A v 7}8t3) 7]
Korean . Life Science, 7(4), 392—401, 1997

Review article

Molecular Miology of the Poliovirus
Weon Sang Choi

Department of Biochemistry, College of Natural Sciences, Dongguk University, Kyongiu, Korea

Abstract

The poliovirus is a small, and non-enveloped virus. The RNA genome of poliovirus is continuous, linear, and has
a single open reading frame. This polyprotein precursor is cleaved proteolytically to yield mature products. Most of
the cleavages occur by viral protease. The mature proteins derived from the P1 polyprotein precursor are the structu-
ral components of the viral capsid. The initial cleavage by 2A protease separates the P1 structural protein precursor
from the P2-P3 non-structural precursor. The 2A protease is indirectly involved in the cleavage of a cellular protein
p220, a subunit of the eukaryotic translation initiation factor 4F. This cleavage leads to the shut-off of cap-depen-
dent host cell translation, and allows poliovirus to utilize the host cell machinery exclusively for translation its own
RNA, which is initiated by internal ribosome entry via a cap-independent mechanism. The functional role of the 2B,
2C and 2BC proteins are not much known. 2B, 2C, 2BC and 3CD proteins are involved in the replication complex
of virus induced vesicles. All newly synthesized viral RNAs are linked with VPg. VPg is a 22 amino acid polypeptide
which is derived from 3AB. The 3C and 3CD are protease and process most of the cleavage sites of the polyprotein
precursor. The 3C protein is also involved in inhibition of RNA polymerase II and Ill mediated transcription by con-
verting host transcription factor to an inactive form. The 3D is the RNA dependent RNA polymerase. It is known
that poliovirus replication follows the general pattern of positive strand RNA virus. Plus strand RNA is transcribed
into complementary minus strand RNA that, in turn, is transcribed for the synthesis of plus strand RNA strands.
Poliovirus RNA synthesis occurs in a membranous environment but how the template RNA and proteins required
for RNA replication assemble in the membrane is not much known. The virus particle formation takes place near
the RNA replication complex of the smooth membrane fraction. The RNA requirements for the encapsidation of the

poliovirus genome (packaging signal) are totally unknown. The poliovirus infection cycle lasts approximately 6 hours.
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Introduction

Poliovirus is taxonomically classified as a member of
the family Picornaviridae. The family Picornaviridae co-
nsists of four subfamilial generas. Poliovirus is included
in the subfamilial genus Enterovirus**. Poliovirus is se-
rologically divided into 3 different serotypes(type 1, 2,
3). Nucleotide sequence homology among 3 serotypes
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is 71%. The homology in the amino acid sequences
among the 3 serotypes is 88%**. Poliovirus has been
intensively studied over the last 50 years. The entire
nucleotide sequence of the genome was determined®.
The generation of a complete cDNA clone and the app-
lication of recombinant DNA technology to the study of
poliovirus has facilitated the understanding of the mole-
cular biology of the virus®®. The purpose of this review
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is to summarize the recent progress on the molecular
biology of poliovirus, and to provide insights for the uti-
lization of the virus as pharmaceutical agent.

Virion structure and Genome of the poliovirus

The poliovirus is small, about 27 nm in diameter, and
naked(non-enveloped). It consists of 60 copies of each
of the capsid proteins(VP1, VP2, VP3, and VP4), and
one copy of a single stranded poliovirus RNA. The RNA
genome of poliovirus is continuous, linear, and contains
approximately 7,500 nucleotides. The isolated RNA has
a sedimentation coefficient of 35S and a molecular mass
of 2.4X10° Da*®. The 5 end of the viral genome is
covalently linked to a small viral protein, VPg®”. The 3’
end has a run of poly(A) 40-100 nucleotides long

which is genetically encoded.
Coding Region and Proteolytic Processing

A single open reading frame consisting of 6,618 nuc-
leotides has a coding potential of 2,206 amino acids.
The translation of the polyprotein initiates at the ninth
AUG from the 5° end. The primary translation product
would have a molecular mass of about 247 kDa. This
polyprotein precursor is cleaved proteolytically to yield
structural and nonstructural mature products(Fig. 1).
Most cleavages of the polyprotein occur between gluta-
mine-glycine pairs. Two cleavages occur between tyro-
sine-glycine pairs, and one cleavage occurs between as-
paragine-serine pair. The initial cleavage by protease 2A
separates the P1 structural protein precursor from the
nascent P2-P3 non-structural precursor. This cleavage of
a tyrosine-glycine pair occurs immediately after protease
2A has been synthesized, probably by an intramolecular

