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Maturation and Assembly of
Hepatitis C Virus Core Protein

Tetsuro Suzuki and Ryosuke Suzuki

Abstract
Heparitis C virus (HCV) core protein,
which is derived from the N-terminus of
the viral polyprotein, forms the viral nu-
cleocapsid. The amino acid sequence of
this protein is well conserved among dif-
ferent HCV strains, compared o other
HCV proteins. The N-rerminal domain
of the core protein is highly basie, while irs
C-terminus is hydrophobic. The core pro-
tein is primarily detected in the cytoplasm
in associating with endoplasmic reticulum
(ER), lipid droplets, and mitochonduria.
However, it has also been detected in the
nucleus. In fact, a nuclear localization sig-
nal has been identified in the N-terminal
region of the protein. Its C-terminal hy-
drophobic region is thought ro act as a
membrane anchor for the core protein and
as a signal sequence for E1 protein.
Nucleocapsid
ably involves interactions between the
core protein and viral RINA and envelope
protein(s), as well as self-inceraction of
the core protein. Interactions berween the
HCV core protein and specific regions of
viral genomic RINA have been reported.
In addition, the core protein has been ob-
served to form homo-multimeric, as well
as hetero-dimeric, complexes wich E1 pro-
tein. These interactions might be impor-

formation  presum-

tant for nucleocapsid formation, and may

activate the biological activity of various
HCV structoral proteins.

Introduction

Hepatiris C virus (HCV) is the major eti-
ologic agent of posttransfusion- and spo-
radic non-A, non-B hepatitis (Kuo et al,
1989) and presently infects approxitnarely
170 million people worldwide (Grakoui
et al., 2001; Lauer ef al., 2001). Persistent
infection with HCV is associated with
the development of chronic hepartitis, he-
patic steatosis, cirthosis and hepatocellu-
Iar carcinoma (HCC) (Saito et al, 1990;
Alter, 1995; Di Bisceglie, 1997; Lauer et
al., 2001; Poynard et al., 2003; Pawlotsky,
2004). Although HCV research has long
been hampered by the lack of a cell culture
system by which to propagate the virus,
molecular cloning and expression of HCV
gene products in cell cultures has yielded
a Jot of informartion. HCV is classified as
belonging to the Hepacivirus genus of the
Flaviviridae family {Houghron et al., 1991;
Robertson et al.,, 1998). Its genome consists
of a single-stranded positive-sense RINA
of approximately 9.6 kb, which contains an
open reading frame coding for a polyprot-
ein precursor of approximartely 3000 resi-
dues (Choo et al, 1989). This precursor
is co- and post-translationally processed
into structural and nonstructural proteins
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by cellular and viral proteases (Houghton
et al,, 1991; Hijikata et al., 1993; Grakoui
et gl, 1993). The structural proteins are
located in the N-terminal one-fourth of
the polyprotein and are cleaved by cellular
membrane proteinases.

The core protein, which is derived from
the N-terminus of the polyprotein, most
likely forms the viral nucleocapsid given
similarities between its position and that
of sequences encoding viral nucleocapsids
in the genomes of other faviviruses. The
amino acid sequence of the core prorein
is highly conserved among different HCV
strains, compared with other HCV pro-
teins. This protein has been extensively
used in serologic assays since anti-core
antibodies are highly prevalent among
HCV-infected individuals. The N-termi-
nal domain of the core protein is highly
basic, while its C-terminus is hydrophobic

(Figure 10.1). Although several core pro-
teins of varying molecular weights have
been reported (Harada et al., 1991; Liu et
al., 1997; Lo et al., 1994; Lo et al,, 1995;
Suzuki et al.,, 2001; Yasui et al., 1998), two
processing events result in the predomi-
nant production of a 21 kIDa core protein.
The core protein is primarily detected in
the cytoplasm, by associating with the en-
doplasmic reticulum (ER), lipid droplets,
and mitochondria (Harada et al, 1991;
Selby et al.; 1993; Lo et al., 1995; Suzuki et
al,, 1995; Suzuki et al, 1996; Moradpour
et al., 1996; Barba et al, 1997; Yasui ef
al., 1998; Moriya et al., 1998; Sabile et al.,
1999; Hope et al, 2000; McLauchlan e
al., 2002; Okuda et al., 2002; Schwer ef al,
2004; Suzuki et gl., 2005). In some studies,
a fraction of the core protein has also been
found in the nuecleus (Chang et al., 1994;
Suzuki er al,, 1995; Lo et al,, 1995; Lin et

