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ABSTRACT

Picornavirus proteins VP1 to VP3 are exposed on the surface
of the virus particle whereas VP4 is internal and modified
at its amino terminus by the addition of myristic acid
(Chow et al., 1987; Paul et al., 1987). Myristic acid
occupies a position in the core of mature poliovirus’
particles; it has been suggested that it may be important
for particle integrity or in the localization of the capsid
pfotein precursor on the hydrophobic membranes during

virion assembly (Chow et al., 1987).

To determine the function of the amino-terminal
myristylation of VP4 in picornaviruses, and to establish
whether competition for the acylation site is a possible
approach to antiviral chemotherapy, the effect of fatty
acids on virus replication has been examined. Some fatty
acids are able to enter picornavirus-infected cells and
compete for the myristylation site on VP4. Unexpectedly, it
was foﬁnd that short chain fatty acids also inhibit an
early event in the repliéation of bovine enterovirus (BEV)
at concentrations which have. no detectable effect on
ceilular macromolecular synthesis and cloning. These
findings indicate that fatty acids inhibit cell-mediated

uncoating.
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Short chain fatty acids inhibit the replication of bovine
enterovirus but are almost ineffective against poliovirus
type 1, coxsackievirus B5, encephalomyocarditis virus and
human rhinovirus 1B. Lauric acid binds to bovine
enterovirus, thereby stabilizing the virus particle to heat
degradation. Fatty acid-bound virions attach to susceptible
cells but fail to wundergo cell-mediated uncoating. The '
inhibitory effect 1is reversible with chloroform and may
result from a hydrophobic interaction between the fatty

acid and a specific site on the virus particle.
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CHAPTER 1
INTRODUCTION

The Picornaviridae are among the smallé;t riboviruses
known. They comprise one of the largest and most important
families of human and agricultural pathogens, including’
poliovirus, human hepatitis A virus, the human rhinoviruses
(the single most important cause' of the common cold), and
foot-and-mouth disease virus (the most important single
pathogen of 1livestock). Because of their economic and
medical importance the picornaviruses have been prominently

involved in the development of modern virology.

1.1 CLASSIFICATION

The family 1is divided into four genera: Enterovirus,

Cardiovirus, Rhinovirus, and Aphthovirus. The enteroviruses

are so-called because most inhabit the alimentary tract.
They include the polioviruses, coxsackieviruses and
Echoviruses (Auviheh, 1990), together with enterovirus
types 68-72, including human hepatitis A virus (Coulepsis
ggh al., 1982; Melnick, 1983a), and a number of nonhuman
enteric viruses (Melnick, 1976; Melnick, 1983b). The
cardioviruseé, the best studied being encephalomyocarditis
virus (EMCV), all belong to one serotype and are generally

regarded as murine viruses. Rhinoviruses (so-called because

of their adaptation to the nasopharyngeal region) are the

1



most important etiologic agents of the common cold in
adults and children (Gwaltney, 1982). There are officially
89 serotypes (Kapikian, 1971), but additional candidate
viruses have continued to accumulate and the number now
probably exceeds 113 ‘(Matthews, 1982). Most of the
picqrnaviruses isolated from the human respiratory system
are acid 1labile, and this lability has become a defining
characteristic of rhinoviruses (Melnick, 1974; Melnick,’
1983b). The seven serotypes of foot-and-mouth disease virus
(FMDV) constitute the aphthoviruses. Some viruses, such as
"equine rhinoviruses" 1 and 2 (Newman et al., 1977) and a
collection of insect picornaviruses (Longworth, 1978; Moore

& Tinsley, 1982) have not yet been assigned genera.
1.2 THE RNA CHROMOSOME AND ITS GENE PRODUCTS

1.2.1 Structure of Picornaviral RNAs

The picornaviral genome consists of a single strand of
messenger—-active RNA which has a molecular weight of 2-2.8
x 10°, and constitutes about 30% of the particle mass.
The RNA is polyadenylated at the 3’ terminus and covalently
attached to a small ﬁrotein called VPg at the 5’/ terminus.
The first picornaviral RNA to be completely sequenced was
that of type 1 poliovirus (Kitamura et al., 1981;
Racaniello, 1981). A number of other bicornaviral RNAs were
then °~ sequenced and the results revealed significant
variations in length ranging from 7-8.5 kilobases (kb). The
longer RNAs, such as those of EMCV (7.8 kb) and FMDV (8.5

2



kb), carry a tract of polycytidylic acid between VPg and
the beginning of the protein-coding region. This is not
found in the entero- and human rhinoviruses (Brown et al.,
1974). The biologic function of these poly (C) tracts is
unclear. However, removal of poly (A) with the enzyme
ribonuclease H markedly reduces the specific infectivity of
poliovirus RNA, suggesting that poly (A) serves an
essential function (Spector & Baltimore, 1974). RNA-
molecules with short poly (A) tracts appear to have a lower
specific infectivity (Hruby & Roberts, 1976). On the other
hand, VPg 1is not required for infectivity of +the RNA
(Nomoto et al., 1976). The presence of VPg is peculiar to
picornaviruses because many other viral RNAs and eucaryofic
mRNAs have a 7 methyl-G-cap at the 5’ terminus. The exact
function of VPg is not known but it has been suggested that
VPg might be an important elément in packaging of RNA into
virions. There is also increasing evidence that it plays an
important role in initiation of picornaviral RNA synthesis

(Hershey & Taylor, 1987).
1.2.2 The Protein-Coding Region

The overall features of the pattern of.protein synthesis
used by picornaviruses are now fairly clear since this has
'been studied for over a decade. The RNA is translated as a
single polyprotein which is subsequently cleaved into its
functional proteins by two virally coded proteases (Fig.
1.1) (Palmenberg, 1982; Jacobson et al., 1970; Toyoda et

al., 1986).
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Figure 1.1: Model of proteolytic processing of the
initial translation product of poliovirus by two
virus-encoded proteinases. Soon after its synthesis,
polypeptide 2A cleaves intramolecularly the Y-G site (v) at
its amino terminus. A similar event might occur at the
amino terminus of 3C, the other proteinase specific for Q-G
cleavages (w ). It is likely that 3C acts initially also at
its carboxy-terminal Q-G  site by an intramolecular
mechanism, then cleaves the other Q-G sites in trans,
freeing 2A from the P2 precursor. 2A then can cleave 3CD in
trans to produce 3c’ and 3D’. In infected cells,
polypeptide P2-3AB is seen only in the presence of Zn"ions.
The mechanism of the N-S cleavage (¢), which occurs only
during (or after) encapsidation of viral RNA is obscure.
(Toyoda et al., 1986)



Proteolytic processing  of virus-encoded translation
products is common in animal virus replication, but only
the picornaviruses produce all of their gene products by
pfoteolytic cleavage of a single polyprotein precursor. In
the case of poliovirus, thfee types of cleavages occur
dﬁring proteolysis: one at an asparagine-serine (N-S) amino
acid pair, two at tyrosine-glycine pairs (Y-G), and eight
at glutamine- élycine (Q-G) pairs. In poliovirus
replication, the virus-encoded polypeptide '3C cuts the
polyprotein at Q-G sites. However, recent studies have
shown that the specificity of the 3C protease in poliovirus
is not restricted to Q-G sites ' (Kean et al., 1990) The
processing sites for . the enzyme 3C in various
picornaviruses are shown 1in Fig. 1.2. Most protease
3C-=directed cleavages,vdeduced initially by comparison with
poliovirus cleavages, occur between glutamic acid or
glutamine and glycine (or serine) dipeptide pairs (Arnold

et al., 1987)

It is unknown how the structural précursors and RNA finally
form the virion. However, during the last step of viral
maturation, VPO is cleaved into VP2 and VP4, thus
completing the final stages of both processing and
assembly. The cleavage of VPO apparently occurs only after
the RNA has been packaged (Jacobson et al., 1970). One or
two copies of VPO remain uncleaved in each capsid, the
functional significance of this being unclear (Stanway,
1990). The structures of HRV14 (Rossman et al., 1985),
poliovirus (Hogle et al., 1985), and Mengo virus (Luo et

5
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Figure 1.2: Structure of the picornaviral genome for some
picornaviruses. Peptide nomenclature is according to
standard convention (Rueckert & Wimmer, 1984). The P1

region is composed of 4 peptides [1A(VP4), 1B(VP2),
1C(VP3), 1D(VP1l)], the P2 region is composed of 3 peptides
(2A, 2B, and 2C), and the P3 region 1is composed of 4
peptides (3A, 3B, 3C, and 3D). Proteolytic cleavages of the
polyproteins occur between amino acid pairs indicated.
Cleavages produced by protease 3C are. shown above each
genome. Protease 2A (hatched arrowhead) and VPO (1AB)
(stippled arrowhead) cleavage sites are shown below the
genome. Sites for which the proteolytic agent has not been
specifically identified are enclosed in paranthesis.
Question marks denote sites where the sequence has not been:
established precisely. (Arnold et al., 1987)



al., 1987), all show the close proximity of a serine
residue to the carboxy-end of VP4. This structural
proximity as well as the conservation of Ser' suggest
that the serine acts as a nucleophile for an autocatalytic
cleavage of VPO into VP2 and VP4 (Rossman et al., 1985). By
aﬁalogy with other proteases, it would be necessary to have
a proton- abstrac£ing base to activate the nucleophile for
catalysis (Fig. 1.3). However, none of the available virus
structures have any suifable base in the vicinity of the
cleaQage site. It has been suggested, therefore, that an
RNA provides the essential base (the anino Qroups in
adenine, guanine and cytosine) and thereby initiates the
catalytic step during assembly (Arnold et al., 1987;
Rossman et al., 1985). This proposed mechanism is unusual
in that the catalysis 1is produced by a combination of
protein and nucleic acid functionalities. Apparently intact
VPO 1is necessary for correct assembly of the protomers,
whereas processing of VPO 1is necessary for the final
assembly of the virion. Particles which are eluted from
cell membranes after "tight binding" or which hé&e been
heat treated are missing VP4 and sometimes also VP2. It is
possible that the cleavage of VPO is a prerequisite for
uncoating in that it renders VP4 mobile (Arnold et al.,

1987) .
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1.3 THE VIRION
1.3.1 Physical Properties

-Poliovirus‘ is one of the most thoroughly characterized
viruses and some of its physical properties are listed in
Table 1.1. The virion is roughly spherical with no lipid
envelope. ‘Its infectivity is, therefore, generally
unaffected by shaking virus-containing fluids with organic
solvents such as ether or chloroform. Particle diameters
reported from electron micrographs range from 24 to 30 nm.
The virion contains an RNA core which resides in the

central cavity of a thin protein shell.

TABLE 1.1: PHYSICAL PROPERTIES OF THE POLIOVIRION

Shape Slightly spheroidal

Diameter (hydrated) About 30.5 nm
Symmetry (X-ray) - 5§:3:2 (icosahedral)
Capsomers (EM) Indistinct (32, 42, 60)
S20.w 156 X 107" sec™!
Diow 1.40 X 1077 cm?sec™
v o 0.685 m! g™

Virion mass 8.58 million .
%RNA (as K salty 316

% Protein 68.4

Virions/mg 7.07 x 10"
Virions,;/OD - unit 9.4 X 10"

(Rueckert, 1986)



1.3.2 The Protomer

All picornaviruses, including poliovirus (Maizel, 1964),
cardioviruses (Rueckert et al., 1969), human rhinoviruses
(Medappa et al., 1971), and aphthoviruses (Talbot & Brown,
1972), contain four polypeptide chains: VP1, VP2, VP3, and
VP4 (Fig. 1.4, right). These chains are elements of

identical four-segmented protein subunits called "mature"A
protomers. The protomer is defined as the smallest
identical subunit of an oligomeric protein. Picornaviruses
typically display traces of a fifth protein, VPO, which, as
mentioned before, is cieaved to form VP4 and VP2 during the
viral maturation step (Arnold et al., 1987). This implies

that VPO chains reside in "immature" protomers (VPO,3,1),

i.e., subunits that have not undergone maturation cleavage
(Rueckert et al., 1969). The number of VPO chains is
rarely, if ever, 1less than two (Rueckert, 1976). However,

the biologic significance of these ‘residual chains is
currently unclear. The. genome sequences of viruses
representing different genera . reveal significant
differences in the size of homologous viral polypeptides
(Table 1.2). VP4, the smallest ﬁrotein, is easily lost
during purification of some picorﬁavirhses and 1is thus

sometimes overlooked.

10
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Figure 1.4: Structural organization of the picornaviral

capsid. Left: The shell contains 60 subunits called
protomers. Of these subunits 60 - n are identical "mature"
protomers (VP1,2,3,4) and n are "immature" protomers

(VP0O,1,3). VPO represents an uncleaved precursor of chains
VP2 and VP4. Picornavirions rarely, if ever, contain fewer
than two immature subunits. Right: Electrophoretic
profile on an SDS-polyacrylamide gel of protein from EMC
virions radiolabelled with a mixture of ['Clamino acids.
(Rueckert, 1986)
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TABLE 1.2: MASS OF SOME PICORNAVIRAL COAT PROTEINS

Protein Poli®  EMC®  FMDV®  HRV14?
vP1 33521 31703 23267  32.381
VP2 20985 29026 24669 28503
VP3 26410 25141 24323 26,195 .
VP4 7385 7247  8.480 7178

VP1234 97301 93117 80,648 94,257

(a) Kitamura et al., 1981
(b) Palmenberg et al., 1984
(c) Carroll et al., 1984

(d) Ccallahan et al., 1985

1.3.3 Dodecahedral Nature of the Protein Shell

Insight into the basic organization .of the proteins (Fig.
1.4, left), and into the dodecahedral nature of the
picornaviral shell, was first provided by analysis of the
acid dissociation products of ME virus (a cardiovirus). In
the presence of 0.1 M chloride or bromide ion at pH 6 the
virion can be thermally dissociated and yields infectious
RNA, VP4, and two kinds of pentamers: a soluble 13.4S
pentamer and an 1insoluble precipitate which has been
attributed to a still hypothetical structure, the
I-pentamer (Fig. 1.5). 1In the presence of 2 M urea, which
disrupts hydrogen bonds and hydrophobic interactions, the
13.4S pentamers are degraded into 4.7S subunits. From

12



molecular weight determinations and measurements of chain
stoichiometry it was shown that the 4.7S subunit is a
monomer composed of one chain each of (VP1,2,3), while the
13.4S subunit is a pentamer of the 4.7S monomer. Thus, the
protein shell of EMC virus behaves as an assembly of 12
éentamers held together by one kind of acid-sensitive
bonding domain. The pentamers, in turn, are held together
by a second type of urea-sensitive domain. As will be seen
later, the assembly of the picornaviral shell can be
understood as the operation of these domains in reverse

order (Dunker & Rueckert, 1971).