mechanism’®

. Most cleavages in the P2 and P3 region
of the poliovirus polyprotein are catalyzed by the 3C™™.
The P1 poliovirus capsid protein precursor is processed

by a polyprotein consisting of a fusion between 3CP°

and 3D™, designated as 3CD®®. A final processing step
is cleavage of VPO to VP4 and VP2 at an asparagine-se-
rine pair. This maturation cleavage occurs only after ca-
psid assembly and is associated with encapsidation of
viral RNA. It also results in structural rearrangements of
the capsid and increases its stability”. The mechanism
of this cleavage is unknown, although it has been pro-
posed that an autocatalytic cleavage between RNA and

protein might be used for this®".
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Fig. 1. Genome organization and proteolytic processing
of poliovirus. VPg protein is attached at the 5’
end of the virion RNA. Amino terminis of VP4
and P1 are myristylated.

{7 5 glutamine-glycine cleavage by 3C or 3CD
O} tyrosine-glycine cleavage by 2A
M maturation cleavage 5’ncr: 5’ non-coding

region 3'ntr ; 3’ non-translated region.

1) The P1 proteins : VPO, VP4, VP2, VP3 and VP1

The mature proteins derived from the P1 polyprotein
precursor are the structural components of the viral ca-
psid. The poliovirus capsid is composed of 60 equiva-
lent subunits of four major intimately associated poly-
peptides arranged in an icosahedral lattice®”. Capsid
proteins are involved in the various capsid specific fun-
ctions, e.g,, protection of viral RNA, interaction with the
receptor and determining antigenicity, etc.”?. P1 polyp-
rotein precursor and its cleaved product, the VP4 pro-
tein of poliovirus, are N-myristylated. This myristylation
is required for efficient assembly of the infectious virion

7485860 Studies from poliovirus defective interfering
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particles (have deletion in P1 region) and recombinant
chimeric viruses(replaced capsid region by foreign gene)
showed that capsid proteins can be provided by helper

virus in trans'®?15%,

2) The P2 proteins : 2A, 2B and 2C

The 2A protease is a small protein with a molecular
mass of 16,400 Da. It was classified as a cystein class
protease because of inhibition by alkylating agents*®,
but it has some structural resemblance to the two subc-
lasses of trypsin-like serine proteases®”. The cleavage of
p220 correlates with the rapid inhibition of host cell
protein synthesis that occurs after poliovirus infection.
The 2A protease is indirectly involved in the cleavage
of a cellular protein p220, which is a subunit of the eu-
karyotic translation initiation factor 4F, by activating a
cellular protease which cleaves p220*”. Another eukar-
yotic translation initiation factor 3, is also required for
2A protease-induced cleavage of the p220 components
of eukaryotic initiation factor 4F®¥. This cleavage pre-
vents the binding of capped mRNAs to the ribosomal
40§ preinitiation complex and leads to the shutoff of
cap-dependent host cell translation. This allows poliovi-
rus to utilize the host cell machinery exclusively for tra-
nslating its own RNA, which is initiated by internal ri-
bosome entry via a cap-independent mechanism®"?.

The functional roles of the 2B, 2C and 2BC proteins
are not much known. Recent evidences showed that 2
BC and 2C proteins are involved in the intracellular for-

mation of virus induced vesicles''*'”

, and 2B promote
the dissembly of the Golgi complex™. These virus indu-
ced vesicles have been found to be multiorganelle origin,
including the rough endoplasmic reticulum as well as

Golgi complex™.

These virus-induced vesicles were
found to form rosettes which surround the replication
complex and can be isolated in a functional state. The
initiation of plus-strand RNA synthesis as well as elo-
ngation of viral RNA can take place not only in rosettes

but also on single vesicles®”, Helicases are capable of
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enzymatically unwinding duplex RNA structures by dis-
rupting the hydrogen bonds that maintain the two stra-
nds together. All helicase described to date also have
NTPase activities*”’. The poliovirus 2C protein exhibits
NTPase activity>**®, but a helicase activity could not be
demonstrated®”. Recent report has shown that protein
2BC enhances cytoplasmic calcium concentrations. Re-
gions present in both 2B and 2C are necessary to aug-
ment cellular free calcium level®. Therefore, in addition
to inducing proliferation of membranous vesicles, polio-

virus protein 2BC alters cellular calcium homeostasis.

