activity of 3C and 3CD is not
seen in EMCYV processing. It should also be noted that truncation of the FMDV
3D protein is not detrimental to P1 processing in a rabbit reticulocyte lysate
translation reaction (CLARKE and SANGER 1988).

4.1.3 Lesions of 2A

In demonstrating the proteolytic activity of 2A in PV3, Tovopa et al. (1986) used
a combination of truncation and mutation of the 2A coding region to disrupt
processing at the P1/2A junction. The mutations used were a four amino acid
insertion proximal to the amino terminus of 2A and a nine amino acid deletion
proximal to the carboxy terminus. Expression of the above mutant cDNAs in an
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in vitro translation system revealed that the four amino acid insertion was
capable of P1/2A cleavage activity. Whereas the nine amino acid deletion mutant
was incapable of P1/2A processing, it was competent as a substrate for exogenous
wild type 2A activity (NICKLIN et al. 1987). A six amino acid insertion into 2A
position 67 (YPMA-WONG et al.1988a) exhibits a retarded rate of cleavage of the
P1/2A junction (M. A. LAwsoN and B. L. SEMLER, unpublished observations).
Whether the p220 cleavage is directly dependent on the proteolytic activity of the
enterovirus and rhinovirus 2A proteinases remains to be elucidated. It should
also be noted that Roos et al. (1989a,b) have reported the isolation of a four
amino acid insertion of the TMEV 2A coding region. Such a lesion appeared to
have little or no effect on in vitro protein processing and did not interfere with the
production of virus when synthetic RNAs derived from full-length cDNAs
bearing the mutation were transfected into cultured mouse cells. Further

mutational analyses will be required to define the precise function of 2A in
TMEV.

4.1.4 Lesions of the FMDYV L Proteinase

Both the cardiovirus and aphthovirus genomes encode an additional protein at
the 5’ end of the polyprotein coding region which has been termed the leader or L
protein. The L protein of the aphthovirus FMDYV has proteolytic activity and is
responsible for the L/P1 cleavage event (STREBEL and BECK 1986). The role of the
cardiovirus EMCV and TMEV L proteins is unclear, as the cleavage of the
EMCYV L/P1 junction has been shown to be catalyzed by the 3C proteinase
(PARKS et al. 1986). The L protein of FMDV C,O strain was mutagenized by
STREBEL and BECK (1986) using the bisulfite method (KALDERON et al. 1982).
A double bearing D35 — N and Rg; — K changes and three mutants bearing a
G36—D,aTss—1oraPg— S change were recovered. Only the Tss — I mutant
was incapable of L/P1 cleavage upon bacterial expression of a cDNA bearing the
lesion or in in vitro translation reactions programmed with RNA encoding the
mutation.

4.2 Lesions That Affect Substrate Recognition

Distinguishing between mutants in which the enzymatic activity of a proteinase is
affected rather than recognition of the substrate can be difficult when the enzymes
themselves are also substrates for their own cleavage activity. In resolving this
problem, the utility of testing proteinase mutants as substrates for wild-type
proteinase activity has been helpful, but the problem of assigning the effects of a
mutation on catalysis or on substrate recognition requires careful biochemical
examination which is not always possible to carry out due to the lack of purified
enzymes and substrates.
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Viral proteins that are only cleavage substrates and do not bear any
proteolytic activity themselves do not present this obstacle. The P1 precursor has
been widely exploited to analyze the differential activities of viral proteinases on
various cleavage sites. The activity of 3C has been most thoroughly studied using
P1 as a substrate. That the structural integrity of the P1 precursor must be
maintained to serve as a substrate for 3C or 3CD activity was first alluded toin an
in vitro translation study in which a portion of the 1D and 2A proteins were
deleted, preventing processing of the P1 precursor into 1AB, 1C, and 1D (YpPMA-
WONG and SEMLER 1987a). A truncation of the P1 precursor also led to a loss of
processing by 3C (NICKLIN et al. 1987). A more detailed truncation study of P1
(YrMA-WONG and SEMLER 1987b) showed that nearly the entire P1 protein was
necessary for processing to occur, indicating the involvement of highly ordered
structural determinants in substrate recognition. A report by CLARKE and
SANGAR (1988) described the deletion of the L, 1A, and a portion of the 1B
proteins of FMDYV in a subgenomic cDNA clone from which RNA was then
synthesized and used to program translation in a rabbit reticulocyte lysate. Their
results showed that such a deletion prevented utilization of P1 as a substrate by
3C activity. The presence of complete 3D sequences was not found to be required
for normal processing of FMDV P1.