N

. + 58 VP4 + RNA
4 PG, 37°C |

134S PENTAMER  1-PENTAMER 37S

156S  VIRION

Figure 1.5: Experimental basis for the dodecahedral model
of picornaviral capsid structure. (Dunker & Rueckert, 1971) -
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1.3.4 Buoyant Density of Picornaviruses

The éedimentation coefficients and the buoyant densities of
picornaviruses appear to differ among certain groups (Table
1.3). The enteroviruses and cardioviruses band at a density
of 1.34 g/ml, whereas the equine rhinoviruses and some of
the aphthoviruses band at 1.45 g/ml. The latter density is
characteristic of viruses with RNA contents in the order of
30 to 35%. Poliovirus is abnormally 1light because its
cesium-impermeable shell prevents binding of these heévy
atoms to the viral RNA (Mapoles et al., 1978). It is
necessary to point out that the apparent buoyant density of
a virus is influenced by the hydrodynamic properties of the
particles in solution which, in turn, are dependent on the
degree to which the capsids are permeable to the dissolved
solute (e.g. Cs+) and the amount of sélQation. It has
been demonstrated that cesium can be incorporated into
poliovirions by growing infected cells in medium enriched
in cesium chloride. When artificially substituted with a
full complement of 7 500 cesium atoms, poliovirﬁs has an
expected buoyant density of 1.45 g/ml (Mapoles et al.,
1978). Poliovirus "dense" particies of this density have
been observed (Rowlands et al., 1975; Wetz et al., 1983;
Yamaguchi-Koll et al., 1975), but are practically
noninfect}ous. The high buoyant density of the
aphthoviruses and equine rhinoviruses (Table 1.3) indicates
that the RNA 1is more accessible to cesium ions. The
intermediate buoyant density of the human rhinoviruses,
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TABLE 1.3: PHYSICAL PROPERTIES OF PICORNAVIRUSES

; Buoyant density (CsCl)

Sedimentation.

Group . pH stability Virions - Shells - coefficient .
Enterovirus Stable 3-9: 1.34 1.30 156S
Cardiovirus'. Stable 3-9 1.34 1.30 156S
Human rhinovirus Labile < 6 1.39-1.42 1.29 149S
Aphthovirus Labile < 7 1.43-1.45 1.30 142-146S

145 | 1.29 156S

| “‘Equine rhinovirus Labile < 6




near 1.40 g/ml, is due to incomplete substitution with
cesium ion, about 5 000 atoms per virion. The remaining
unexchanged sites are occupied by the polyamines spermine
and spermidine, whiéh are too large to diffuse out of the
semipermeable protein envelope and cannot therefore be

exchanged out of the RNA core (Rueckert, 1986).
1.4 OVERVIEW OF THE MULTIPLICATION CYCLE

The initial event in infection is attachment of the virion
to specific "receptor units" located in the plasma membrane
(Fig. 1.6, top 1left). These receptors mediate delivery of
.the wviral genome to the cytoplasm. This process is still
poorly understood, but involves loss of VP4 and release of
viral RNA from the protein shell (Fig. 1.6, step 1). The
incoming RNA strand forms polysomes (Fig. 1.6, step 2),
using host cell machinery, as it directs the synthesis of a
"polyprotein". The latter is proteolytically cleaved during
synthesis to form proteins P1, P2, and P3. P1 is the coat
protein precursor and P3 cleaves itself autocataiytically
(Palmenberg & Rueckert, 1982) into three smaller proteins:
a protease required for cleaving the viral proteins; a
protein that gives rise to VPg and is probably necessary
for initiating RNA synthesis; and an RNA polymerase
regquired for copying the _(+)RNA strand to form the
complementary minus-strand RNA with poly(U) at its 5’ end

(Fig. 1.6, step 3).
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Figure 1.6: Overview of the picornaviral infection cycle.
(Rueckert, 1986)
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‘Further = synthesis of (+)RNA 1leads to formation of the
multistranded replicative intermediate (RI) with the 3’
poly(A) being transcribed from the poly(U) tract in the RI.
This RI 1is éssociated with smooth endoplasmic reticulum

(Fig. 1.6, step 4) and generates a pool of (+)RNA for

translation (Fig. 1.6, step 5) and some for synthesis of
, additional (-)RNA. = As the concentration of protein
increases, an increasing fraction of the (+)RNA in the

replication complex is packaged into virions (Fig. 1.6,
step 7). As a preliminary step in shell assembly (Fig. 1.6,
step 6), coat precursor protein Pl is cleaved by the virus-
coded protease to form a 5S subunit (immature protomer)
composed of three tightly aggregated proteins (VPO,1,3).
The 5S subunits assemble into pentamers, 12 of which are
required to form the 60-subunit protein shell en§el§ping

the RNA genome. Formation of infective 150-160S virions

(Fig. 1.6, step 7) 1is accompanied by a "maturation
cleavage" in which most of the VPO chains are cleaved to
form the "mature" four-chain subunits (VP4,2,3,1)

characteristic of picornaviruses. Completed virus particles
are  ultimately released by infection-mediated
disintegration of the host cell (Fig. 1.6, step 8). The
time required for a complete multiplication cycle, from
infection to completion of virus assembly, ranges from 5 to
10 hours. The precise timing depends on variables such as
temperature, pH, the virus, the host cell, the nutritional
vigour of the cell, and the number of particles that infect |
the cell (Baltimore et al., 1966) . The precise
characteristics have to be determined experimentally for
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each virus-cell system. This can be done by constructing a

single-step growth experiment in which an entire population

of cells is infected more or 1less simultaneously by
inoculating cultured cells with enough virus . .to infect
every cell (Fig. 1.7). During the initial stages of the
cycle there is a 1lag period, also called the "latent" or
"eclipse" period, in which infectivity is due to residual
inoculum virus that fails to be uncoated. This "eclipse" of
infectivity reflects particles engaged in the process df
infection, i.e., releasing their RNA, synthesizing protein
and RNA, but not yet assembling new virions. The lag period
typically 1lasts 2 to 4-hours; it can often be reduced by
~increasing the multiplicity of infection (Baltimore et al.,
1966). The 1lag period is followed by a "rise" period which
consists of an "exponential" phése, when the concentration
of infectivity doubles at a constant raté, followed by a
declining rate of increase that finally reaches a maximum
or "plateau". Timing of virus release depends upon the
virus-cell system. The "plateau" 1is often followed by a
"decay" period of declining infectivity, particulérly with
rhinoviruses and aphthoviruses, in which the RNA genome may
fragment spontaneously inside the otherwise intact virion

(Denoya et al., 1978; Gauntt & Griffith, 1974).
1.5 ADSORPTION, UNCOATING, AND PENETRATION

Different picornaviruses have different host ranges and
this is presumably caused by differential availability of
specific receptors on the cell surface which are necessary
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1986)
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for wvirus attachment. It has also been suggested that
ionizable groups on the surface of the virus or cell play
an important role in the attachment process. The attachment
of group B coxsackieviruses and of echovirus 6, for
example, changes markedly with pH, each with a distinct pH
profile (Crowell & Landau, 1983); attachment of the
polioviruses, on the other hand, is almost independent of
pH over the range 4.5 to 8.5. Additional evidence for the
attachment process being governed by electrostatic events
comes from a study of the effects of ionic composition on
virus attachment. Binding of poliovirus, for example, is
accelerated by monovalent ions. A number of picornaviruses
‘require the divalent ions cCa** or Mg*'. These include
rhinoviruses (Brown, 1983; Lonberg-Holm & Whitely, 1976),
some coxsackieviruses (Cords et él., 1975), and FMDV (Brown
et al., 1962). The chelating agent EDTA (éthylene diamine
tetra-acetic acid) inhibits attachment of viruses requiring
divalent ions (Lonberg-Holm & Korant, 1972). Thus,
electrostatic attraction appears to be important in
fostering optimum attachment of virus to cell. The exact
role of the ions} however, is not clear. Several workers
have demonstrated that VP4 plays some role 1in the
adsorption process. Crowell & Philipson (1971) and
Lonberg-Holm & Korant (1972) have shown that coxsackievirus
and rhinovirus eluted from cells, to which they had briefly
been adsorbed, lack polypeptide VP4. The eluted viruses are
not capable of reattachment. Some conformational change
within the capsid may take place upon adsorption, causing
VP4 to be lost. Lonberg-Holm and co-workers have proposed
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that the tight binding is caused by gradual envelopment of
virus with receptor units whose lateral mobility in the
plasma membrane is enhanced by elevated temperature (Fig.

1.8).
1.6 EFFECTS ON THE HOST CELL

Infection by picornaviruses causes dramatic changes in
macromolecular metabolism. During the eclipse period, the
virus exerts its most significant effect on the metabolism
of the host cell. The rate of RNA synthesis declines
shortly after infection. This is ‘accompanied by synthesis
of a vigorously expanding pool of viral RNA in the
cytoplasm. Picornaviruses inhibit cellular »prptgin
synthesis soon after infection. In the case of poliovirus-
infected HeLa cells, the most intensively studied systen,
shutoff occurs within the half-hour or so required er
attachment, penetration, and uncoating of the RNA genome
(Fig. 1.9). Protein synthesis is studied by incorporation
of radioactive amino acids into acid-insolﬁble ﬁaterial,
and the declining phase reaches a minimum at about 2 hours.
The following wave of incorporation, which peaks at about 3
hours, reflects vigorous synthesis of viral proteins.
Finally, there 1is a decline of viral protein synthesis
associated with gross 1leakage of intracellular components
and cell death. Most picornaviruses induce characteristic
morphologic changes in the infected cells. Synthesis of
cellular ribosomal and messenger RNA begins to decline soon
after infection with many picornaviruses, including

22



CARDIOVIRUS
APHTHOVIRUS

®=a&

ENTEROVIRUS
HUMAN RHINOVIRUS

Figure 1.8: Model for attachment of the virions,
dismantling of the protective protein shell, and delivery
of the RNA to a site where translation can begin. 1:
Loose reversible attachment of antireceptor on the virion
surface to one of the membrane-associated "receptor" units.
2: Attachment becomes tighter as mobile receptor units
are recruited from the membrane surface; the membrane is
drawn around the virion to begin the invagination process.
3: Conformational alteration of the protein shell, as
indicated by susceptibility of the particle to digestion
with proteases, and 1loss of VP4 to form "A particles".
Step 4a: "Entry" of particle into the cytoplasm; this
process 1is accompanied by many abortive events including
"elution" or "sloughing" into the medium of A particles in
the cases of polio-, coxsackie-, echo-, and human
rhinoviruses (Step 4b); or release of free RNA and 12-14S
protein subunits in the case of cardio- and aphthoviruses,
whose shells are 1less stable (Step 4c). (After Boulanger
& Lonberg-Holm, 1981)

23



poliovirus, mengovirus, EMC virus, human rhinoviruses, and
FMDV. The kinetics of decline appear to vary with the host
cell. The inhibition of nuclear RNA synthesis is paralleled
by a decline in the ability of isolated nuclei or crude
DNA-protein complexes from infected cells to make ﬁNA.
Méasurements on alpha-amanitin-sensitive transcription
indicate that polymerase II 1is most strongly affected;
polymerase I and III are also-slightly inhibited. However,
when freed from their nucleoprotein complexes, all three
polymerases are active. Previous studies suggested that the
tafget is an unidentified factor required by polymerase II
(Crawford et al., 1981). Inhibitors of protein synthesis
.block this inhibition, suggesting that shutoff of cellular
RNA synthesis is mediated by a viral protein,»but the
responsible protein has not Yet been identified. The
poliovirus-induced decline in host protein synthesis
(Penman & Summers, 1965) is accompanied by dissociation of
ribosomes from host messenger RNA. - This dissociation of
polysomes is not caused by degradation of host mRNA
molecules, because when extracted from infected cells they
remain fully able to direct protein synthesis in a
cell-free translation system (Kaﬁfmann et al., 1976). One .
of the most interesting questions about host protein
shutoff has been the mechanism by which virus inhibits host
protein synthesis without at the same time blocking
synthesis of viral proteins. The key to this question
appears to be in the discovery that poliovirus RNA, unlike
cellular mRNA, 1is not capped at its 5’ end. It terminates
in pUp instead of the 7 methyl G "cap", found on almost all

24



’
UNINFECTED
CELLS

INFECTED
CELLS

RATE OF PROTEIN SYNTHESIS

HOURS AFTER INFECTION

Figure 1.9: Synthesis of protein in poliovirus-infected
HeLa cells infected at high multiplicity. The rate of
decline and the magnitude and timing of the new wave of
protein synthesis vary significantly with virus,
multiplicity of infection, and identity of the host cell.
Use of the drug actinomycin D, which blocks synthesis of
cellular RNA but not of picornaviral RNA, hastens shutoff
of host cell protein synthesis. (Rueckert, 1986) '
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other mRNAs (Fernandez-Munoz & Darnell, 1976; Hewlett et
al., 1976; Nomoto et al., 1976). This discovery intensified
the search for mechanisms that might inactivate cap-binding
factors essential for initiating translation of host mRNAs
but indispensable for translation of poliovirus RNA.
Previous studies indicated that the inhibition is caused by
a virus-induced inactivation of a’cellular structure, the
"cap-binding complex" (CBC), required for attachment of
"capped" mRNAs to ribosomes (Etchison et al., 1984). The

CBC contains three proteins: p220, p49, and p24/28. Protein

p220 1is cleaved early after infection; moreover, this
cleavage is inhibited by  the same compounds
"(N-ethylmaleimide, iodacetamide, and zinc ions) that

inhibit processing of polioviral proteins, suggesting that
p220 1is cleaved by the virus-coded protease. A similar
mechanism appears to operate in Hela cells infected with
human rhinovirus 14 but not when infected with
cardioviruses. However, inhibition of protein synthesis in
murine L cells with EMC or mengovirus appears to result
from a different meéhanism, i.e., competition between viral
and host cell mRNAs (Jen & Thach, 1982). In this case it
appears that as viral mRNA accumulates it outcompetes
cellular mRNA for one or more of the factors involved in
initiating protein synthesis. The Kkinetics of inhibition
also vary with cell type. This suggests that inhibition of
host protein synthesis is an accidental feature of the
picornaviral life cycle, one that 1lends the virus a
competitive advantage in certain biological situations but
is not essential for productive infection. The mechanism of
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cellular protein shutoff has variously been attributed to
accumulation of double-stranded RNA,, toxic effects of
viral coat protein, 1increase 1in cytoplasmic sodium and
decrease in cytoplasmic potassium concentration associated
with changes in the plasma membrane, inactivation of
féctprs required for initiation of protein synthesis, and
ability of wviral RNA to outcompete host mRNA for critical
components of the protein synthetic machinery (Ehrenfeld,
1982). The mechanism of host protein shutoff has been one

of the most controversial in the picornavirus literature.
1.7 SYNTHESIS OF VIRAL RNA AND PROTEIN

The initial events in the picornaviral multiplication cycle
are not readily observable, sihce, the fraction of virus
particles that succeed in establishing a productive

infection is small (usually less than 1% of the input
virus), and the minute amount of viral material synthesized
is masked by vigorous macromolecular metabolism of the host
cells. It is assumed that the first task of the virus is to
translate its genome .and thereby supply the proteins
necessary for replication of its RNA since infected cells
do not contain all the components necessary for viral
replication. Most of the experimental evidence supports the
hypothesis that the viral proteins are synthesized by
translating a single large coding region on the genome. The
protein products are then produced by cleavage of the

nascent polyprotein (see Fig. 1.1).
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1.7.1 RNA synthesis

In addition to serving as a template for the translation
of protein, an infecting RNA molecule functions‘ as a
template for RNA replication. Intracellular synthesis of
the polyprotein takes.about 10 to 15 minutes (Butterworth &
Rueckert, 1972; Taber et al., 1971). This probably
represents the minimum time between uncoating and the
moment when synthesis of viral RNA can begin. Synthesis is
carried out by protein BbFﬂA. This protein is found
tightly associated with its RNA template (Flanegan &
Baltimore, 1977; Lundquist et al., 1974) and with cellular
membranes (Caliguiri & Tamm, 1970) 1in the cytoplasm of
infected cells. _Studies on cell-free synthesis of (-)
strands from the (+) template indicate that(at least three
proteins are required: virus protein 3c®' , a VPg donor,
and a host factor (HF) protein of molecular weight 67 000.
The VPg donor is thought to donate a "primer", such as
VPg—pUpU, from which the nascent (-) strand is elongated by
protein 3Df°! (Crawford & Baltihore, 1983} Das Gupta et
al., 1980;vFlanegan & Baltimore, 1979; Nomoto et al., 1977;
Van Dyke & Flanegan, 1980). Not much is known of the
requirements for the synthesis of (+f strands from (-)
templates, nor is it known if the enzyme required for
synthesis of (+4) strands is identical to that which makes
(-) strands. Replication takes place via a structure known
as the replication intermediate (RI) which consists of a
full-length template strand with about 6 to 8 nascent
daughter strands. The RI is probably predominantly \
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single-stranded (Richards gE} al., 1984), with short
stretches of base-pairing in the vicinity of the polymerase
molecule (Fig. 1.6, step 4). Double-stranded RNA molecules
called replicative form (RF) are also found in infected
cells (Fig. 1.10); the role of the RF in replication is not
ciear. Replicating forms of picornaviral RNA and newly made
virions are associated with smooth membranes (Butterworth
et al., 1976; Caliguiri & Tamm, 1970; Lazarus & Barzilai,.
1974) that proliferate as viral RNA multiplies (Bienz et
al., 1980). The proliferation and vacuolization are blocked
by guanidine, which inhibits multiplication of virai RNA

(Tamm & Eggers, 1963).