3) The P3 proteins : VPg, 3AB, 3C, 3CD and 3D

The proteins of the P3 region are important for the
replication of viral RNA. All newly synthesized viral
RNAs are linked with VPg®”. VPg is a 22 amino acid
polypeptide which is derived from 3AB, the VPg precur-
sor protein. The third amino acid from N-terminus of
VPg is tyrosine, which forms a bridge to the 5’ terminal
phosphate of the genomic RNA. The predominant VPg-
containing precursor polypeptide, 3AB, has a molecular
mass 12,000 Da and appears to be a membrane asso-
ciated protein that might have an important role in the
initiation of poliovirus RNA replication®*2%5777,

The 3C and 3CD are protease and process most of
the cleavage sites of the polyprotein precursor*®. Polio-
virus infection leads to inhibition of all three classes of
host cell RNA synthesis. The 3C protease is involved in
inhibition of RNA polymerase III mediated transcription
by converting an active form eukaryotic transcription
factor IIIC to an inactive form'®. The TATA-binding
protein, a component transcription factor IID, is cleaved
directly in »ivo and in vitro by 3C proteinase, leading to
an inhibition of RNA polymerase II-mediated transcrip-
tion®. Inhibition of RNA polymerase I-mediated rRNA
synthesis in poliovirus-infected cells is presumably due
to a decrease in a specific activity that is needed for
transcription initiation.

The 3D is the RNA dependent RNA polymerase®>*®
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® which is required for replication of the RNA genome
of poliovirus(see RNA replication section, below).

Non-coding region sequences

1) 5'non-coding region(5’' ncr)

Poliovirus RNA has unusually long 5’ non-coding se-
quences, consisting of 740 nucleotides. A possible clo-
verleaf-like structure formed by the 5’-proximal end of
the RNA (approximately 90 nt) is probably a cis ele-
ment that regulates the synthesis of the plus-strand
RNA®. Polioviral mRNA is identical in sequence to the
genomic RNA except that the 5’ terminal VPg has been
removed. The 5° terminus of polioviral mRNA is not ca-
pped, but terminates in pUp. The cap structure, 7-me-
thyl G, of cellular mRNA is used as a binding site for
the cap binding complex*”, One of the features of po-
liovirus infection is the inhibition of cap dependent cel-
lular translation. Therefore, poliovirus must have a me-
chanism to circumvent this condition. Indeed, the se-
quences between 140 and 630 of poliovirus 5’ non-co-
ding region, known as an internal ribosome entry site
(IRES), mediate cap-independent, internal initiation of
translation®®?, This region of the RNA is considered to
have a complicated highly ordered structure formed by
a number of secondary structures. A number of host ce-
llular factors are required for the expression of poliovi-

1338 Recent evidence showed that

rus IRES function
IRES could potentially be a host range determinant for
poliovirus infection”. The RNA segment (in the region
from nt 343 to 500) within the IRES also controls viral
RNA synthesis'®. This observation indicates that the re-
gulatory elements for RNA synthesis and protein syn-
thesis may overlap in part in the 5’ ncr. Many other pi-
comaviruses, such human rhinovirus, encephalomyocar-
ditis virus, foot-and-mouth disease virus, coxakievirus,
Theiler's murine encephalomyelitis virus, and hepatitis A
14,27,30,38,40,41,

virus, have been shown to utilize the IRES*

Y In addition to picornaviruses, many other viruses

(such as hepatis C virus, murine leukemia virus, infec-
tious bronchitis virus, pestivirus and plant potyviruses)
utilize internal initiation of translation for synthesis of
one or more gene products!®27:4950646880) Cellylar mR-
NAs encoding immunoglobulin heavy chain binding pro-
tein, Drosophila antennapedia protein, and the mouse
androgen receptor also uses IRES-mediated initiation of

protein synthesis®**>*.