The requirements for highly ordered structures in 3CD-mediated processing
of the poliovirus type 1 P1 precursor have been examined in depth. The
availability of the crystal structure of the mature poliovirion (HOGLE et al. 1985)
has allowed a better assessment of how particular mutations may affect the
structure of the substrate P1 molecule. Analysis of several insertion and deletion
mutants in the P1 protein by in vitro translation and cleavage assays has shown a
clear correlation between the site of the lesion in the context of the mature virion
structure and the efficiency of processing of the P1 protein (YPMA-WONG et al.
1988a). Mutations in the highly ordered f-barrel core of the capsid proteins were
found to be more detrimental to processing than those in intervening loop
regions. Although the actual structure of P1 is not known, the known structure of
the mature virion does provide valuable insight into the mechanisms by which the
P1 precursor is processed. Of particular interest is a mutant P1 protein in which an
additional Q-G cleavage site was inserted adjacent to the authentic Q-G site at
the 1C/1D junction. The new cleavage site is preferentially cleaved by 3CD
activity, although cleavage of the original site can also be detected. Cloning of the
mutant P1 protein into a full-length PV1 ¢cDNA and transfection of the mutant
cDNA onto HeLa cells yielded viable virus that exhibited secondary mor-
phogenetic defects (BLAIR et al. 1990). The implications for substrate recognition
will be discussed further below.

Turning to finer detail in substrate recognition, the nature of the dipeptide
sequence required for cleavage of the 1C/1D junction of EMCV has been
investigated by PARKS and PALMENBERG (1987). Site directed mutagenesis of the
Q-G cleavage site was used to convert the Q-G dipeptide sequence to Q-A, Q-E,
Q-V,K-G, K-A, K-V, and K-E. It was found that only the Q-A (P,-P)) sequence
still allowed processing at the 1C/1D junction. A subsequent study involved
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modification of the 3B/3C and 3C/3D junctions of EMCV (PARKS et al. 1989).
The Q-G sequences were modified to R-G, L-G, and to Q-I, Q-C, Q-T, or Q-Y for
the 3B/3C and 3C/3D junctions respectively. It was found that only the Q-C
allowed processing by 3C activity. These mutations did not appear to affect P1
processing activity. When one includes the E-S and Q-S dipeptide pairs that
occur naturally in the EMCV genome and are cleaved by 3C activity, the limited
variability of sequences becomes significant and suggests that certain character-
istics are required of dipeptide sequences to function in catalysis.

A study of the cleavage activity of purified PV2 3C on synthetic peptides
representing the Q-G cleavage sites within the polyprotein has revealed a
significant variability in the rate of cleavage of the Q-G pairs. The data from this
study demonstrate a clear role of the primary sequence surrounding the cleaved
Q-G bond in substrate utilization. The rates of cleavage of peptides do not mimic
the rates of cleavage seen in infected cells in all cases, providing evidence for other
factors such as higher order structures in substrate recognition (PALLAT et al.
1989). Such analyses should continue to provide valuable information on the
mechanism of catalysis by the picornavirus 3C proteinase and on how the
regulation of processing by 3C is controlled.