5 L . 3
(+) VPg-pUUAAAACAG--------- GGAAApoly(A)JAAApA-OH
(-) HO-AAUUUUGUC--------- CGUUUPO'Y(U)UUUpUp-VPgs'

3

Figure 1.10: Replicative form (RF) of poliovirus RNA
illustrating end structure of the complementary (+) and (-)
strands. -pApA residues at or near the 3’ terminus of each
strand provide a potential recognition site for a UpUp-VPg
primer. (Rueckert, 1986)
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Once initiated, polioviral RNA synthesis proceeds
exponentially. The rate of synthesis doubles every 15
minutes during this early stage wuntil about 10% of the
final yield 1is produced. At this point the rate of
synthesis becomes constant, accumulating linearly for an
aaditional hour until the number of RNA molecules reaches
about 4 x 10° per cell. About 5-10% of the total RNA in
infected cells consists of minus strands (Baltimore &
Girard, 1966), however, the mechanism controlling this
differential synthesis of plus and minus strands is not
clear. A significant amount of the RNA synthesized during
the exponential phase is destined to bécome.mRNA (Baltimore
et al., 1966), while about 50% of that made during the
linear phase 1is packaged into virions. The switch from
.exponential to .linear synthetic fate may reflect siphoning

of the RNA pool into virions (Rueckert, 1986).
1.7.2 Role of VPg in Regulating the Infection Cycle

According to Rueckert (1986), it is possible thét VPg also
plays a role in the switchover from exponential to linear
RNA synthesis. Although VPg-containing poliovirus RNA can
act as mRNA in vitro (Golini et gl;, 1980) and are
sometimes found in polysomes late in replication (Sangar,
1979), most (+) strands found in polysomes end in 5/-pUU-3’
and have had +the VPg removed, presumably by a host enzyme
found in uninfected cells. Since this mRNA, lacking VPg, is
as infective as genomic RNA, it is clear that VPg is not
essential for infectivity (Flanegan et al., 1977). Despite
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the in "yiggg.findings, it seems likely that removal of VPg
plays an important regulatory role within the intact cell
by favouring flow of viral mRNA to ribosomes, which then
associate with membrane to form patches of rough
endoplasmic reticulum, a site of viral protein synthesis

(Rbumiantzeff et al., 1971).
1.7.3 Synthesis and Cleavage of the Polyprotein

‘As shown in Fig. 1.9, the virus-induced decline in cellular
protein synthesis is followed by a wave due to vigorous
synthesis of viral proteins. This was demonstrated by
adding radioactive amino acidsl to infected cells and
analyzing the radioactive products by electrophoresis on
SDS-polyacrylamide gels. In this Way Summers et gl.;-(i965)
discovered a complex spectrum of proteins iike that shown
in Fig. 1.11 and thereby set the stage for unraveling the
synthesis and cleavage of the virus-encoded proteins.
Earlief recognition that all of the proteins were derived
from a single' large polyprotein made the.task of mapping
these proteins on the picornaviral genome much simpler.
This made it possible to order the genes by analyzing the
specific activity of viral proteins synthesized in the
presence of the drug pactamycin (Butterworth & Rueckert,
1972; Summers & Maizel, 1971; Taber et al., 1971). The drug
inhibits initiation of new protein chains while allowing
nascent proteins on the viral polysome to be completed.
Thus, when a radioactive amino acid is added to infected
cells with pactamycin-blocked polysomes, proteins encoded
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Figure 1.11: Spectrum of proteins synthesized in

poliovirus-infected HeLa cells at 3.5 hours after
infection. Cells were dissolved with SDS and proteins in
the 1lysate were separated by PAGE. Top: After exposing
the cells to radioactive [35 S)lmethionine for a 10-minute
incorporation. Bottom: . As above, except cells were
further incubated for 90 minutes in medium lacking
radiolabel to allow additional time for cleavage.
(Pallansch et al., 1984; Rueckert et al., 1979)
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TABLE 1.4: KEY TO NOMENCLATURE OF PICORNAVIRAL PROTEINS

~

Polia FMDV HRV-2 EMC
L434 name

L p16 p16/20 p12/14
L-1-2A pre-A
1-2A : A
1orP1. 1a P1-1a p91 p88 1A B
2 or P2 3b P2-3b 58
28C 56 p2-5b X(43)
2A 8 p2-8 pl4d p20c G
2B 10 p2-10 l
2C X P2-X p41 p34 38 F
2AB 7a P2-71
3orP3 1b P3-1b p102 p100 18 C
3AB 9 P3-9 p19 ptd H
3C 7c P3-7¢c p118 p20b 7c p22
30 4 P3-4b p16 pS6a E
3D 2 P32 p18 p72 2 D
1A VP4 VP4 VP4 VP4 VP4 alpha
18 VP2 VP2 VP2 VP2 VP2 beta
1C VP3 VP3 VP3 - VP3 VP3 gamma
1D VP1 VP1 - VPYT VP1 VP1 delta
1AB VPO VPO VPO VPO epsilon

VPO




at the "5’ end of the polysomal mRNA incorporate less

radiolabel than those at the 3’ end as synthesis is
completed. The order of the completed proteins is then
deduced from the gradient of specific activity, which
increases ‘in the direction of translation, 5&5/- 3’.
Pfecursor—product relationships were established by
relating the patterns of proteins fragmented with trypsin
or cyanogen bromide and by analyzing the flow of"
radioactivity through proteins '(Butterworth & Rueckert,
1972). Radiochemical sequencing of polioviral proteins,
which became feasible once the genome sequence was Kknown,
confirmed the map constructed from earlier studies. In
addition, they identified the precise 1location of the
cléavage sites and showed that the termini of the products
‘are not further trimmed (Kitamura et al., 1981; Péllénéch
et al., 1984). A key to the old nomenclaturé of some of the
most intensively studied picornaviruses 1is provided in

Table 1.4.
1.8 MORPHOGENESIS

Picornaviral morphogenesis can be described (Fig. 1.12) as
a " three- or four-stage process in which monomers are
-converted to a pentamer (step 1).v Pentamers are then
assembled into a provirion consisting of the RNA genome
within a 12-plated capsid (step 2). It is not clear whether
the RNA is inserted during (step 2a) or after completion of
the capsid (step 2d). In the final step mature virus is
formed (step 3); this step involves cleavage of most, if
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not all, of the VPO chains in the 60-subunit capsid. There

has been experimental evidence for the existence of
configuratiohal changes during assémbly from crude

serologic studies, however the structural basis for these

changes 1is only now beginning to be probéd with monoclonal

antibodies  (Rombaut et al., 1984). Picornaviruses are

attractive models for studying the mechanism of viral

assembly because the 60-subunit shell is relatively simple,’

involving assenibly of only 12 wunits of coat protein
(Rueckert et al., 1969), yet, experimental progress in this
field has proven = tortuous and slow (Putnak & Phillips,

1981) . .

Using rate-zonal centrifugation, Mayer et al. (1957)

_separated partially purified préparations of poliovirus

into four bands designated A, B, C, andvD. A and B were
impurities. The fastest sedimenting band, D, contained
infective wvirions, while band C contained virion-sized
particles subsequently identified as RNA-free shelis, now

called natural empty capsids (NEC). Since these empty

capsids sediment half as fast as virions, and have a
lighter buoyant density, they are often refered to as

natural top component (NTC).

‘When infective poliovirions (called N antigen) are heated

in neutral - saline for 2 to 3 minutes at 56°C, RNA is

'released and the protein shell is simultaneously converted

to a new antigenicity, called H antigen, for "heated" (Fig.

1.12, step 4). There is little or no immune cross-reaction
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between the H and N components, thus, antiserum raised
against H antigen does not neutralize the infectivity of
native virions, nor does it even bind to them. Heated
particles are also no longer able to attach to cells. In
other words, when native virions are heated they lose all
of their characteristic surface features. Empty shells
produced by heating virions also lack VP4 (Maizel et al.,

1967) and are called artificial empty capsids (AEC) or

artificial top component (ATC). The conversion from N to H

antigenicity can also be brought about by other means, such
as uv radiation, high pH, mercurials, phenol, and
dessication. Loss of RNA is mnot required for this
conversion, therefore, the virion can also be converted to
H antigenicity without 1loss of its encapsulated RNA by
shorter heating at 56°C or by treatment with ﬁV light
(Katagiri et al., 1967). Finally, this conversion from N to
H antigenicity is irréversible and occurs by a process
called concerted transition; i.e., particles are either N

antigenic or H antigenic.

Another antigen, S antigen, is produced by immunization
with a 28 protein produced by degrading poliovirus with 6 M
guanidine hydrochloride. This antibody " reacts with a 58
antigen in extracts from infected cells (Scharff et al.,
1964) and also with nascent viral protein associated with

polysomes (Scharff & Levintow, 1963).

In addition to 5S subunits and NEC, a 14S particle
(Phillips, 1969) is present in extracts from
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poliovirus-infected cells. A study of the polypeptide
composition of these particles showed that the NEC, the
14S, and probably also the 5S component contained roughly
similar amounts of VPO, 1, and 3 but lacked VP2 and VP4,
which are found in the mature virion. It was also showed
that extracts from infected cells had the ability to
promote assembly of the 14S particles into NEC; this was
shown to be virus specific due to the lack of activity in~

extracts from uninfected cells.

Phillips (1981) and co-workers showed that there are two
kinds of assembly: self-assembly and extract-mediated
assembly. Self-assembly requires high concentrations of 14S
particles and produces H antigenic shells. Extract-mediated
assembly occurs at lower 14S concentrations and.produces N
antigenic shells. The assembly-catalyzing activity, which
is sensitive to trypsin but not to ribonuclease, was traced
to rough membranes carrying 14S, NEC, and an unidentified
110S structure that could be released by solubilizing the
membrane with deoxycholate (Perlin & Phillips, 1973).
Extracts of cells infected with defective interfering (DI)
particles, a form of poliovirus whose only known defect is
a deletion in its coat protein, lacked assembly-promoting
activity (Phillips et al., 1980). This suggests that the
morphopoietic factor associated with rough endoplasmic

reticulum is a form of membrane-bound coat protein.

Other experiments suggest that morphogenesis takes place in
association with the viral replication complexes that are
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found on smooth membranes; The crucial evidence is that
virus particles associated with fractionated complexes from
cells 1labelled for a short time with radioactive uridine
reportedly exhibit a specific activity some '3- to 8-fold
higher than virions in other fractions (Caliguiri & Mosser,
1971). This higher specific activity suggests that these
virions are fhe ones most recently made and are therefore
formed on the replicating complex. Empty shells can be
recovered 1in a stable condition by treating these membrane-
associated replication complexes with ribonuclease (Yin,

1977) .

.Studies on the effect of the' drug guanidine provided
additional evidence for a 1link between RNA synthesis and
virion formation. Guanidine specifically blocks.assémbiy of
virions at concentrations (1-3 mM) that‘ have no known
effects on the macromolecular synthesis of the host cell
(Tamm & Eggers, 1963). Recent evidence suggests that the
drug acts at £he initiatibn step of RNA synthesis. When it
is added midway through the infection cycle, movement of
newly made RNA from the replication complex into virions
ceases abruptly, and this is accompanied by accumulation of
empty shells, a halt in cleavage of VPO, and a block in the
flow of radioactive protein into virions. When the drug is
removed, RNA synthesis resumes, label in empty shells flows
rapidly and completely into virions, and VPO is cleaved in
parallel (Jacobson et al., 1970). From this it was
established that the difference in polypeptide composition
of the capsid and the capsid precursors is due to cleavage
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of VPO to VP2 + VP4 during the final stage of morphogenesis
when virions acquire infectivity. This theory of a final

maturation cleavage of VPO was supported by identification

of an RNA-containing particle called a provirion,
originally reported to sediment at 120S (Fernandez-Tomas &
Béltimore, 1973) but 1later . reported to cosediment with
mature 155S virions (Guttman & Baltimore, 1977). The
particle is richer in VPO than virions are and, unlike"
virions, 1is dissociable with SDS, 3 M CsCl, or 20 mM EDTA,

a chelator of divalent cations such as Ca?" and Mg?*' .

One of the most controversial aspects of picornavirus
assembly 1is the mechanism by which the RNA becomes packaged
into virions. Jacobson and Baltimore proposed the procapsid

‘hypothesis, in which the final step in morphogenesis is

association of the RNA with the preformed shell. They
suggested two possible mechanisms by which this might

happen: (a) RNA is somehow inserted into the empty shell

(insertion model), or (b) the RNA wraps around the
procapsid, fitting into appropriate channelsvand thereby
triggering changes in the structure of the shell that
internalize the RNA and precipitate maturation cleavage

(transfiguration model).

1.9 PICORNAVIRAL STRUCTURE

The structures of the protein shell of a number of
icosahedral RNA “plant and animal viruses are now known at
atomic resolution. These structures have provided
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information of viral asseﬁbly, disassembly, the antigenic
surface on viruses available to neutralizing antibodies,
‘the host cell receptor attachment site, fusion of viral
proteins with the host «cell, processing of polyproteins
during maturation and the manner in which antiviral agents

can interfere with the function of a viral capsid.

Picornaviruses are small, spherical RNA viruses which can
frequently form single érystals. There has been a rapid
~expansion of information on the three dimensional, atomic
resolution structures of such viruses. Plant viruses were
the first to be investigated by crystallography, as they
.were readily available in large quantities. However, with
the experience gained in the analysis of plant viruses, it
.has been possible to study animal viruses where only small

quantities were available (Rossmann & Rueckert, 1987).