2) 3’ end non-translated region(3’ ntr)

The poly(A) on the poliovirus RNA is encoded by vi-
ral genome(40-100 nucleotide residues). Poliovirus pol-
yprotein synthesis is terminated at nucleotide 7361, 73
nucleotides preceding the poly(A) tract. Comparison of
the sequences from different picornaviruses showed the
sequence near the poly(A) tract have a high degree of
homology. A mutant containing an 8 base insertion in
the 3’ntr showed replication-deficient temperature sensi-

1179 3ntr of all enteroviruses appears to fold into

tivity
the same core structure consisting of two stem-loop do-
mains, X and Y®"%®. Covariance between enterovirus
sequences, maintaining domains X and Y, is strong evi-
dence that these may play an important role in viral
RNA replication®”. In addition, another typical pseudo-
knot has been proposed to occur in the 3’ ntr of poliov-

irus®®.

Overview of the life cycle of poliovirus

To initiate infection, as shown in Fig. 2, virions attach

" in a phase termed “attach-

to the poliovirus receptor’®
ment.” After attachment, the viral capsids are rapidly
altered by loss of VP4. These altered particles are inter-
nalized into the host cell via receptor-mediated endocy-
tosis and then rapidly uncoat their RNA**', Since the vi-
rion does not carry the replicase, translation of replicase
must take place for RNA replication. Virion RNA directs
the synthesis of viral protein. Translation of the viral

genome is associated with membrane bound polysomes
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on the rough endoplasmic reticulum’. Within the first
2 hours after poliovirus infection, the synthesis of host
cell proteins, RNA, and DNA are drastically reduced, a
phenomenon called “shut-off.” The parental plus strand
RNA serves as a template for the synthesis of minus st-
rand RNA that, in turn, will direct the synthesis of more
plus strand RNA. All newly synthesized RNAs have VPg
at the 5 end®®. This newly synthesized plus strand
RNA will be used in the infected cells : 1) as mRNA
to direct the synthesis of viral proteins (for this to oc-
cur VPg might be cleaved by a host cellular enzyme
from the genome®, and 2) as a template to direct the
synthesis of minus strand RNA{see RNA replication se-
ction, below). These early events must involve delicate
regulatory mechanisms. Cellular membranes play a cent-
ral role in poliovirus replication'2?*>757”_ The replica-
tion complex, containing replicative intermediate RNA,
the viral replicase, host proteins, and other P2 proteins
as well as 3CD, is tightly associated with the membra-
nes and capsid proteinst>29328%,

During late infection, newly synthesized plus strand

RNA will be encapsidated as virion RNA into new vi-

teanslation of 4
viral protetns

P \ uncoating
poliovirus
receptor - C -
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\
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virion /
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by cell lysis

smuoth endoplasmic
reticulum

Fig. 2. Life cycle of poliovirus(modified from Kitamura
et al, 1980).
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rions. Only plus strand RNAs containing VPg are encap-
sidated (see encapsidation section). Virion RNA synthe-
sis and capsid assembly are intimately associated with
the smooth endoplasmic reticulum of newly formed vi-
rus specific vesicles'. Previous reports suggested that
RNA synthesis and encapsidation of virion RNA are ti-
ghtly linked processes'®*®. Cleavage of the capsid pro-
tein VPO induces a final change in the virion conforma-
tion and completes maturation of the progeny virions®".
During the last stages of the life cycle, viral particles ac-
cumulate in the cytoplasm of the cell until the progeny
viruses are released from the infected cell. Very little is
known about the mode of exit of the mature poliovirus
particle from the host cell. Usually, the poliovirus infec-

tion cycle lasts approximately 6 hours in infected cells.
RNA replication

It is known that poliovirus RNA replication follows
the general pattern of positive strand RNA viruses * plus
strand RNA is transcribed into complementary minus
strand RNA that, in turn, is transcribed for the synthe-
sis of plus strand RNA strands. Poliovirus RNA synthe-
sis occurs in a membranous environment i vivo, but
how the template RNA and proteins required for RNA
replication assemble in this membrane is unknown.