Other studies of substrate recognition have involved P3 proteins. A
duplication of S,g, in the PV1 3C has the effect of moving the P, aliphatic T
residue to P and shifts the P3 Q into the P, position. Expression of a subgenomic
cDNA clone containing the mutation in E. coli showed that the duplication
prevented processing at the 3C/3D junction. Transfection of this clone onto
COS-1 or Hela cells did not yield virus (SEMLER et al. 1987). The above
observation was later confirmed following in vitro translation of full length in
vitro transcribed RNA of a poliovirus type 1 cDNA encoding the lesion (YpMa-
WONG et al. 1988b). The processing at the 3C/3D site was eliminated (as predicted
by the bacterial expression experiments), and the 3CD-mediated processing of P1
was nearly identical to that of wild type.

A more recent application of cassette mutagenesis technology has been used
in a functional analysis of the viral genome-linked protein 3B of PV1 (Kunn et al.
1988a, b). Several mutant cDNAs were made, some of which produced viable
virus upon transfection of in vitro synthesized RNA onto HeLa cell monolayers.
A general phenotype among the viable viruses was an alteration of in vitro
processing of 3B-containing proteins. Among the nonviable mutant cDNAs, the
production of 3CD from in vitro transcribed mRNAs was generally affected,
leading to the secondary phenotype of inefficient or undetectable P1 processing.
It should be noted that not all nonviable 3B mutations made in these studies were
impaired in processing (KUHN et al. 1988b).

The Y-G cleavage site in the poliovirus type 1 3D protein which is cleaved by
2A to yield 3C" and 3D’ has also been studied (LEE and WiMMER 1988). The P,
Y45 residue was altered by site directed mutagenesis to F and the P,T,,, was
changed to A. Both mutations yielded virus with wild type growth properties
upon DNA transfection onto COS-1 monolayers. Interestingly, the T,,, = A
conversion eliminated processing at the 3C'/3D’ site whereas the Y ,3—F
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conversion continued to be processed. The implication of this finding is that
neither the 3C’ nor 3D’ proteins are required for efficient growth in cell
culture.

4.3 Lesions That Affect Other Viral Functions

Because of the intimate interaction among picornaviral proteins, it is probabie
that mutations in one protein can exhibit a global effect on the virus life cycle. An
example of this can be found in studies of a leucine insertion between G,,, and
F, o5 of the PV12A protein which resulted in an infectious virus upon transfection
of mutant cDNA onto CV1 cells (BERNSTEIN et al. 1985). The effect of the
mutation on the efficiency of P1/2A cleavage was not investigated. The mutation
did result in the loss of p220 cleavage activity and caused a variety of protein and
RNA synthesis defects presumably as the result of inefficient host cell shut off. The
differential effect of mutations in 2A on p220 cleavage has been more recently
reported by KRAUSSLICH et al. (1987) who demonstrated that a four amino acid
insertion mutation and a nine amino acid deletion mutation in the 2A protein
abrogated p220 cleavage activity. As mentioned above, the four amino acid
insertion mutant was still capable of processing the P1/2A junction, albeit less
efficiently.

Viruses that have been recovered from cassette mutagenesis of 3C have
exhibited small plaque phenotypes and RNA synthesis defects by possibly
altering the function of protein 3CD in replication (DEWALT and SEMLER 1987,
1989). The mutant virus Sel-3C-02 bearing a V5,—A conversion was
temperature-sensitive for RNA synthesis at 39 °C even though its altered protein
processing phenotype was not exacerbated at the nonpermissive temperature.
DewaLT and SEMLER (1989) also showed that the Se1-3C-02 mutant virus could
be rescued by coinfection with a chimeric poliovirus (JOHNSON and SEMLER 1988)
bearing the 5’ noncoding region of CVB3. The I,,—T conversion in 3C
mentioned above also exhibits a deficiency in RNA synthesis, but whether the
deficiency was in total synthesis or in delayed kinetics of synthesis was not clear.
The mutant virus also exhibited a temperature sensitive defect in total yield of
infectious virions at 39 °C (KEeaN et al. 1988). A chimeric poliovirus bearing the 3B
sequence of echovirus 9 (W1-VPg-29) and a mutant poliovirus bearing two 3B
lesions (W1-VPg-34) were found to have delayed growth kinetics as measured by
the one step growth experiment. The proteinases produced by mutant virus W1-
VPg-34 process P1 less efficiently in in vitro translation assays than those
produced by the wild-type virus (KUHN et al. 1988b).