% o2

L

Hydrophobicity
=

N g
s

-4
1

I 1 1 I 1 1 )

NLS 1

N A
ol VP

o 3

RNA Binding [

101 151 191

I 1 ] 3

Signal sequence

Ribosame Binding |

Oligomerization [
ER association
Mitochondria association

Lipid droplet association

[

Figure 10.1 Hydrophobicity profile and regions within HCV core protein involved in subcellular
distribution and nucleocapsid assembly. NLS, nuclear localization signal; SPP, signal peptide
peptidase; SP, signal peptidase.



al., 1997; Moriya et al., 1998; Yasui et 4l.,
1598, Falcon ¢t al,, 2003).

Although the functions of the core
protein within various subcellular compart-
ments are unclear vo date, the core protein
is likely multifunctional and essenrial for
viral replicadion, maturation, and patho-
genesis. It is involved not only in formation
of the HCV virion bur also has a number
of regulatory functions, such as influencing
signaling pathways, cellular and viral gene
expression, cell transformation, apoptosis,
and immune presentation.

Processing by membrane-
associated proteases
A precursor polyprotein, which is trans-
lated from an open reading frame of ap-
proximately 9 kb, is processed by both host
and viral proteases. The HCV structural
proteins include the nucleocapsid or core
protein and two envelope glycoproteins,
E1 and E2. Secondary structure analysis of
the core protein has revealed that all major
alpha helices are located in the C-rerminal
half of the protein. A predicted alpha helix
encoded by amino acids (aa} 174-191 is
extremely hydrophobic and resemibles oth-
er signal peptide sequences. Membrane and
secretory proteins are generally targeted to
the appropriate intracellular membrane by
their signal peptides. In eukaryotes, signal
peptides are 15-50 amino acids longand a
typical signal peptide is composed of three
distinct tegions: a polar N-terminal region
thar may have a net positive charge, a cen-
tral hydrophobic sequence thar consists of
6-15 hydrophobic residues, and a polar
carboxyl-terminal region that contains the
cleavage site for the signal peptidase (von
Heijne, 1983; von Heijne, 1985; Martoglio
et al,, 1998).

The N-terminus of E1 protein has
been mapped to a signal-peptidase-like

Maturation and assembly of HCV core protein | 207

cleavage site at aa 192 of the precursor
polyprotein (Hijikata et al., 1991). In addji-
tion, cleavage oceurs on microsomal mem-
branes and depends on a signal recognition
particle. Furthermore, inhibition of cleav-
age by mutations at the possible recogni-
tion sites by the signal peptidase has been
shown (Hijikata et al, 1991; Santolini et
al., 1994).

Cleavage of the core/El junction be-
tween aa 191 and 192 by the signal pepri-
dase results in anchoring of the core pro-
tein within the ER membrane by the C-
terminal signal peptide. Further processing
within or at the N-terminus of the signal
sequernce mediated by signal pepride pep-
tidase (SPP) is thoughr to be involved in
maturation of the core protein (Hussy et al.,
1996; McLauchlan et al,, 2002; Lemberg et
al., 2002; Okamoro et at., 2004).

SPP has recently been identified
(Welhofen et al, 2002) and exhibits
protease activity within cellular mem-
branes, resulting in cleavage of peptide
bonds in the plane of lipid bilayers. The
peptidase is an aspartic proteasc and
catalyses intramembrane proreolysis of
signal sequences and possibly miembrane
proteins, within the ER (Lemberg et al,
2004). SPP las been reported to cleave
human lymphocytic antigen (FILA) mol-
ecules, thereby promoting the release of
HLA-E epitope-containing peptides from
the ER. membrane into the cytosol, resule-
ing in recognition by the immune system
(Lemberg et al,, 2001). The signal sequence
at the C-terminus of the core proeein is
also a substrate for SPP (McLauchlan et
al., 2002). It has been shown thac {1) in-
tramembrane cleavage by SPP is abolished
when helix-breaking and -bending resi-
dues in the C-terminal signal sequence are
replaced by basic residues, (2) the signal se-
quence itself and three hydrophobic amino



298 | Suzuki and Suzuki

acids Leu-139, Val-140, and Leu-144 of
the core protein are required for SPP cleav-
age, and (3) none of these residues are es-
sential for cleavage at the core-El junction
by the signal peptidase, or for rranslocation
of E1 into the ER (Okamoto et al,, 2004).
Experiments using cDINA clones of HCV
isolated from patients with different clini-
cal phenotypes suggest that certain amino
acid residues within the C-terminus of the
core protein influence processing by SPP
(Kato et al., 2003). More work is required
to identify the SPP cleavage site within the
core protein, although Leu-179 (Hussy et
al, 1996), Leu-182 (Flussy et al, 1996),
and Ser-173 (Santolini et al., 1994), have
all been cited as potential P1 sites of cleav-
age.