1.9.1 Functions of the Protomer

Coat protein serves four important functions. (a) 1t
protects the RNA genome from nucleases in the environment.
(b) It recognizes specific cell—coded receptor sites in the
plasma membrane and may therefore be an important
determinant of host range and tissue tropism (disease
pathology). (c) The protomer carries directions for
selecting and packaging the viral genome and possibly also
a protease involved in maturation of the virion (see

Morphogenesis). (d) Finally, fhe capsid 1is an effective
machine for penetrating the plasma membrane and delivering
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the RNA genome into the cytoplasm. of susceptible host

cells.
1.9.2 Location of the Four Segments

With_ general acceptance of the 60-protomer model of capsid
structure, attention has now focused upon the structural
organization and functions of the four chains within the:
picornaviral subunit. The first three picornaviruses to be
described in atomic detail were human rhinovirus 14
(HRV14) (Rossmann et al., 1985), poliovirus (Hogle et al.,
1985), and Mengo virus (Luo et al., 1987). Not only were
these three viruses (Rossmann et al., 1987) strikingly
similar, but the tertiary structure of each of the three
larger viral proteins, VP1, VP2 and VP3, were similar to
each other and similar to those found for the plant
viruses. The three-dimensional structure of foot-and-mouth
disease virus (FMDV) (Acharya et al., 1989) has also been
determined. The virus shows similarities with the‘other
picornaviruses but also several unique features. In all
four of these viruses the three larger structural viral
proteins (VP1, VP2 and VP3) form the exterior of the viral
capsid, while VP4 1is at the interface between the capsid
and the RNA. Among the great surprises and exciting
discoveries in the structures of the small icosahedral RNA
plant and animal viruses, are fhe folding ﬁatterns of their
proteins and the similarity of organization of these
proteins_ in the shell. These viruses are composed of 60 T.n
protein subunits, where n is the number of different
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prbteins“ in the capsid and T is the ‘triangulation’ number.
In the picornaviruses, VPl, VP2 and VP3 are each folded
into an eight-stranded antiparallel B-barrel and are

organized in the capsid with a pseudo T = 3 surface

lattice.
1.9.3 Structure of Poliovirus

The quality of the electron density map obtained by Hogle
et al., (1985) was such that it was possible to locate and
identify almost all of the residues in all four capsid
protein subunits. However, no electron density was present
for residues 1. to 20 at the NH, -terminus of VP1l, residues
1 to 7 at the NHz—terminus of VP2,vresidues'1 ﬁq 12 at
the NH,-terminus of VP4 (all of'which are invthe interior
of the particle) and residues 234 to 238 at the
COOH-terminus of VP3 (on the outside .surface of the
virion). There was also no significant density that could
correspond to the viral RNA or to VPg. This lack of dénsity
for the NH,-terminal residues and the RNA implies that
the interior of the virion is spatially disordered with

respect to the icosahedrally symmetric protein shell.

The structures of VP1, VP2 and VP3 (Fig. 1.13) are
remarkably similar to one another. Each of these proteins
consists of a "core" with variable elaborations. The cores
are topologically identical and each core is composed of an
8-stranded antiparallel A-barrel with two flanking helices.
Four strands (B, I, D, and G in Fig. 1.13a) make up a large
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Figure 1.13: Schematic representation of the poliovirus
capsid proteins. (a) Diagram showing the topology of the
conserved "core'". Beta strand designations are consistent
with those used to describe the capsid proteins of the
plant viruses. Ribbon diagrams show (b) .VP1l, (c) VP2, and
(d) VP3. (Hogle et al., 1985)

44



twisted A sheet which forms the front and bottom surfaces
of the barrels (Fig. 1.13 b to d). The remaining four
strands (C, H, E, and F) make up a small, flat B sheet
which forms the back surface of the barrel. The strands
comprising the froﬁt and back surfaces are joined at one:
end by four short loops, giving the barrel the shape of a
triangular wédge. In poliovirus, each of the three coat
proteins has different NH,- and COOH-terminal extensions,:
and includes a different set of internal insertions. The
largest internal insertion in VPl is the loop connecting A
strands G and H. The largest insertion in VP2 connects A
strand E with the radial helix on the back surface of the
.barrel. The insertion in VP3 connects the NHz-terminal
strand to /ﬂ strand B. The NHZ—terminal st;ands of all
three proteins fold beneath the barrels, while the internal
insertions and COOH-terminal additions are located on the

top surface of the barrel.

VP4 has a more extended conformation, in contrast fo the
compact structures of the other three coat proteins. The
only significant compact structure in VP4 is a short
two-stranded antiparallel sheeﬁ near its NH -terminus.
VP4 is similarv in its position and conformation to thé
NHz—terminal strands of VP1 and VP3, and thus it appears
to: function as the NH,-terminal extension of VP2 rather

than as an independent capsid protein.
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1.9.4 Atomic Resolution Structure of Human Rhinovirus 14

(HRV14)

It was shown by Rossmann et al., (1985) that rhinovirus and
poliovirus capsids were very similar. The structures of
fhese capsid proteins of HRV14 are shown in Fig. 1.14.
Large sequence insertions form protrusions on VP1, VP2, and
VP3 and create a deep-cleft or "canyon" on the HRV14 viral
surface. The canyon separates the major part of five VP1
subunits (in the '"north") clustered about a pentamer axis
from the surrounding VP2 and VP3 subunits (in the "south"),
thus forming a moat around the VPl protrusions on the
.fivefold axis. The south ‘canyon walls are lined with the
carboxy-terminal ends of VPl and a large sequence insertion
in VP1 corresponding. to helices ,6:D and AE in the equivalent
SBMV capsid protein. The north canyon wall is partially
lined with the <carboxy terminus of VP3. VP2 is hardly
associated at all with the canyon, whereas VPl is the major
contributor to the residues lining the canyon. The éaﬁyon

is 25 A& deep and 12-30 A wide.

VP1 has additional elaborations oh the surface relative to
VP2 and VP3 and because of this, its overall shape is that
of a kidney, with the depression forming a large part of
the canyon. The small insertion betwéen AB and ABC in
rhinovirus and poliovirus 1is not found in FMDV. This loop
forms .a major immunogen, NIm-IA, in HRV14 and poliovirus.
The names NIm-IA and NIm-III are used to identify them as
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Figure 1.14: Diagrammatic drawings showing the
polypeptide fold of SBMV and of each of the three larger
capsid proteins of HRV14. The nomenclature of the secondary
structural elements is derived from that of SBMV.
Amino-acid sequence numbers, appropriate for each protein,
are also shown. (a) SBMV, (b) VPl of HRV14, (c) VP2 and VP4
of HRV14, (d) VP3 of HRV14. (Rossmann et al., 1985)
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neutralizing immunogens and to indicate their major coat
protein 1locations on VP1 and VP3 respectively. The residues
in VP1 of HRV14 that are analogous to«D and «E helices in
SBMV protrude to the surface and form part of the canyon,
but do not form helices in HRV14. The external portion of
this segment contains the major antigenic site of FMDV.
There is a large 43-residue insertion in the VP2 position,
corresponding to BE2 of VPl and VP3 and forming an external:
mushroom-shaped "puff". This is positioned next to the VP1
elaborations, associated with tﬁe major antigenic site in
FMDV. The most external residues of this puff correspond to
NIm-IT of HRV14. In contrast to VPl and VP3, the
carboxy-terminus of VP2 has no extension beyond the shell
domain. All residues of VP3 can be .seen .in_ the
electron-density map. The 26 amino-terminal residues form a
fivefold A-cylinder about the pentamer axis (Fig. 1.15).
This fivefold <cylinder extends down 1into the RNA to a
radius of 111 X .. The polypeptide emerges from the
-cylinder and circles around the base of the VPl‘shell
domain, probably making extensive contact with the RNA in
the central cavity. It then emérges on the viral surface:
near residue . 61 and enters the shéll domain at residue 72.
The top corner of the VP3 shell domain, between AB and AC,
is the NIm-III site of HRV14, structurally equivalent to

NIm-IA in VP1.

The capsid protein VPO (the precursor to VP2 and VP4) is
cleaved into 1its components only in the final stages of
assembly. Since in HRV14 the cleavage occurs at an Asn-Ser
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Figure 1.15: The fivefold A -cylinder formed by the
amino-terminal ends of VP3 at the protein/RNA interface.
(Luo et al., 1987)
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site it cannot be performed by the viral protease, specific
for Glu-Gly peptides. The proximity of Ser' in VP2 to
the carboxy-terminus of VP4 suggests that the cleavage of
VPO is autoproteolytic. There is no histidine next to Ser'®

and the carboxy end of VP4. However, nucleotide bases
6f ~the RNA could act as proton acceptors in the
autocatalysis. Thus, the insertion of RNA into the growing
capsids could trigger the cleavage of VPO into VP2 and VP4.
This "enzyme" 1is, therefore, composed both of protein and

“"RNA components.

1.9.5 Atomic Structure of Mengo Virus

The structure of Mengo virus, a member of the
cardioviruses, is substantially different from the
structures of rhino- and polioviruses. Although - the

organization of the capsid proteins is essentially similar
to that of rhino- and polioviruses, large insertions and
deletions, mostly in VP1, radically alter the sﬁrface
features. 1In particular, the "canyon" of HRV14 becomes a
deep "pit" in Mengo virus because of polypeptide insertions
in VP1 that fill part of the éanyon. VP4 is completely
internal in Mengo virus, but its association with the other
capsid proteins is different from that in rhino- or
poliovirus. However, its carboxy-terminus is located at a
position similar to that in HRV14 and poliovirus,
suggesting the same autocatalytic cleavage of VPO to VP4
and VP2 takes place during assembly in all these
picornaviruses.
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The electron density map of Mengo . virus had a quality
comparable to that of HRV14. The overall structure of Mengo.
virus resembles HRV14 and poliovirus. The largest
differences occur 1in the surface features of VPl and the
relocation of VP4 (Fig. 1.16). The pentameric clusters of
VPl comprise an even larger proportion of the surface area
in Mengo virus than in HRV14 because of a series of
insertions in VP1 and deletions in VP2 and VP3. The amino
terminal arm of VPl is 32 residues shorter than VP1 of
HRV14. The top corner, equivalent +to the NIm-IA site of
HRV14 1is foreshortened in Mengo virus. Two protrusions,
loop I and 1loop II, are inserted in Méngo virus at the
carboxyl end of AC in VP1l, and fill the narrow pért'of the
canyon close to the VP2 puff present in HRV14. Loop II is
" the most external peptide in Mehgo virus. Menéo virus and
HRV14 show dgreater similarity between A aﬁd the carboxyl
terminus of VP1l. The third corner (between AD and AE) and
the second corner down (between BH and gI) are also shorter
in Mengo virus than in HRV14 VP1l. As a result there is a
shallow depression (as opposed to the HRV14 protrusion) at
the fivefold vertices and there is an electron density peak
on the fivefold axis. The stereochemistry is consistent
with this being a cationic ligand chelated by the carbonyl
oxygens of the fivefold-related. Pro'?® residues on the
fourth corner down. A similar electron density peak is
observed in HRV14 associated with Asn'#' on the third
corner down. The structures of VP2 and VP3 (Fig. 1.16) have
a greater similarity to HRV14 VP2 and VP3 than do the
structures of VPl in Mengo virus and HRV14. The first ten
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Figure 1.16: Ribbon drawings of the three larger viral
proteins VP1l, VP2, and VP3 for Mengo virus and HRV1i4. Each:
protein has the same wedge-shaped, antiparallel g-barrel
but differs because of insertions and deletions mostly at
the ends wf the /£ strands. The amino acid numbering and
secondary structural nomenclature is also shown. (Luo et
al., 1987) :
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residues of Mengo VP2 are disordered. The Ser'® residue
in VP2 of HRV14 was identified as a possible nucleophile
for the autocatélytic cleavage of VPO into VP2 and VP4, and
this residue 1is homologous with Ser' of Mengo VP2.
waeyer, the side chains of these residues are oriented in

. different directions in Mengo virus and HRV14.

Mengg Virus

Figure 1.17: Pentameric 14S assembly unit as seen from
the outside, showing the course of VP4 represented by a
ribbon in (A) HRV14 and (B) Mengo virus. (Luo et al., 1987)
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The external VP2 puff is much shorter in Mengo virus and
the NIm-II site of HRV1i4 is deleted in Mengo virus. The
major difference in VP3 is that the "knob" ( as shown in
Fig. 1.16) 1is mostly deleted in Mengo virus compared to
HRV14. In HRV14, VP4 is associated with peptides from only
one protomer, running from the fivefold to the threefold
axis. However, in Mengo virus VP4‘begins near the fivefold
axis of one protomer, interacts with the amino terminus of’
VP3, and ends near the am%no terminus of a VP2 in the
neighbouring, fivefold anticlockwise related protomer (Fig.
1.17). VP4 1is far more exposed to RNA in Mengo virus than

in rhino- or poliovirus.
1.9.6 Receptor Recognition

Picornaviruses initiate infection and entry-into host cells
by attaching to receptors on the host cell membrane. Thus,
in order for the viruses to continue to bind to the same
receptors, it 1is important that the receptor attachment
site remains sufficiently conserved. However, in viruses
that infect animals with an immune system, the viral
surface undergoes rapid change to escape neutralizing
antibodies and there is a conflict between the requirements
for cell attachment and avoidance of antibody binding.
Despite the sequence and surface similarities of
picornaviruses, they have different host  and tissue
specificity. This 1is particularly obvious in a comparison
of HRV14 and Mengo virus. The presence of the 25 A deep
canyon, circulating around each of the 12 pentamer
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vertices, suggests that this is the site for cell receptor

binding. An antibody molecule, whose Fab fragment would

have a diameter of the order of 35A, would have difficulty
in reaching the canyon floor, its entrance being blocked by

the canyon rim. Thus the residues in the deeper recesses of

tﬁe ‘canyon would not be under immune selection and could

remain constant, permitting the virus to retain its abiiity
to seek out the same cell receptor. The canyon and pit
structures of HRV14 and Mengo virus, respectively, may thus

provide a viable receptor binding site inaccessible to host

antibodies (Fig. 1.18). The difference between the HRV14

canyon and the Mengo virus pit may reflect differences in
recognition and binding of their respective host cell

receptors. Amino acid differences between EMCV and Mengo
virus and, in particular, Theiler’s virus and Mengo virus

are on the surface of the virus, but with residues lining
the pit remarkably well conserved. It 1is possible,

therefore, that the cgrdioviruses all use the same, or very
similar, cellular receptors. Tissue specificity is pérhaps

controlled by differential stability of the virion, the
flexible polypeptide in the pit or other factors.

~

1.9.7 Immunogenic Sites on Picornavirions

The immunological response to a virus, i.e. antibody
neutralization of viruses, is a major defence against
disease in animals. Antibodies can bind to viruses but they.
do not necessarily neutralize infectivity. Despite the
sixtyfold equivalence of each potential binding site on the
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THE CANYON HYPQOTHESIS

‘Figure 1.18: The presence of depressions on' the
picornavirus surface suggests a strategy for the evasion of
immune surveillance. The dimensions of the putative

receptor binding sites (the canyon in HRV14, the pit in
Mengo virus) sterically hinder an antibody’s (top right)
recognition of residues at the base of the site, while
still allowing recognition and binding by a smaller
cellular receptor (top left). This would allow for receptor
specificity while at the same time permitting evolution of
new serotypes by mutating residues about the rim of the
canyon or pit. (Rossmann & Rueckert, 1987)
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virus, as few as four neutralizing antibodies per virion
can be sufficient to inhibit infectivity of poliovirus

(Icenogle et al., 1983). Neutralizing aﬁtibodies often
change the isoelectric point of picornavirions (Mandel,
1976; Emini et al., 1983), indicating that a conformational -
cﬁange may accompany neutralization. Antibodies may
neutralize by interfering with cell attachment (antibodieé
to NIm-II and IA), membrane penetration or virus unéoating'
(antibodies to NIm-III). Some antibodies that bind to
poliovirus may require bivalent attachment that cross-links
pentamers in order to neutralize the virus (Emini et al.,

1983).