The above examples of mutational analysis of processing in picornaviruses
show a wide variety of phenotypes, giving evidence for host cell-virus interactions
that have yet to be characterized. Further studies of the existing mutants and
creation of new mutations in the virus polyprotein will be invaluable to our
discovery and understanding of the regulation of gene expression of picornavi-
ruses and the interactions of the viruses with host cells.
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5 Biochemical Implications of the Observed Picornavirus
Protein Processing Activities

5.1 Primary Site Recognition

The overall conservation of cleavage sites recognized by the proteinases of
individual picornaviruses suggests that the sites themselves are primary determi-
nants of proteolytic processing. For example, the 3C proteinase of poliovirus
cleaves exclusively at Q-G pairs within its wild-type polyprotein sequence. Such
strict specificity of sites cleaved appears to be more the exception than the rule
when the known and proposed cleavage sites recognized by other picornavirus
3C proteinases are examined. The 3C proteinase of EMCYV cleaves at specific Q-
G,Q-S, and possibly E-S sites while the 3C activity of FMDYV appears to cleave at
E-G, E-S, V-G, Q-T, Q-L, and Q-I amino acid pairs. Indeed, as mentioned above
PaArks and PALMENBERG (1987) demonstrated that some flexibility exists in which
amino acid pairs can be recognized and cleaved by 3C. Using site-directed
mutagenesis of cDNA clones expressing the EMCV P1 precursor, they showed
that alanine could substitute for glycine in the Q-G pair between VP3 and VP1.
These investigators also reported that there were a number of amino acid
replacement for both residues at the VP3-VP1 cleavage site that could not be
cleaved in their in vitro assay. Thus it appears that the 3C proteinases of
picornaviruses are able to recognize and cleave a limited set of amino acid pairs
distinct from those actually found at wild-type cleavage sites.

An additional example of site selection flexibility is the 2A proteinase of
poliovirus. LEe and WIMMER (1988) used oligonucleotide-directed mutagenesis
to alter the Y-G cleavage site normally cleaved to produce 3C’' and 3D'.
Substitution of F for Y at the P, site did not affect cleavage, demonstrating that
the poliovirus 2A proteinase can cleave amino acid pairs other than those which
are normally cleaved during wild-type virus infections.

The site specificity of picornavirus proteinases appears to extend beyond the
P,-P} amino acid residues that are actually cleaved by the individual enzymes.
As originally noted by NICKLIN et al. (1986), there is a consensus of an alanine
residue in the P, position of sites cleaved by the poliovirus 3C proteinase activity.
Interestingly, the P, residue at the polio 3C/3D junction is a threonine residue
and cleavage at this site is infrequent (compared to, for example, the 3B/3C
junction) both in vivo and in vitro (DEwWALT and SEMLER 1987; YPMA-WONG et al.
1988b). In a recent report employing synthetic peptides as substrates for purified
poliovirus 3C, PaLLAl et al. (1989) changed the P, threonine residue to an alanine
within a 16 amino acid residue peptide that mimics the 3C/3D cleavage site. Such
an alteration resulted in a dramatic increase in cleavage efficiency that was nearly
equal to the efficiency of cleavage of a peptide that mimics the 3B/3C cleavage site
(that contains a P, alanine as part of its wild-type sequence). In addition, YPMa-
WONG et al. (1988a) have generated amino acid insertion mutations in in vitro
synthesized P1 polypeptides of poliovirus and have shown that an inserted Q-G
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pair with a P, alanine residue is cleaved almost exclusively over the wild-type Q-G
site (six amino acids downstream) whose P, alanine was changed to a glycine
residue as a result of the amino acid insertion. It was suggested that, while not a
processing determinant in itself, the P, residue at a Q-G cleavage site may influence
the stability of the enzyme-substrate complex and increase the efficiency of
cleavage.