A template dependent poliovirus specific RNA poly-
merase, now known as 3D was isolated®® and the in
vitro properties characterized. Further studies developed
an ¢ vitro system to study the first step in the replica-
tion in which the plus strand RNA is copied to a minus
strand®®. In addition to the viral 3D, the system re-
quires a host cell protein, host factor(HF). HF has been
purified by several groups, and has been reported to
have several different enzyme activities, including pro-

), or endonu-

tein kinase®®, terminal uridylyltransferase®
clease®”. Recent studies have suggested that the synthe-
sis of minus to plus strand might utilize a different me-

chanism, probably using protein priming with VPg*®.
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Encapsidation

Early studies suggested that poliovirus capsid proteins
were synthesized on polysomes of rough endoplasmic
reticulum®’®®. The virus particle formation takes place
near the RNA replication complex of the smooth memb-
rane fraction'®'®. Therefore, the capsid protein must be
transported from polysomes to smooth membrane, al-
though the exact details remain unknown. In order for
the RNA genome to be encapsidated, a specific RNA-ca-
psid interaction probably needs to takes place. Two mo-
dels have been proposed for the process. In the first, vi-
ral RNA is synthesized and condensed. Encapsidation
occurs around the condensed RNA core®®. In the se-
cond, the viral RNA during synthesis is directly inserted
into a procapsid that is attached to the membrane®”.
The RNA requirements for the encapsidation of the po-
liovirus genome are totally unknown. From the fact that
all the encapsidated RNA had a genome-linked protein,
VPg, while mRNA did not, it was deduced that VPg mi-
ght play a role in some kind of interaction between po-
liovirus RNA and capsid proteins®®. Indeed, some mu-
tants in VPg resulted in RNA replication but did not

produce infectious virus®”.

Concluding Remarks

Poliovirus was the first animal virus to be purified,
and obtained in crystalline form, and poliomyelitis was
among the first human or animal disease found to be
transmissible by pure RNA molecule. The poliovirus life
cycle consists of a complex series of events which links
the translation, replication and encapsidation of the viral
RNA genome. Although safe and effective poliovirus va-
ccine has been developed already, the availability of in-
fectious cDNA clone of poliovirus genome has made po-
ssible to define the requirements for translation, replica-
tion, and encapsidation of the viral genome®®. The dete-

rmination of three dimensional structure of the poliovi-

rus virion by high resolution X-ray crystallography has

provided insight into the understanding of many funda-

mental properties including neutralization of the virus®®.

In addition, identification of the poliovirus receptor®”

has important implications for understanding the virus
entry mechanism of the permissive host cell. In the fu-
ture, elucidation of molecular mechanism of poliovirus
life cycle may provide us good opportunity to unders-

tand the interactions between poliovirus-host cells.
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Zgoulolg A HloldAE FANE 53] Ar7t &E vlolgl22A H%(coat) & EEME o
(envelope) ©] gtk Eejeutolziae (+) 7H=te) 9 RNA AEg Zed o @A 849 58
(open reading frame) & ©]-&3la} Tha A ATAE THE F vpole]x AA o dHMAR Ao od) &
22 AN F2HoRE 5ol 715 e oy d¥de] Ao p1 AR ZYE
EOW\_ S AEL upolg 29 g FASE Aolrt dHARH AL 240 AT Hxof Hde

Zed p1 ATA 9 Frew Ao oy p2-p3He EYAAZT. AR EL 24 AT B
Eﬂw ol AH(translation initiation factor) 4F¢] % subunit?] $FwWd p2209] A 3oz #
i), o] gl Ael Ae W(cap)ol YFEd= £FHEY YRR FES A Hy o]s #=Rd
AHgEE £FATY ZE 71TES Yo JEHA Fe ZuboleA RNA 579 #5898 A3
o2 A% & A sjEch 2B, 2C, 2BC DAY Y5 tsiAe o] ¥A AW 2B, 2C, 2
BCS 3CD T AS L vlojg22 3 HE A= A (vesicle) o] EAEEA ] FHiEo] Qo bt
ojgl2e RNA EAA F2% dag &8 AT Hze] THEeid RE vlo]gl2 RNAE VPgsh
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A2 B8Ast 71224 RNA polymerase 119} Mo} 98 AALE A3ttt 3DE RNAJEAHRNAT
FEL otk EgoupolalaE (4+)71 RNA wlolgxg U BEAFAE wEd & (+)7H4
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