Amino acid residues within the major neutralization
Aimmunogens of HRV14 have been identified by Sherry et al.,
(1986) by screening for escape mutants to neutralizing
monoclonal antibodies. Similar results had - earlier been
obtained in the study of neutralizing immunogenic sites of
poliovirus (Hogle et al., 1985). The escape mutaﬁts of .
HRV14 were found to group into four distinct epitopes. Some
of the epitopes were composed of residues from different
viral proteins. The four neutralizing immunogenic sites
(NIm-IA and NIm~-IB on VP, NIm-II primarily on VP2 and
NIm-III primarily on VP3) occur at the most exposed and
external parts of the capsid. They also correspond to
hypervariable regions among rhino- and poliovirus
sequences. A combinationb of results for the three polio
serotypes showed a similar distribution (Hogle et al.,
1985) . However, Mengo virus has a different surface and
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therefore, may have a different distribution of
neutralizing immunogenic sites. Lund et al. (1977) have
shown, using polyclonal antibodies, that only isolated VP1
and VP2 induce the production of neutralizing antibodies.
The structure shows only one type of extensive protrusion
consisting of the top corner (residues 58 to 64), loop I
(residues 78 to 83), loop II (residues 93 to 105) in VP1,
and the puff (residues 157 to 162) of VP2. These residues
are positioned at a radius between 150 R. and 1634,
whereas no other parts of the virus extend to a radius
greater than 150 A . Furthermore, these loops are in regions
that correspond to the greatest' frequency of changes
between Mengo virus, EMCV, and Theiler’s virus. Hence, this
protrusion may represent the immunod_ominant~ NIm site on

Mengo virus.
1.9.8 Antiviral Drug Binding

Arildone (McSharry et al., 1979; Caliguiri et al., 1580),
WIN 51711 and WIN 52084 (Fig. 1.19), as well as some other
chemical classes of compounds, inhibit picornavirus
infection by preventing viral uncoating without affecting
cellular attachment and penetration.‘ These compounds
stabilize the vifion against alkaline and heat
denaturation, loss of VP4 and 1induce a significant pI
change. The effect of these substances on the virion
properties in some ways resembles that of neutralizing
antibodies or of sulfhydryl reagents. By virtue of their
conformation, these compounds can bind specifically to
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defined "sites on the virion, and have proven a most useful
tool to study the structure of the viral particle at the

subatomic level.

Oxczolme Phenyl Ahphohc chom\ Isoxazole

winsizn [ }-@— WCHs

.CH3

. -t O

Figure 1.19: Formulae of the two antiviral compounds, WIN
51711 and WIN 52084. They differ only by an additional
methyl group on the oxazoline group in WIN 52-084.
(Rossmann & Rueckert, 1987) -
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WIN 51711 represents a class of compounds which inhibits
picornavirus infection in tissue  culture (Otto et al.,
'1985) and in animal models of human enterovirus disease
(McKinlay et al., 1986). Arildone, WIN 51711 and a large
number of related compounds have been synthesized at the.
Sterling-Winthrop Research Institute and tested against
several different picornaviruses. The site of binding of
WIN 51711 and WIN 52084 on HRV14 has been determined by
Smith et al. (1986). As shown in Fig. 1.19, these compounds
consist of an isoxazole group (I) connected by a
seven-membered aliphatic chain to an oxazolinyl phenol
group (OP); The I group inserts itself into a hydrophébic
pocket in the interior of the VP1 B-barrel of HRV14 while
the OP groﬁp blocks a '"pore" in the base of the canyon
(Fig. 1.20). The pore opens into largé channelé leédiﬁg to
the RNA interior. Binding of the compoundé is accompahied
by large conformational changes in the structure of VPl in
the vicinity of the drug binding site. Various lines of
evidence show that these compounds stabilize the virion
capsid by inhibiting conformational changes that would
otherwise be necessary for viral uncoating (Fox et al.,

1986) .

The WIN antiviral compounds do not bind to Mengo virus or
EMCV and, hence, do not inhibit infection. Loops I and II
of - VP1 in Mengo virus fill the part of the cahyon
containing the pore, thus sterically hindering the entry of
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Figure 1.20: (A) Ribbon. drawing of VP1 with WIN compound
binding site. (B) Diagrammatic representation of antiviral
compound binding site. (Smith et al., 1986)
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the antiviral compounds into the VP1 binding site. Although
the pore is blocked in Mengo virus, the cavity within the
VP1 A-barrel has sufficient space for the binding of the
WIN compounds. The occurrence of such a large cavity lined
with hydrophobic residues in VP1 of Mengo virus,
rhinovirus, and poliovirus suggests that it might be a
functional requirement for the disassembly of these viruses
(Luo et al., 1987). Viral disassembly may be inhibited by
pfeventing the collapse of the VP1 hydrophobic pocket or by
"blocking the flow of ions into the virus interior (Smith et

al., 1986).

‘Numerous substitutions of thése compounds have been tested.
The most important observation is that the drug- becomes
'inactive‘ on replacing the nitrogen and oxygen atoms in the
oxazoline ring by carbon. Similarly, the compoundé are
inactive in those viruses (viz. EMCV, Mengo, hepatitis A
and FMDV) which do not conserve Asnt?‘"q of HRV14 as Asn or
Asp (although the entrance to the pocket 1is far more
constricted in Mengo virus). The hydrogen bond between the
drug N or O atoms and Asn?'? 1is, therefore, probably
essential to the -drug function. The structure of poliovirus
Mahoney type 1 (Hogle et al., 1985) shows electron density
ét the precise binding site of the WIN compounds. Thus a
"co-factor" appears to bind to the same site as is occupied
by the WIN compounds. This co-factor (perhaps a peptide or
lipid component) would permit the virion to penetrate the
_membrane as a complete virion. The WIN compound might
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compete  with the co-factor but binds more tenaciously, thus

inhibiting disassenbly.
1.9.9 Unique Features of Foot-and-mouth Disease Virus

The structure of FMDV differs from other picornaviruses in
several important respects. The canyon hypothesis proposes
that the site of cell attachment is at a depression on the

surface which is inaccessible to antibody, and this shields

. it from immune surveillance. Such depressions have been

found on the surface of HRV14 (Rossmann et al., 1985),
poliovirus (Hogle et al., 1985), and Mengo virus (Luo et
.al., 1987). The major antigenic sites for both HRV14 and
poliovirus are exposed on the surface, as is the major
~antigenic site of FMDV, the so-called "FMDV looé"'(residues
140-160 of VP1l). In contrast to the other-picornaviruses,
this 1loop alone (as a synthetic peptide) can induce high
levels of neutralizing and protective antibodies.
Furthermore, part of the loop has been implicated in cell
attachment. These apparently contradictory properties can
be understood in terms of the observed disorder of this
structure, but cannot be accommodated within the canyon

hypothesis.

The close sructural relationship of FMDV to HRV14 and Mengo
virus is shown in Fig. 1.21. Unlike the other
picornaviruses, FMDV does not seem to possess any major
canyons or pits. As VP1-3 are substantially smaller in
FMDV, the protein shell is generally thinner. The "cores"
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of VP1-3 are placed at essentially the same radius and in a

similar orientation to those of the other picornaviruses.
VPl shows the most significant rearrangement. For VP2 and
VP3 the axis of the A-barrel is approximately in the plane
.of the capsid whereas in VP1 it is canted up from the plane.
tbwards the 5-fold axis. Although this is the case in all
picornaviruses it is more pronounced in FMDV where there is

a further displacement of 1.5R8 .

VPl of FMDV comprises 213 residues whereas in HRV14,
poliovirus and Mengo virus it comprises 279, 306 and 277
residues respectively. The structure is "trimmed" laréely
.at the 1loops of the 5-fold axis end of the subunit, and
this, together with the canting of the barrel, produces a
5-fold axis naked of VP1 1oops, in contraét to other
picornaviruses where the VP1 loops approach'close enough to
form a putative calcium-binding site. Although most of the
residues are well-ordered there are some disordered regions
which coincide with the major antigenic site (reéidues
141-160) and part of a minor antigenic site comprising
residues 200-213.A The 17lC—termina1 residues of VP1l form a

long "arm" quite unique among the picornaviruses.

In FMDV, VP2 comprises 218 residues whereas in HRV14,
poliovirus and Mengo virus it comprises 262, 272 and 256
respectively. As with VP1, loops decorating the outside of
the FMDV particle are trimmed compared with those of the ‘
other picornaviruses (Fig. 1.21). The very close
association of the N-terminal residues around the 3-fold
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Figure 1.21: Picornavirus structure’ illustrating the
disposition of the structural proteins VP1-4 with respect
to the icosahedral symmetry axis. The figure shows the
detailed folding of each of the proteins in the three
picornaviruses FMDV, Mengo virus and HRV14. The appropriate
direction of the icosahedral 5-fold axes is shown for VP1.
(Acharya et al., 1989)
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axis geherates a structure that is not observed in the

other picornaviruses. 1In FMDV, VP3 comprises 220 residues
whereas in HRV14, poliovirus and Mengo virus it comprises
238, 236 and 231 residues, respectively. It is the most
highly conserved of the coat proteins of the picornaviruses

(Fig. 1.21).

VP4 varies considerably among the members of the
picornavirus family. VP4 in FMDV is the longest, comprising
85 residues whereas in HRV14, poliovirus and Mengo virus it
has 69, 69 and 70 residues, respectively. The N-terminal
portions of VP4 in Mengo virus and FMDV are similar but
.different from that in HRV14 and lie close to the 5-fold
axis. Beyond this region the chain in FMDV forms a
~well-defined helix of three turﬁs, a novel structure for a

picornavirus VP4.
1.10 MYRISTYLATION OF PICORNAVIRUS CAPSID PROTEIN VP4

Chow et al. (1987) and Paul et al. (1987) obtained evidence
that poliovirus and other picornaviruses are specifically
modified by having myristic acid covalently bound to VP4.
In two cases, poliovirus and bovine enterovirus (BEV),
myristylation is shown to occur by an amide linkage to the
N-terminus of VP4. In all known picornavirus sequences, the

N-terminus of VP4 is consistent with a consensus N-terminal
sequence previously identified in other myristylated

proteins (Table 1.5). These observations defined for the
first time the structure of a fatty-acid moiety in the
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three-dimensional structure of an acylated protein.

The precise function of the myristyl group in myristylated
proteins is still elusive, however, in three cases where a
direct test has been made it has proved to be essential.

Mutant unmyristylated p60°™ loses membrane association
and transforming function while maintaining tyrosine kinase
activity (Kamps et al., 1985; Pellman et al., 1985). In
murine leukemia virus, unmyristylated gag polyprotein does
rnot participate in virus assembly; it no longer associates
with plasma membranes, and no discernable viral structures
can be found in the infected cell (Rein et al., 1986). In
.Mason-Pfizer monkey virus, a similarly constructed mutant
does form intracellular particles, but they fail to bud
- (Rhee & Hunter, 1987). While these three cases suggest that
myristylated proteins have an affinity for fhe inner plasma
membrane surface, the present results with poliovirus do
not fit such a simple mechanism. VP4 of poliovirus ‘is an
internal component of a virion that is completely>free of
membranous elements, and intracellular, mature poliovirions
are not membrane-associated. Apparently myristylation need
not simply cause' attachment of the protein to the nearest

available membrane surface.

Paul et al., (1987) entertain two possibilities for the
function of the myristic acid residue in VP4 of poliovirus;
that it 1is involved in the process of uncoating of the
virus and or in the events leading to the encapsidation of
genomic RNA.
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AMINO-TERMINAL SEQUENCES OF MYRISTYLATED

TABLE 1.5:
PROTEINS (Chow et al., 1989)
Protein . Sequence
Polio (Type 1) VP4 Gly Ala Gin Val Ser Ser Gln
BEV (VG-27) VP4 Gly Ala Gin Leu Ser Arg Asn
EMCV . VP4 Gly Asn Ser Thr Ser - Ser’ Asp
FMDYV (01-K) VP4 Gly Ala Gly Gin Ser. Ser Pro
HRV (1B)" VP4 Gly Ala Gin Val Ser Arg Gln
RSV 60 Gly Ser Ser Lys Ser Lys Pro
MulVv 15 Gly .Gln Thr Val Thr Thr Pro
FeLV 15 Gly Gln Thr lle Thr Thr Pro
BaeV 12 Gly Gin Thr Leu Thr Thr Pro
HTLV 19 Gly Gln lle Phe Ser Arg Ser
BLV 15 Gly ‘Asn Ser Pro Ser Tyr Asn
HIV1 17 Gly Ala Arg Ala Ser Val Leu
cAMP protein kinase Gly Asn Ala Ala Ala Ala Lys
Calcineurin B Gly Asn Glu Ala Ser Tyr Pro

Lys
Thr
Lys
Ala
Asn
Lys
Leu
Leu
Leu
Ala
Pro
Ser

PROPOSED CONSENSUS SEQUENCE FOR MYRISTYLATION:

Gly - X - X - X - Ser / Thr

x i)

= other amino ‘acids



Initially the aim of this study was to determine the
function of the myristyl group and to establish whether
competition fof the acylation site is a possible approach
to antiviral chemotherapy. The effect of short chain fatty
écids on virus replication was therefore examined. Some
fatty acids were observed to compete with the myristylation
of normal BHK-21 cell proteins and it was thought that this
type of coméetition could be possible in virus-infected
“cells since it was previously shown that some fatty acids
are able to enter picornavirus-infected cells and compete
for the myristylation site on VP4 (J. F. E. Newnman,
.unpublished dbservations); However, somewhat unexpectedly,
it was found that 1lauric acid inhibits an early event in
_the replication of bovine enterovirus at a cbnceﬁtfation
which has no detectable effect on normél BHK-21 cell
protein synthesis. It was then attempted to determine the
actual step in the replicatién cycle that lauric acid was
affecting. The effect of fatty acids on BEV as well as

other picornaviruses was examined.
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CHAPTER 2
MATERIALS AND METHODS
2.1 REAGENTS

A1l radiochemicals; [55S]methi$nine (15 ucCi/nl),
[ "*C]lauric acid (100 uCi/ml), ([3HJmyristic acid (1
nuci/nl), [?H]Juridine (1 puCi/nl), [3Hllauric acid (1
‘uCi/pl)  and [+ C)protein, hydrolysate (50 nCi/ml), as well
as "Amplify" were obtained from Amersham Radiochemical
Centre (England). .Scintillation cocktail reagents; (PPO)
.primary fluor diphenyl oxazole was from Saarchem (SA) and
bis-MSB (para—bis—(ortho—methylstyryi)-benzene) was from
" Packard Instrument Company (Switzerland). | Ali bther

chemicals were purchased from Merck (Germany).