An extended amino acid recognition sequence for the poliovirus 2A
proteinase was recently demonstrated by the molecular genetic experiments of
Lee and WiMMER (1988), as mentioned above. It was observed that poliovirus
strains that synthesize detectable quantities of 3C" and 3D’ in infected cells encode
a threonine residue in the P, position of their Y-G cleavage sites, while those that
do not produce 3C" and 3D’ contain an alanine in the P, position. In addition, all
of the VP1-2A junction sequences of different polioviruses contain a threonine
residue in the P, position of their Y-G cleavage sites. When the amino acid
residue in the P, position of the PV1 (Mahoney) 3C'/3D’ cleavage site was
mutated to an alanine residue, no cleavage at the Y-G pair was detected and,
hence, no 3C’' and 3D’ polypeptides were produced. It will be of interest to
determine whether mutation of the P, amino acid of the VP1/2A junction
sequence to an alanine results in an alteration of cleavage efficiency, since
cleavage at this Y-G pair is normally very efficient and is thought to occur while
polyprotein synthesis is still taking place on cellular ribosomes. It will also be
important to determine the nature, if any, of the extended recognition sequence
that may exist at the 2A/2B junction of the EMCV, FMDV, and TMEV
polyproteins. Knowledge of such a sequence may aid in the identification of the
enzyme(s) responsible for cleavage at the above site for these different
picornaviruses.

5.2 Conformational Contributions of Precursor Polypeptides

As detailed in Sect. 3 above, the use of amino acid analogue incorporation and
temperature-shift experiments during a picornavirus infection established that
the conformation of substrate precursor polypeptides is an important determi-
nant in protein processing. ARNOLD et al. (1987) used the crystallographic data
obtained for the HRV14, PV1, and Mengo virus capsids to analyze the
interaction of the 3C proteinase with the P1 (capsid) precursor polypeptide.
These studies suggested that, in addition to surface accessibility, authentic
cleavage sites need to be presented in a structurally flexible context in order to be
recognized by the 3C (or 3CD) proteinase. Such flexibility may be required for
correct positioning of the scissile bond of the substrate within the active site of the
enzyme. Indeed, an examination of the structural context of amino acid pairs
within the P1 precursor that are not used as 3C cleavage sites (but are among the
dipeptides normally recognized by the 3C enzyme for a specific picornavirus)
reveals that such sites are usually found within highly ordered structural domains
(ARNOLD et al. 1987).
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Experimental evidence for the role of structural domains in the cleavage of
picornavirus capsid precursors by the 3C proteinase activity comes from
engineering truncations or site-directed alterations into the P1 precursor
polypeptide and testing such mutated proteins as substrates for in vitro
processing activities (YPMA-WONG and SEMLER 1987a,b; NIicKLIN et al. 1987;
YPMa-WONG et al. 1988a; CLARKE and SANGAR 1988). Collectively, the results
from these studies suggest that the viral 3C (and 3CD) proteinases recognize their
cognate amino acid pairs within the context of a properly folded precursor
polypeptide. It is of interest that the above conclusions are based upon the use of
the P1 precursor (whose highly ordered overall structure can be extrapolated
from the known structures of picornavirus particles) as a substrate for 3C activity.
Alterations (primarily by in-phase amino acid insertions) in the precursors to
nonstructural proteins have proved less detrimental in their effects on these
precursors to serve as authentic 3C substrates (PARKS et al. 1986, 1989;
YpMA-wWONG and SEMLER 1987a,b; Roos et al. 1988a). Additional evidence for
different 3C-substrate interactions for structural vs nonstructural precursors
comes from recent experiments by DEWALT et al. (1989), in which chimeric
polyproteins were generated containing 3C sequences from HRV14 or CVB3 in a
PV1 background. The results of in vitro processing experiments demonstrated
that proteolytic processing of poliovirus nonstructural precursor polypeptides
(i.e., P2 and P3) could be carried out by the heterologous proteinases, even at
some amino acid pairs not normally cleaved by that proteinase. In contrast, the
heterologous 3C proteinases expressed from the chimeric genomes were incap-
able of recognizing the poliovirus specific processing sites within the structural
(P1) precursor. The processing of the P1 capsid precursor thus appears to be
more virus-specific than that of the P2 and P3 region precursors. Overall, the
cross-species processing experiments demonstrate that there are common
conformational determinants, in addition to specific amino acid pairs, that are
necessary for 3C-specific processing.

5.3 Proteolytic Activity of Precursor Polypeptides Containing
the 3C Amino Acid Sequence

The generation of the 3C polypeptide itself must occur by an intramolecular, self-
cleavage reaction (PALMENBERG and RUECKERT 1982; HANECAK et al. 1984) or by
the activity of one P2-P3 precursor on another because the protein is flanked by
its own cleavage recognition sites. The production of 3C by these cleavage
activities requires that processing activity be extant in precursor polypeptides.
The generation of mutated and defined P3 region polypeptides by in vitro
translation of transcripts derived from genetically engineered poliovirus and
EMCYV cDNAs has provided direct proof that such precursor proteins have 3C-
specific proteinase activity (YPMA-WONG et al. 1988b; JORE et al. 1988; PARKS
et al. 1989). The above observations have at least two important consequences
during a picornavirus infection. First, although perhaps only limited to
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poliovirus and coxsackievirus, the requirement for 3D sequences (in the form of
protein 3CD) for efficient P1 processing allows the virus to generate different
processing efficiencies for different viral substrates based upon the same core
proteinase activity (i.e., mature 3C). The additional 3D sequences may catalyze
the formation of a stable Pl-enzyme complex in which the Q-G pairs are
correctly positioned for interaction with the proteinase (catalytic) domain of
3CD. In support of such a proposal, NICKLIN et al. (1988) have shown that highly
purified 3C (expressed from genetically engineered E. coli) is very inefficient at in
vitro cleavage of the VP0-VP3 bond (in the poliovirus P1 precursor) compared to
cleavage of the VP3-VP1 Q-G pair and that the overall P1 processing is much less
efficient than that catalyzed by 3CD provided by an infected cell extract.

A second consequence of generating picornavirus precursor polypeptides
with 3C-specific proteolytic activity is that, during early times after initiating an
infection, picornaviruses are not dependent on the cleavage activity of a single,
mature polypeptide (3C) whose production in significant quantities is usually
only seen at relatively late times after infection. This latter observation has been
confirmed for EMCV by a detailed kinetic analysis of in vitro translation of the
viral genome and subsequent protein processing events (JACKSON 1986). The in
vitro studies provided convincing evidence that 3ABC, rather than 3C itself,
carries out the early stages of processing the EMCV capsid precursor (P1),
perhaps because the cleavage of the carboxy-terminal Q-G pair of EMCV 3C is
much more efficient than cleavage at its amino-terminal Q-G site. For poliovirus,
it was first noted that the amino-terminal cleavage of 3C was much more rapid
than the carboxy-terminal Q-G cleavage in bacteria expressing a subgenomic
cDNA of poliovirus containing 3C sequences (HANECAK etal. 1984). As
confirmed by the subsequent in vitro studies mentioned above, the result of such
differential cleavage rates of the Q-G sites flanking poliovirus 3C is that the virus
uses polypeptide 3CD as a major proteinase that is capable of processing
structural and nonstructural precursor polypeptides. Perhaps the picornaviruses
have evolved different cleavage efficiencies for the sites flanking their respective
3C proteinases (via conformational or surrounding amino acid determinants) as
a means of insuring faithful processing at both early and late times after infection
and as a means of generating proteinase-containing polypeptides with differential
catalytic activities in cis vs trans. This latter topic is discussed in next section.