2.2 APPARATUS

For <clarification of virus a Sorvall (Type GSA rotor)
centrifuge was wused. The Beckman ultracentrifuge was used
for pelleting the virus (Type 30 rotor) and for sucrose
density gradient centrifugation (SW 41 rotor). A Pye-Unicam
ultraviolet - (UV) spetrophotometer (model SP8-400) was used
for measuring absorbance (optical density) at 260 nm and
radioactivity was measured using a Beckman LS 5801
scintillation counter. Electrophoresis was carried out
using a dual vertical slab electrophoresis cell (SE 600)
from Hoefer Scientific Instruments and gels were dried on a
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slab gel dryer (SE 540) also from Hoefer Scientific
Instruments. Multiwell plates used for titrating virus were
‘from Nunclon Delta (Denmark). Roentgen Cronex 4 x-ray film

was used for autoradiography .
2.3 VIRUSES AND CELLS

Bovine enterovirus (BEV) (VG-5-27; McFerran, 1962) and’
encephalomyocarditis .virus (EMCV) (ATCC VR-129B) were
cultivated in BHK-21 (Baby Hamster Kidney) cells;
Poliovirus type 1 (NIV-D149/86) and coxsackievirus BS (ATCC
VR-185) were cultivated in Vero cells, and human rhinovirus
type 1B (HRV-1B) (obtained from Dr D. V. Sangar, Wellcome
Biotechnology,. Beckenham, U.K.) was cultivated .in Hela
cells. All cells were grown as monolayers in~25‘6r 55 ml
plastic flasks in Eagle’s minimal eésential medium
(MEM) (Gibco) containing 10% foetal calf serum (FCS)(State
Vaccine 1Institute, SA), penicillin (pen) and streptomycin
(strep), both at a final concentration of 200 ug/ml. HRV-1B
was grown at 33°C whereas all other viruses were grown at

37°cC.
2.4 TOXICITY OF FATTY ACIDS

% The toxicity of fatty acids for BHK-21 cells was initially
determined by microscopic observation. BHK-21 cells were
grown in 24-well plates by using a 1:12 split of two small
flasks (25 ml). Each well. containing 2 ml MEM. By
incubating at 37°C in a CO, incubator confluent
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monolayers were obtained after 2-3 days.

Fatty acids at 17.5 mM in ethanol were rapidly injected
into 2 ml MEM in glass bottles whilst being vigorously
'stirred on a vortex mixer. A dilution series of the fatty
aéid_ was used to obtain final concentrations of 87.50-,
65.63-, 43.75-, 32.82-, 21.88- and 16.41 uM in 2 ml MEM.
Each of these were placed into a well of the 24-well plate
when the cells were at 75% monolayer. The control well
contained 2 ml MEM with no fatty acid. The plates were
sealed, 1incubated at 37°C, and examined microscopically
after 1-, 2- and 3 days for metabolic inhibition as well as

altered morphology.
2.5 MYRISTIC ACID COMPETITION IN BHK—Zl CELLS

BHK-21 cells at monolayer in 24-well plates were used. The
medium in each well was replaced with 500 ul serum-free
MEM. S5 uCi [*H)myristic acid was then added to eachwwell.
A two-fold dilution series of fatty acids at 100 mM was
made and 5 ul of each dilution was added to a BHK-21 cell
monolayer. The control well contained 5 upuCi [PH]myristic
acid but no fatty acid. The plates were incubated for 5
hours with shaking at 37°C. Cells were washed three times
with fresh MEM and allowed to drain well. 0.5 ml of 5%
trichloroacetic acid (TCA) was added to each well and left
for 1 hour at room temperature. The TCA was removed and the
cells were washed twice with ethanol. After the cells had
dried they were removed with 0.2 ml 0.1 M NaOH containing
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1% SDsS. 50 pul aliquots were counted 1in a 1liquid

scintillation counter.
2.6 TITRATION OF VIRUS HARVESTS CONTAINING FATTY ACIDS

BHK-Zl cells in 25 ml flasks were infected with a high
multiplicity of BEV. At 1 hour post infection the cells
were washed three times with serum-free MEM at 37°C and
reincubated with 5 ml fresh serum-free MEM containing fatty
‘acids. The culture was harvested after about 7 hours, when
the cells were completely detached from the flask, and
titrated for virus infectivity (T.C.I.D.s ) wusing a

modified method of Bey and Golombick (1984).

A ten-fold dilution series of each culture was made in a
total volume of é ml serum-free - MEM. 0.1 mi of each
dilution, starting with the highest,‘was inoculated into 8
wells of a 96-well microtitre plate. 0.1 ml of medium was
then added to each well, and finally 50 ul BHK—21Aceils (8
x 10° cells/ml) suspenaed in MEM were added to each well.
The plates were incubated at 37°C in a CO, incubator
for about 48 hours when cells reached monolayer1in control
wells (i.e. wells lacking virus). Cells were fixed with 5%
formalin in 0.01 M phosphate-buffered saline (PBS) pH 7.5

for 2-3 hours. Cells were then stained with 0.1% crystal
violet 1in 50% ethanol for a few hours, rinsed with water
and drained. T.C.I.D.so of each plate was determined

according to the Reed and Meunch formula (Whitaker, 1972).
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2.7 VIRUS PURIFICATION

Virus was purified using a modified method of Brown &

Cartwright (1963).

Méno;ayers of BHK-21 cells wefe infected with BEV at a
multiplicity of approximately 100 p.f.u./cell at 37°c.
After 8-10 hours, when the cells had become detached from
the flask, the culture was transfered to -20°Cc. After
freezing and thawing, twice, cell debris was removed by
centrifugation at 10 000 r.p.m. for 15 minutes. The
supernatant was collected and ultracentrifuged at 25 000
r.p.m. for 120 minutes in a Beckman Type 30 rotor, to
pellet the virus. The supernatant was discarded and the
- virus pellet allowed to drain until dry. The pellet was
thén resuspended in a total volume of 500 ul of Tris-buffer
(0,01 M Tris-HCL pH 7.5 containing 0.1 M NaCl). The virus

sample was concentrated by centrifugation on a 15% - 45

oo

sucrose density gradienf‘ made up in Tris-buffer (Apéendix
B). The sample was made 1% with SDS and layered onto the
gfadient with a pasteur pipette. Ultracentrifugation was
carried out at 40 000 r.p.m. for 105 minutes using the
Beckman SW41 rotor. The gradient was fractionated (0.5 ml
fractions) immediately after spinning and the optical
density of each fraction was recorded at 260 nm. The
fractions containing the virus were pooled and virus
proteins were precipitated by adding one volume of

Tris-buffer and two volumes of acetdne and storing at -20

[~]

C.
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Fig. 2.1 shows a typical virus peak obtained by sucrose

density gradient fractionation.

To recover BEV proteins the precipitate was spun down in a
.Sorvall centrifuge at 10 000 r.p.m. for 10 minutes, .
dfained, ‘and resuspended in dissociation buffer (Appendix
C). The sample was heated at 100°C for 2-3 minutes to
destroy the tertiary protein structure and analysed on 10%
polyacrylamide gels (Appendix. C) (Laemmli, 1970). Fig. 2.2
‘shows a PAGE separation of BEV proteins. These were
identified by using standard molecular weight markers (Fig.

2.3).
2.8 RADIOLABELLING OF BHK-21 CELL PROTEINS

Monolayers of BHK-21 cells were washed fhree times with
methionine—free. medium (MFM) and then incubated in MFM.
containing 15 uCi (3 S)methionine for 1 hour at 37°C
with shaking. The monolayers were washed M with
phosphate-buffered saline and the radiolabelled proteins
recovered with dissociation buffer and analysed by
polyacrylamide gel electrophoresis (Laemmli, 1970).

Radioactive proteins were detected by autoradiography

(Appendix C).
2.9 FATTY ACID TREATMENT OF BHK-21 CELLS
Fatty acids at 10 mM in ethanol weré added to the medium,

when passaging BHK-21 cells, to give final concentrations
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Figure 2.1: Typical virus peak obtained by sucrose
density gradient fractionation of bovine enterovirus (BEV).
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Figure 2.2: PAGE separation of BEV proteins. Pure BEV,
lanes 1 and 2; molecular weight markers, lane 3.
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Figure 2.3: Determination of molecular weights of the
structural proteins of BEV by polyacrylamide gel
electrophoresis.

78



of 25 mM and 100 pM. The cells were incubated at 37°

until they reached monolayer.
2.10 RADIOLABELLING OF VIRUS

Monolayers of BHK-21 cells were infected with BEV at a
multiplicity of approximately 100 p.f.u./cell at 37;C.
After a 1 hour adéorption period the monolayers were washed
three times with methionine-free medium (MFM) and then
incubated in MFM containing [32°S]methionine at 10
ﬁCi/ml.After approximately 7 hours, when the cells had
become detached from the flask, the culture was transfered

(o]

to =70 C. After freezing and thawing twice the virus was

purified using the method described in 2.7 above.

2.11 RADIOLABELLING OF VIRUS-DIRECTED PROTEINS

Monolayers of BHK-21, HelLa and Vero cells were infected at
multiplicities of 100 with appropriate viruses at 37;C
(33°C for HRV-1B). The infecting virus was allowed to’
attach to the cells for 1 hour after which the monolayers
were washed twice with MFM. Cells infected with BEV,
poliovirus, coxsackievirus and EMCV were incubated for a
further 1 hour then rewashed with MFM. Cells infected with
HRV were incubated for 4 hours before being washed again
with MFM. Infected cells were then incubated with
{?*Simethionine at 5 uci/ml. After a further 1 hour,
infected monolayers were washed with phoéphate-buffered
saline at 4°C. The radiolabelled proteins were recovered

79



from the cells with dissociation buffer and analysed on 10%

polyacrylamide gels (Laemmli, 1970).
2.12 FATTY ACID TREATMENT OF VIRUSES

Fatty acids at 10mM in ethanol were rapidly injected, at
room temperature, into vigorously stirred aqueous virus
samples 1in glass bottles to obtain a final concentration of
100 uM. The mixture was then used immediately to infect
cells or held at room temperature for 1 hour before

infection.

For extraction of the fatty acid a BEV/lauric acid mixture
was added to an eqhal volume of chloroform and shaken for 1
minute at room temperature. The mixture was’ then
centrifuged at 10 —000 rpm for 5 minutes and the
radioactivity in each phase was determined, or the virus in

the aqueous phase was used to infect BHK-21 cells.

o

80



CHAPTER 3
RESULTS
3.1 MYRISTIC ACID COMPETITION EXPERIMENTS

3.1.1 Incorporation of Lauric Acid (C=12) into VP4 of

Bovine enterovirus

Previous studies undertaken in the Department of
Microbiology at Rhodes University have shown that
radioactive lauric acid (C=12) can be covalently bound to
VP4 and incorporated into picornavirus particles. In this
research BEV grown in BHK-21 cells was used as a model
system, so an experiment was performed to determine whether
BEV can incorporate lauric acid into VP4. BEV was grown in
the presence of 50 uCi (['wCJ]lauric acid and purified as
described in chapter 2. The proteins were recovered by
acetone precipitation and hydrolysed with 6N HCl at 110°C
for 18 hours. The liberated fatty acids were analysed by
ascending chromatography in lanes on Cl18 reverse-phase TLC
plates (Whatman) with glacial acetic acid/acetonitrile
(1:1). Parallel lanes contained authentic [3H]myristic
and ['"C)lauric acid markers. Radioactivity in 0.5 cm
cuts across each lane was determined using a 1liquid
scintillation counter. Fig. 3.1 shows that mostly myristic
~acid was recovered from the [“*C]iauric acid-labelled
BEV. However, a small amount of lauric acid was also
recovered indicating that some virus particles incorporate
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lauric acid into VP4 instead of myristic acid. Chow et
al. (1987) showed that myristic acid 1is specifically
incorporated into VP4 of ©poliovirus (serotype 1, Mahoney
strain) since only m?ristic acid was recovered from both
(3H]lmyristic acid and (®?H]palnitic acid-labelled
viruses. To characterize the fatty acid modification in the
virus particle, the = protein from (?H]myristic
acid-labelled poliovirus was analysed by SDS-PAGE. The’
radioactivity always specifically co-migrated with the VP4
capsid protein, indicating that the myristic acid was
covalently bouﬁd to VP4. In this study the protein from
[?H]myristic acid- and [55S]methionine-1a5elled BEV
(Fig. 3.2) showed similar bands to that of Chow et al.
(1987). The results obtained with BEV therefore indicate
that radioactive lauric acid can be covalently.bound to VP4

and incorporated into virus particles.
3.1.2 Toxicity of Fatty Acids for BHK-21 cells

gefore antiviral activity experiments could be performed
with other fatty acid derivatives (Appendix A), the
toxicity of these fatty acids for BHK-21 cells had to be
determined. Initially, the effect of these fatty acids on
BHK-21 cells was simply determined by microscopic
observation. Table 3.1 shows the concentrations of fatty

acids that were observed to have no effect on BHK-21 cells.
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Figure 3.2: SDS-PAGE separation of radiolabelled BEV
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showing that the [?H] label specifically co-migrated with
VP4. '
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TABLE 3.1: MAXIMUM CONCENTRATION OF FATTY ACIDS THAT ARE
NOT TOXIC TO BHK-21 CELLS

FATTY ACID CONCENTRATION /uM
Decyl alcohol | : 32.82
Capric acid 43.75
Lauric acid 65.63
Tridecanoic acid 65.63
Pentadecanoic acid - 21.88
Tefradecane 43.75
Tetradecanol 87.50
2-Bromo-tetradecanoic acid ‘ 21.88
Pentadecanoyl chloride 21.88
Myristic anhydride 21.88
Methyl myristate 43.75
Pentadecanol 21.88
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3.1.3 Competition with Myristylation of BHK-21 cell

Proteins

Fig. 3.3 shows that some of the fatty acid derivatives used
above were able to compete withlmyristylation of BHK-21
cell proteins, as the amount of radioactivity in the cells
decreased with increasing concentration of the fatty acid.’
This indicated that these fatty acids may possibly be able
to compete with the myristylation site 1in BEV-infected

BHK-21 cells.

3.1.4 Titration of Virus harvests grown in the presence

and absence of Fatty acids

The results of the toxicity experiments gave an indication
as to which concentration of fatty acid could safely be
used in experiments with infected cells. The effect of the
fatty acid on virus growth was determined by titrating
virus harvests grown in the presence and absence of fatty
acid according to the method of Bey and Golombick (1984).
Fig. 3.4 shows the reduction in BEV titre when grown in the
presence of lauric acid. 30 uM-lauric acid reduces the
titre by 0.5 log units, 60 uM-lauric acid reduces the titre
by 1 log unit, and 80 pM-lauric acid reduces the titre by 2
log units, indicating some antiviral activity of lauric
acid. 1In contrast, capric acid, at all three concentrations
used, seemed to have no such activity. When this experiment
was attempted with other fatty acids no clear results were
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Figure 3.3: Inhibition of the incorporation of [2 H]
myristic acid into cell proteins by various fatty acids, as
measured by scintillation counting. Lauric acid (e—e),
tetradecane (o0-----0 ), 2-bromo-tetradecanoic acid (a—a),
pentadecanoyl chloride (&--2). The amount of radioactivity
taken up by the cells decreases as the concentration of

fatty acid increases, indicating competition with myristic
acid.
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obtained.
3.1.5 Effect of Lauric Acid on Virus Yield

Once it was shown that lauric acid could be incorporated
into VP4 of BEV, an experiment was performed to determine
the effect of lauric acid on Qirus yield. BEV was grown in
the presence of 30 uM-lauric acid (foﬁnd.tovbe non-toxic),
radiolabelled with 60 pnCi [2®®*S)methionine and purified as
before. A radiolabelled culture of BEV without lauric acid
served as a control. The radioactivity, as well as the
optical dehsity in each of the fractions was read. The
yield of virus was estimated froﬁ the optical density (1 OD
unit = 143 png/ml virus). Fig. 3.5 shows that 30 mM-lauric
acid reduces the virus yield by about 50%. This is in

correlation with the titres obtained above.