5.4 The Importance of Cis vs Trans Cleavage

A final biochemical consideration that results from the cleavage specificities and
precursor activities of picornavirus proteinases is the contribution of intra-
molecular versus intermolecular processing events. To date, three picornavirus
proteinases have been identified as having intramolecular (i.e., cleavage in cis)
protein processing activities: (a) the L protein of FMDV (STREBEL and BECK
1986); (b) the 2A protein of poliovirus (Toyopa et al. 1986); and (c) the 3C protein
of EMCYV (PALMENBERG and RUECKERT 1982) and PV (HANECAK et al. 1984). As
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mentioned in Sect. 2.1 above, during the early phases of a picornavirus infection
the relative concentrations of polyproteins per cell may be low enough that trans
cleavage events (i.e., bimolecular reactions) are rare. In this case, the virus would
depend on the intramolecular cleavage of precursor polypeptides containing
L, 2A, or 3C to liberate diffusable proteinases or to cleave the P2-P3 fusion
precursor in cis at sites that would produce polypeptides required for RNA
replication (e.g., 3D, 2C, or 3CD). For example, certain sites within the P2-P3
region of the polyprotein may be particularly good substrates for intramolecular
cleavage in order to generate polypeptides absolutely essential for early
replication events. Other sites may be more accessible for trans cleavage by a free,
diffusable polypeptide containing 3C proteinase activity. Cleavage of specific
sites in trans could produce proteins that are not essential early in the infectious
cycle. The 3C (or 3CD)-mediated cleavage of the capsid precursor (P1) appears to
be an example of this latter class of cleavage sites. The use of site-directed
mutagenesis to produce picornaviruses with conditional processing lesions will
directly confirm whether a strict correlation exists between temporal expression
of distinct viral gene functions and the cis versus trans nature of the cleavage
events that produce the proteins responsible for execution of such functions.

6 Summary and Future Directions

Our understanding of the regulation of picornavirus gene expression by
proteolytic processing has increased considerably since evidence for processing of
precursor polypeptides was first reported more than 20 years ago. Since that time,
we have learned about the precursor-to-product relationships of many virai-
specific polypeptides. We have used critical information stored in the RNA
sequences known for nearly all picornaviruses to determine the sites of
proteolytic cleavage and to create a precise genetic map of the different viral
genomes. The discovery of at least three different proteinase activities has
underscored both the similarities and differences in the processing strategies used
by different picornaviruses. In addition, genetic manipulation of cloned viral
¢DNAs has produced some of the first glimpses of the nature of the enzyme-
substrate interactions that occur between picornavirus proteinases and the
polypeptide precursors that they ultimately cleave. However, future experiments
using purified enzymes and substrates will refine and expand the rather
rudimentary knowledge that we have concerning both the catalytic domains of
the viral proteinases and the precise residues that are contacted in substrate
polypeptides. Knowledge of the site-recognition domains of picornaviral pro-
teinases will be a key step in uncovering the mechanisms of the dynamic and
selective cleavage events involved in the complete processing of viral polypro-
teins. These studies will be greatly aided by the ongoing attempts to solve the
three-dimensional structure of the picornavirus proteinases and to correlate such
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structures with the known and predicted processing phenotypes for the different
enzymes being studied. The use of genetically defined viral genomes in both in
vitro and in vivo studies will provide the ultimate tests for the precise regulatory
roles of the viral proteinases during the course of an infection.
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