It has been established that picornaviruses generally
produce two types of particles during replication. Johnston
and Martin (1971) showed that BEV (serotype VG-5-27) grown
in BHK-21 cells and pur@fied produced two types of
particleé, infective particles sedimenting at 165S and
empty capsids or procapsids at 75S. PAGE of proteins
extracted from both types of components showed that the
infective component yielded three major polypeptides (VP1,
VP2, VP3) and a fast moving minor component (VP4), whereas
the empty capsids contain only three polypeptides (VPO,
VP1, VP3). Cleavage of the largest procapsid polypgptide
occurs during virus maturation to form VP2 and VP4.
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Fig. 3.5 shows that BEV grown in the presence of lauric

acid also produces both types of components.

To show that the two components were indeed corresponding
to infective particles and procapsids, [3° Sjmethionine
(90  pci) and (?H]uridine (1 mCi)-labelled BEV were
subjected to sucrose density gradient centrifugation.
(3H]uridine was used to label the virus RNA. The
distribution of radioactiivity after centrifugation is
shown in Fig. 3.6. The fastest sedimenting peak (165S)
contains RNA. This has previously been shown to be the
infective component (Martin et -al. 1970). The second
component is not 1labelled with [5H]uridine and would
therefore appear to correspond to the procapsid component

(758) .

Fractions containing both whole infective particles or
virions (fractions 7-11, Fig.3.5) and empty particles or
procapsids (fractions 12-15, Fig.3.5) from both
preparations (BEV alone and BEV with lauric acid) were
pooled separately and the proteins precipitated with
acetone. PAGE of the proteins showed that BEV grown in the
presence of 30 uaM-lauric acid (Fig. 3.7, 1lanes 3 & 4)
contains the same proteins as BEV without lauric acid
(figure 3.7, lanes 1 & 2). This indicates that whole virus

particles are being formed in the presence of lauric acid.

91



26 ¢

c p.m % o

FRAC'TICN No

Figure 3.6: Sucrose density gradient fractionaticn of BEV
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Figure 3.7: PAGE separation of BEV grown in the presence
and absence of 30 mM-lauric acid. BEV full particles, lane
1; BEV empty particles, 1lane 2; BEV + lauric acid full
particles, 1lane 3; BEV + lauric acid empty particles, lane
4. Theoretically, the empty particles should contain VPO, 1
and 3 and the full particles VP1, 2, 3 and 4. However, the
intensity of the VPl and VP3 bands are darker in the empty
particles (lane 2 and 4) indicating more of VPl and VP3.
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3.2 LAURIC ACID EXPERIMENTS

3.2.1 Effect of Fatty Acids on Normal Cell Protein

Synthesis

The results from microscopy indicated that most fatty acids
seemed to have been toxic to BHK-21 cells at low’
concentrations, with the exception of a few which were
toxic at much higher concentrations. However, these results
gave an indication of which concentration levels were safe
to use in infected cells, but before these could be used in
infected <cells, their effect on host cell protein synthesis

had to be determined.

Since lauric acid (C=12) seemed to compete with
myristylation, it was decided to look at the effect of this
fatty acid first. BHK-21 cells were grown in medium
containing 1lauric acid, at final concentrations of 30 uM,
60 uM, and 80 uM, and medium containing a shorter chain
fatty acid, capric acid (C=10), at final concentrations of
30 uM, 40 uaM, and 50 uM. Fig. 3.8 shows that both lauric
acid (lanes 2, 3, and 4) and capric acid (lanes 5, 6, and
7) had no detectable effect on host protein synthesis since
the pattern of protein synthesis in the presence of these
fatty acids resembled the pattern of protein synthesis in
BHK-21 cells grown without any fatty acid (Fig. 3.8, lane
1). The same concentrations of lauric- and capric acids
were then used to test their effect on virus-directed
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Figure 3.8: PAGE of radiolabelled proteins from BHK-21
cells grown in the presence and absence of lauric acid and
capric acid. BHK-21 cells alone, lane 1; cells + lauric
acid: 30 uM (lane 2), 60 uM (lane 3), 80 pM (lane 4); cells

+ capric acid: 30 uM (lane 5), 40 uM (lane 6), 50 uM._ (lane
7).
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protein synthesis.

BHK-21 cells were also grown with a number of other fatty
acids (Appendix A) each at final concentrations of 25 uM
and 100 uM. All the fatty acids tested were shown to have
no effect on BHK-21 cell protein synthesis at both the
concentrations used (Fig. 3.9). From this it was deduced
that these fatty acids could safely be used at final
concentrations of 100 uM 1in experiments with infected

cells.

3.2.2 Effect of Fatty Acids on ' Virus-directed Protein

Synthesis

As indicated, the intention of this research was to.
¢oncentrate on competing for the myristylation site on
picornaviirus protein VP4. However 1in experiments to
determine the effect of fatty acid on infected cell
macromolecular synthesis, it was observed that fatty acids
present during infection had a marked effect on the

production of BEV proteins.

Since lauric acid and capric acid were first shown to have
no effect on BHK-21 cell protein synthesis (Fig. 3.8),
experiments were performed to determine their effect on
infected <cell protein synthesis. Fig. 3.10 shows that
lauric acid, at all three concentrations used, present
during infection had a significant effect on the production
of BEV proteins. In BEV-infected BHK-21 cells with lauric
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Figure 3.9: PAGE of radiolabelled proteins from BHK-21
cells grown in the presence of fatty acids and related
compounds. (A): BHK-21 cell proteins without fatty acid,
lane 1; cells + decyl alcohol: 25 uM (lane 2), 100 nM (lane
3); cells + capric acid: 25 pM (lane 4), 100 nM (lane 5);
cells + lauric acid: 25 uM (lane 6), 100 uM (lane 7); cells
+ tridecanoic acid: 25 uM (lane 8), 100 uM (lane 9); cells
+ pentadecanoic acid: 25 uM (lane 10), 100 uM (lane 11);
cells + tetradecane: 25 uM (lane 12), 100 uM (lane 13).

(B): Cells + 2-bromo-tetradecanoic acid: 25 uM (lane 1),
100 uM (lane 2); <cells + pentadecanoyl chloride: 25 uM
(lane 3), . 100 uM (lane 4); cells + myristic anhydride: 25
MM (lane 5), 100 aM (lane 6); cells + methyl myristate: 25
MM  (lane 7), 100 uM (lane 8); cells + pentadecanol: 25 uM
(lane 9), 100 aM (lane 10); cells + sodium laurate: 25 uM
(lane 11), 100 uM (lane 12); cells + A-naphthyl myristate:
25 uM (lane 13), 100 uM (lane 14).
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Figure 3.10: PAGE of radiolabelled proteins from BHK-21
cells infected with BEV in the presence and absence of
lauric acid and capric acid. Mock-infected BHK-21 cells,
lane 1; BEV-infected BHK-21 cells, lane 2; BEV-infected
BHK-21 cells with 30 uM lauric acid, lane 3; BEV-infected
BHK-21 cells with 60 pM lauric acid, lane 4; BEV-infected
BHK-21 cells with 80 uM lauric acid ,lane 5; BEV-infected
BHK-21 cells with 30 uM capric acid, lane 6: BEV-infected
BHK-21 <cells with 40 uM capric acid, lane 7; BEV-infected
BHK-21 cells with 50 uM capric acid, lane 8.
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acid there seemed to be a block in virus-directed protein
synthesis (lanes 3, 4, and 5) when compared with
BEV-infected cells without 1lauric acid (lane 2). In the
presence of lauric acid the pattern obtained resembled that

of non-infected BHK cells (lane 1).

In contrast, in BEV-infected BHK-21 cells with capric acid
there seemed to be no effect on virus-directed proteiﬁ
synthesis (lanes 6, 7, and 8) since the pattern obtained
resembled that of BEV-infected cells without capric acid
(lane 2). However, Fig. 3.11 shows that in similar
expériments - with EMCV, lauric acid and capric acid present
during infection had no effect on virus-directed protein
synthesis. The pattern obtained with both lauric acid
(lanes 3, 4, and 5) and capric acid (lanes 6, 7, and 8)
resembled that of EMCV-infected cells without fatty acid
(lane 2). In a similar experiment using HRV-infected Hela
cells, lauric acid seemed to have no effect on HRV-induced

proteins (Fig. 3.12).

Since it seemed as though 1lauric acid only affected the
production of BEV-induced proteins and not EMCV- and
HRV-induced proteins the experiment was repeated with
BEV-infected BHK-21 cells using a higher concentration of
lauric acid (100 uM). Fié. 3.13 shows that there is an
almost total block in virus-directed protein synthesis with
BEV grown 1in the presence of 100 uM-lauric acid (lane 4)
compared with BEV grown in the absence of lauric acid (lane
3). Controls were run in parallel i.e. non-infected BHK-21
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Figure 3.12: PAGE of radiolabelled proteins from Hela
cells infected with HRV-1B in the presence and absence of
30 uM-lauric acid. Mock-infected Hela cells, lane 1; HRV-
infected Hela cells, lane 2; Mock-infected Hela cells with
lauric acid, 1lane 3; HRV-infected HelLa cells with lauric
acid, lane 4. '
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Figure 3.13: PAGE of radiolabelled  proteins from BHK-21
cells infected with BEV in the presence of 100 uM-lauric
acid. Mock-infected BHK-21 <cells, lane 1; Mock-infected
BHK-21 cells with lauric acid, lane 2; BEV-infec¢ted EHK-21
cells, lane 3; BEV-infected BHK-21 cells with lauric acid,
lane 4. T
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cells with lauric acid (lane 2) and without lauric acid
(lane 3). In similar experiments with myristic- and
palmitic-acids, 100 uM-myristic acid seemed to block
virus-directed proteins slightly (Fig. 3.14, 1lane 8)
whereas 100 uM-palmitic acid seemed to have no effect on

virus-directed protein synthesis (Fig. 3.14, lane 10).

Experiments were then performed to determine the effect of
lauric acid on the production of proteins in other
picornaviruses. Fig. 3.15 shows a PAGE separation of
[ 3 S]methionine-labelled proteins synthesized in cells
infected with a high multiplicity of infection of
enteroviruses (poliovirus type 1, coxsackievirus BS and BEV
VG-5-27), a cardiovirus ((EMCV) and HRV1B. Cells were
infected with virus in the absence and presence of 100 uM-
lauric acid and radiolabelling times were chosen to
demonstrate the maximum virus-directed protein synthesis.
As above, in BHK-21 cells infected with BEV in the presence
of lauric acid, there was an almost total block 1in
virus-directed protein synthesis (lane 3) compared with
infected cells in the absence of the fatty acid (lane 2).
In the presence of lauric acid few virus-directed proteins
were synthesized and the pattern obtained resembled that of
non-infected BHK-21 cell proteins (lane 1). In contrast, in
the absence or presence of lauric acid, EMCV (lanes 4 and
5) -compared with BHK-21 cell proteins (lane 1), poliovirus
(lanes 7 and 8) and coxsackievirus (lanes 9 and 10)
compared with Vero cell proteins (lane 6) and HRV (lanes 12
and 13) compared with Hela cell proteins (lane 11) showed
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Figure 3.14: PAGE of radiolabelled proteins from BHK-21
cells infected with BEV in the presence and absence of
myristic- and palmitic acids. Mock-infected BHK-21 cells,
lane 1; Mock-infected BHK-21 cells with 25 uM myristic
acid, 1lane 2; Mock-infected BHK-21 cells with 100 wuM
myristic acid, 1lane 3; Mock-infected BHK-21 cells with 25
uM palmitic acid, lane 4; Mock-infected BHK-21 cells with
100 uM palmitic acid, 1lane 5; BEV-infected BHK-21 cells,
lane 6; BEV-infected BHK-21 cells with 25 uM myristic acid,
lane 7; BEV-infected BHK-21 cells with 100 uM nmyristic
acid, 1lane 8; BEV-infected BHK-21 cells with 25 uM palmitic
acid, lane 9; BEV-infected BHK-21 cells with 100 uM
palmitic acid, lane 10.
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Figure 3.15: PAGE of radiolabelled proteins from cells
infected with picornaviruses in the presence and absence of
lauric acid. Mock-infected BHK-21 cells, lane 1;
BEV-infected BHK-21 cells, 1lane 2; BEV-infected BHK-21
cells with lauric acid, lane 3; EMCV-infected BHK-21 cells,
lane 4; EMCV-infected BHK-21 cells with lauric acid, lane
5; mock-infected Vero cells, 1lane 6; poliovirus-infected
Vero cells, lane 7; poliovirus-infected Vero cells with
lauric acid. 1lane 8; coxsackievirus-infected Vero cells,
lane 9; coxsackievirus-infected Vero cells with lauric
acid, lane 10; mock-infected Hela cells. lane 11;
HRV-infected HelLa cells, 1lane 12; HRV-infected Hela cells
with lauric acid, lane 13.
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that very little inhibition of virus replication occurred.

These experiments indicate that lauric acid, present at the
time of infection with BEV,‘prevents both the virus-induced
inhibition of cellular protein synthesis and the synthesis
of virus-directed proteins. However, when the fatty acid
was added to BEV-infected cells 5 minutes post infection a
typical virus-directed protein pattern was obtained (Fig.
3.16, 1lane 14). These findings suggest that lauric acid
directly inhibits an early event in virus replication. As
found with other compounds which inhibit early events in
picornavirus replication. (McSharry et _al., 1979) it was
found that adding the fatty acid to the infecting virus for
up to 1 hour before' infection produced a more clear-cut
inhibition of virus protein synthesis. BEV treated with 100
uM-lauric acid and cultivated in Vero cells also showed a
complete cut-off of virus protein synthesis, demonstrating

that inhibition was not confined to one cell type.

To establish whether other fatty acids and simple
derivatives could inhibit BEV infection, a number of
compounds at 100 uM were mixed with virus for 1 hour before
infecting BHK-21 cells. As has been determined previously
(results above), by microscopy and the synthesis of host
cell proteins, these compounds at 100 uM were not toxic for
BHK-21 cells in culture. The polyacrylamide gel separation
in Fig. 3.16 shows that capric acid (C=10, lane 3) failed
to 1inhibit virus protein synthesis but some host protein is
visible. Lauric acid (C=12, lane 4), tridecanoic acid
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Figure 3.16: PAGE of radiolabelled proteins from BHK-21
cells infected with BEV in the presence of fatty acids and
related compounds. Mock-infected cells, 1lane 1; infected
cells, 1lane 2. Cells infected in the presence of fatty
acids: capric acid, lane 3; lauric acid, 1lane 4;
tridecanoic acid, lane 5; myristic acid, 1lane 6;
tetradecane, 1lane 7; 2-bromo-tetradecanoic acid, lane 8;
myristyl bromide, lane 9; mnyristic anhydride, 1lane 10;
pentadecanoic acid, lane 11; pentadecanol, lane 12;
palmitic acid, 1lane 13; lauric acid added to cells 5 min
after infection, lane 14.
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(C=13, lane 5), myristic acid (C=14, 1lane 6) and
pentadecanoic acid (C=15, laﬁe 11) inhibited virus protein
synthesis. Palmitic acid (C=16, 1lane 13) was a far less
effective inhibitor with the protein separation showing a
mixture of virus-directed and host cell proteins. Stearic
acid (C=18) failed to inhibit virus protein synthesis (nof
shown on PAGE). The only substituted fatty acid used in
this study which was found to inhibit virus protein

synthesis was 2-bromo-tetradecanoic acid (lane 8).
3.2.3 Attachment of Virus to Susceptible Cells

To determine  whether fatty acid inhibition of BEV
replication was due to failure of the virus to attach to
cell receptors, purified [35S]methionine-labelled virus
was added to BHK-21 cell monolayers in the presence and
absence of 100 aM-lauric acid. Aliquots were removed from
the infecting virus at intervals and the amount of

unadsorbed virus was measured on a scintillation counter.

Fig. 3.17 shows that there is a rapid association of
radiolabelled BEV with the BHK-21 cells with approximately
40% of the input being cell associated within 4 minutes.
The attachment kinetics for radiolabelled virus in the

presence and absence of lauric acid were similar.
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Figure 3.17: Kinetics of attachment of [25S)methionine-
labelled BEV to BHK-21 cells at 37°C. (e ) Virus alone; (o
) Virus with 100 aM-lauric acid.
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3.2.4 Binding of Lauric Acid to Virus Particles

Purified unlabelled BEV was mixed with 5 ucCi [3H]lauric
acid and allowed to stand at 20°C for 30 minutes.
Virus-bound fatty acid was then assayed by centrifugation
of the virus through a linear sucrose gradient. Fig. 3.18
shows radioactive 1lauric acid at the same position as the
virus on a gradient, suggesting that binding had occurred.
When the peak fractions were pooled and extracted with
chloroform the radioactive fatty acid was recovered in the
organic phase. The non-virucidal reversible binding of
fatty acid was confirmed when it was found that chloroform
extraction of lauric acid-treated BEV allowed virus
replication to occur (Fig. 3.19, .lane 4). In a similar
binding experiment radiolabelled 1lauric acid bound only

poorly to poliovirus particles.
3.2.5 Stabilization of Virus Particles with Lauric Acid

To examine the effect of fatty acids on virus stability
(35 S]methionine-labelled BEV was heated in the presence
and absence of lauric acid. Thermal degradation was assayed
by sucrose gradient centrifugation. Fig. 3.20 (b) shows
that heating at 52°C for 1 hour caused the breakdown of
BEV particles, with a radioactive peak sedimenting at about
80S compared with 160S for untreated virus (Fig. 3.20a). In
the presence of 100 pM-lauric acid, breakdown was
significantly reduced (Fig. 3.20c). Using 1 mM-lauric acid
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Figure 3.18: Sucrose gradient of [®H]lauric acid bound
to purified BEV. ( © ) Lauric acid (c.p.m.); (e ) BEV
(absorbance at 260 nm, Azo ).
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Figure 3.19: PAGE of radiolabelled proteins from BHK-21
cells infected with BEV. Mock-infected cells, 1lane 1;
BEV-infected cells, lane 2; BEV-infected cells with 100
AM-lauric acid, 1lane 3; cells infected with BEV incubated

with 100 aM-lauric acid for 1 h and then extracted with
chloroform, lane 4.
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Figure 3.20: Sucrose gradients showing the prctective
activity of fatty acids against degradation by heating at
52 °C. (a) Untreated BEV; (b) BEV after heating at 52°C for
1 h; (c) BEV with 100 wuM-lauric acid for 1 h and then
heated at 52°C for 1 h. .



it was found later that complete protection from
degradation at 52°C could be achieved. In similar
experiments 100 uM-lauric acid failed to stabilize

poliovirus 1.
3.2.6 Inhibition of Cell-mediated Uncoating

As lauric acid was found to bind to and stabilize BEV’
particles, while still allowing attachment to susceptible
cells, it was determined whether virus particles could
undergo cell-mediated uncoating. ([?®S]methionine-labelled
BEV was added to BHK-21 cell monolayers in the presence or
absence of 100 pM-laurio acid. After incubation at 37°C
for 1 hour the cells were washed with fresh medium and then
lysed with a mixture of 0.5% sodium deoxycholate and
1%NP40. Radioactivity in the <cell 1lysate was assayed by
sucrose gradient centrifugation. Figure 3.21 (b) shows that
after 1 hour a significant proportion of the virus, added
to cells in the absence of lauric acid, sédimented to about
80S compared withv16os for the control virus (Fig. 3.21l1a).
Most of the radioactive virus material extracted from cells
infected with BEV in the presence of lauric acid sedimented

to 160S (Fig. 3.21c).

Oowing to the difficulty in making this type of experiment
fully quantitative it is posssible that the finding of only
160S particles in Fig. 3.21 (c) could be .due to 80S
particles being rendered unstable by the presence of lauric
acid. However this is unlikely in view of the findings in
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Figure 3.21: Sucrose gradients showing the inhibition of
cell-mediated uncoating by lauric acid. (a) Untreated BEV;
(b) radiolabel isolated from cells 1 h after infection; (c¢)
radiolabel isolated from cells 1 h after infection with
virus mixed with 100 aM-lauric acid.
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other experiments where infected cells have been incubated
for 4 hours. In cells infected with virus alone there was
an almost complete absence of 160S particles whereas in
cells infected with virus, in the presence of lauric acid,
160S particles were readily detected. The block in the
formation of eclipse products is similar to that described
for poliovirus treated with Arildone (Everaert et al.,

1989) and suggests that bound lauric acid prevents

cell-mediated uncoating.
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CHAPTER 4
DISCUSSION AND CONCLUSIONS
4.1 MYRISTIC ACID COMPETITION EXPERIMENTS

As mentioned before, the aim of this research prbject was;
to determine whether analogues of myristic acid would
compete for the myristylation site during myristylation,
and whether these compounds would have any antiviral
activity. The results obtained showed that radioactive
lauric acid can be covalently ‘bound to BEV VP4 and
incorporated into virus particles. However, this is
accompanied by a significant reduction in virus produced.
Enzymic studies have shown that the enzyme responsible for
myristylation can, in the presence of excess lauric acid,
covalently add the shorter chain fatty acid to some
proteins, but much 1less efficiently. Knowing that virus
particles containing lauric acid can be made indicated that
other fatty acid derivatives could also possibly be
incorporated into VP4 and the function of the fatty acid
could possibly have beeﬁ determined. However, when the
effect of these fatty aéids on virusA replication was
examined by polyacrylamide gel electrophoresis, it was
unexpectedly found that lauric acid inhibits BEV protein

synthesis.
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4.2 LAURIC ACID EXPERIMENTS

The results obtained in this research have shown that short
chain fatty acids have a marked effect on the replication
of BEV but this activity does not appear to extend to other
picornaviruses or even other members of the enterovirus
genus. The presence of 1lauric acid early 1in infection
inhibits BEV-directed protein synthesis almost completely
while having negligible effect on that of poliovirus type
1, coxsackievirus BS5, EMCV and HRVIB. Studies with BEV
suggest that lauric acid binds to the virus particle and
stabilizes vits structure against heat degradation. Bound
lauric acid has no effect on the ability of the virus to
attach to susceptible cells but does appear to prevent
cell-mediated uncoating. The binding site for fatty acids
has not been determined; however the interaction between
the wvirus particle and 1lauric acid 1is reversible with
chloroform, suggestihq that it 1is due to hydrophobic

bonding and that it is not virucidal.

These findings are similar to those described for a number
of other compounds which aré capable of inhibiting the
uncoating of picornaviruses while not interfering with
attachment and penetration of host cells (Lonberg-Holm and
Noble-Harvey, 1973; Lonberg-Holm et al., 1975; Ninomiya et
al., 1984; Tisdale and Selway, 1984; Otto et al., 1985;
Smith et al., 1986; Kenny et al., 1988; Rossmann, 1989).
Detailed studies undertaken by Rossmann and his colleagues,
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using X-ray crystallography, have shown that the antiviral
activity of a series of compounds synthesized by the
Sterling Winthrop Institute (WIN compounds) is due to a
strong hydrophobic bonding occurring in a small pocket
found in the floor of the canyon which encircles each of
the 12 vertices on HRV14 particles (see Fig. 1.20).
Following this finding it was proposed that viral uncoating
is inhibited by the drug preventing the collapse of the-
hydrophobic pocket or by blocking the flow of ions to the
interior of the virus particle (Smith et al., 1986). The
cross-resistance of HRV1B to Arildone, SDS and
dichloroflavan suggests that these compounds share common
binding sites (Tisdale and Selway, 1984) and Rossmann
(1989) has suggested that compounds that inhibit the
uncoating of picornaviruses probably all bind at
essentially the same hydrophobic siﬁe. The finding that
fatty acids interact hydrophobically and require a carbon
chain length of 12 to 15 to inhibit the replication of BEV
suggests that these molecules may also have to fit into a
restricted hydrophobic domain. This possible restriction of
size and hydrophobicity is similar to that found for some
WIN compounds where aliphatic chains of 5 or 7, linking
oxazoline-phenoxy groups and the isoxazole group, produce
molecules that fit best into the hydrophobic pocket of
HRV14 (Smith et al., 1986). In this study the finding that
capric acid (C=10) did not inhibit BEV may indicate that it
is not sufficiently hydrophobic to have a high affinity for
the hydrophobic domain in the virus particle. Previously it
has been shown that inéreasing the hydrophobicity of some
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WIN compounds, by suitable additions to the phenyl group,

increased their antiviral activity (Smith et al., 1986).

Similarly, removal of hydrophobic substituents from
Arildone decreased antiviral activity (Diana et al.,
1977) .

The observation that WIN compounds 51711 and 52084 inhibit
rhino- and polioviruses but not mengo, foot-and-mouth:
disease (FMDV) and hepatitis A viruses is thought to
reflect small differences in the capsid structure (Smith et
al., 1986). Mengovirus, which is structurally similar to
HRV14, has a partially blocked hydrophobic pocket which may
influence accessibility to WIN compounds. The specificity

of compounds such as the chalcone Ro 09-0410, which

inhibits rhinoviruses but is ineffective against
coxsackie-, echo-, polio- and mengo-viruses (Ishutsuka et
al., 1982; Ninomiya et al., 1984), the inhibition of HRV2

but not HRV14 by 1low concentrations of SDS (Lonberg-Holm
and Noble-Harvey, 1973) and the findings presented in this
study are 1less easy to explain and may argue against a
common binding site. The possibility that poliovirus type 1
( a South African 1isolate made in 1986), HRV1B and the
coxsackievirus B5 used in this study (for which there are
no structural data) may have 1inaccessible hydrophobic
pockets cannot be ruled out. However this appears to be
unlikely in the case of poliovirus, as recent experiments
have shown that poliovirus type 1 (LSc) is also 'not
inhibited by 1lauric acid (J. F. E. Newman, unpublished
observations). It is also possible that fatty acids, even
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if they enter the canyon pockets of these viruses, are not
retained there because of insufficient hydrophobic
affinity. Smith et al. - (1986) have preéented comparative
data showing differences in amino acids found in the
hydrophobic pockets of poliovirus, HRV and FMDV which
suggest that such variable size, shape and affinity is
possible. If this model for the hydrophobic pocket is
correct, the findings in this study would suggest that
fatty acids with chain 1lengths of 12 to 15 are of the
correct size and shape to penetrate BEV particles and,
because of a high affinity, become tightly bound. An
alternative explanation might be that there are other sites
on some picornaviruses that interact with hydrophobic fatty
acids 1in such a way that uncoating is inhibited. It has
been proposed for the antiviral chalcone Ro 09-0410 that
some rhinoviruses have specific binding sites on their
capsids not found on other picornaviruses (Ninomiya et al.,
1984). Competition studies with WIN compounds and RNA
sequence analysis of escape mutants should go some way to

answering this question.

From the results and discussion of this study, it can be
concluded that short chain fatty acids may act on bovine
enterovirus 1in a similar way as the WIN compounds. Fatty
acids have the added advantage in that they are relatively

inexpensive as compared to the WIN compounds.
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APPENDIX A:

TABLE.  OF FATTY ACIDS

Fatty acid Carbon chain length MW

Capric acid 10 172.27
Decyl alcohol 10 158.29
Lauric acid 12 200.32
Sodium laurate 12 222.30
Tridecanoic acid 13 214.35
Myristic acid 14 228.40
B -Naphthyl myristate 14 354.50
Tetradecane , 14 198.40
2-Bromo-tetradecanoic acid 14 307.28
Methyl myristate 15 242.40
Pentadecanoyl chloride 15 260.90
Pentadecanoic acid 15 242.40
Pentadecanol | | 15 228.42
Palmitic acid 16 256.40
Stearic acid 18 284.20

A
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APPENDIX B:

PREPARATION OF SUCROSE DENSITY GRADIENT

Igz‘ 2%

Make sure that the
Pour 15% sucrose
slightly to remove
Pour 45% sucrose
magnetic stirrer

Open tap 2 first,

e o l

1

MAGNETIC STIRRER

two taps (1 & 2) are closed
solution in chamber B and open tap 2

any air bubbles

solution in chamber A and switch on the

followed by tap 1 and allow the solutions

to flow through slowly down the side of the centrifuge tube

(for SW 41 rotor)
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APPENDIX C:

DISCONTINUOUS POLYACRYLAMIDE GEL ELECTROPHORESIS

Resolving gel buffer stock solution (1.5 M Tris—-HCL pH 8.8)

Tris 90.9 g
conc HCL 10.95 ml
Distilled H,O 500 ml

Stacking gel buffer stock solution (0.5 M Tris-HCL pH 6.8)

Tris 30.3 g
conc HCL 20.5 ml
Distilled H,0 500 ml

Bath buffer stock solution

Tris 30.3 g
Glycine 144.1 g
SDS | 10.0 g
Distilled H,O 1.0 1

Diluted 10x before use
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. Acrylamide stock solution

Acrylamide 150.0 g
bis-acrylamide 4.0 g
Distilled H,0 500 ml
Dissociation buffer
SDS 5.0 g
Mercaptoethanol 5.0 ml
Glycgrol 7.5 ml
Bromophenol blue (0.2%) , 2.5 ml
1 M Tris-HCL pH 6.8 6.3 ml
Distilled H,O 28.7 ml
50 ml

Slab gel formulations

Resolving gel:

(10% acrylamide)

Acrylamide stock solution
1.5 M Tris—HCL PH 8.8
Distilled H,O

10% SDS

1.5% (NH4), S,0,

(pregared fresh)

TEMED
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13.3 ml
15.0 ml
9.3 ml

0.4 ml

10 pl



Stacking gel: Acrylamide stock solution 2.0 ml

(4% acrylamide) 0.5 M Tris-HCL pH 6.8 1.9 ml
Distilled H,O 9.25 ml
80% glycerol 1.0 ml
10% SDS 0.15 ml
1.5% (NH4), S,0, 0.7 ml

(prepared fresh)

TEMED 20 nl

After electrophoresis the gels were removed from the

plates, stained for 2 hours in coomassie brilliant blue and

then destained.

Staining solution

Methanol 45 ml
Glacial acetic acid 10 ml
Coomassie brilliant blue 0.2 g
Distilled H,O 45 ml

The dye was dissolved in a small amount of methanol and
filtered. Then thé remaining methanol, H,O and acetic acid

were added.
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Destaining solution

Methanol 500 ml
Glacial acetic acid 200 ml
Glycerol 20 ml
Distilled H,O 1 280 ml
21

For autoradiography, the: gel was soaked in Amplify for at
least 30 minutes, dried and exposed to X-ray film at -20°cC.

(This was for detection of radioactive proteins)
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