Various studies of HCV ¢cDNA ex-
pression in vitro and in cultured cells have
generally demonstrated two forms of core
protein with 21- and 23-kDa (p21 and
p23). The p21 form of the core protein pre-
dominates in cultured cells, and also in viral
particles isolated from the sera of hepatitis
C patients (Yasui et al., 1998). Thus, this
form of the core protein, which presum-
ably results from two consecutive meni-
brane-dependent cleavages as deseribed
above, is thought to be the mature form of
the core protein and to constiture the vi-
ral capsid. The other form of the core pro-
tein, p23, is a 191-residue producr, which
contains a signal sequence for directing E1
protein to the ER. In addition, production
of a 16 kDa form of the core protein (p16)
has been reporred by HCV genotype la
{Lo et al., 1994; Lo ef al., 1995). However,
later studies have identified this protein as
F protein, which is encoded by an alterna-
tive reading frame from the core region
and is expressed by translational ribosomal
frameshift (Xu et al., 2001; Walewski et al,,
2001; Varakliotl et al, 2002; Vassllaki er
al., 2003).

Mechanisms of
subecellular localization

Analysis of the subeellular localization of
HCV within the hepatic tissue of HCV.
infected individuals has proven difficult
due to low levels of viral replication. Nev.
ertheless, immunostaining of liver biopsy
specimens has revealed a predominance of
core protein within the cytoplasm of infect-
ed hepatocytes, and often shows a punctare
granular distribution within cells (Yap et
al., 1994; Gonzalez-Peralta et al, 1994;
Gowans, 2000; Sansonno ¢t al., 2004). As
shown in Figure 10.2, in mammalian cells,
when core protein alone or the entire viral
polyprorein has been expressed, the core
protein has primarily been observed with-
in the cytoplasm. Data from a number of
studies have identified its co-localizavion at
the ER (Harada et al, 1991; Selby et 4l
1993; Suzuki et al., 1995; Lo et gl., 1995;
Mortadpour et al,, 1996; Moriya et al., 1997;
Yasui et al.,, 1998), lipid droplets (Barba et
al., 1997; Sabile et al, 1999; Hope et al.,
2000; McLauchlan et al, 2002), and mi-
tochondria (Moriya et al., 1998; Okuda et
al., 2002; Schwer et al., 2004: Suzuki ef 4l.,
2005). In addition, a fraction of the core
protein has been detected in the nucleus
(Chang et al,, 1994; Suzuki et al., 1995; Lo
et al, 1995; Liu et al,, 1997; Moriya et al,
1998; Yasui et al,, 1998; Yamanaka et al.,
2002).

It has been proposed that, afrer SPP
cleavage, a large part of the core protein
remains within the cytoplasmic leaflets
of the ER membrane due to preservation
of the original transmembrane domain
(McLauchlan et al, 2002). The cytoplas-
mic leaflets become distended with accu-
mulated lipid between two membrane leaf-
lecs. The core protein diffuses freely and
is transferred along with part of the ER
membrane to the surface of a nascent lipid

dropler before the droplet buds off the ER.
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Figura 10.2 (A) Confocal microscopic images of HepG2 cells transfected with the MCV core
(aa 1-191) cDNA. Cells were double stained with anti-core and anti-calregulin, ER marker, or
Mitotracker, mitochandrial marker. 8, d: core protein, b: calregulin, e: Mitotracker, ¢, f: overlay. (B)
Immunoelectron microscopy. Cells expressing the core protein (a, b, ¢) or nonexpressing cells
(d) were fixed and immunogaold labeled with anti-core. Gold particles were found at cytoplasmic
membranes (a, by and in the nucleus (a, ¢). Bars, 0.5 pm. This figure is reproduced in color in

the color section at the end of the book.

This model has recently been modified to
indicare that other membranes within the
ER network, such as mitochondrion-as-
sociated membranes, might be targeted
by the mature core protein (Schwer et al.,
2004).

Hydrophobic profiling (Figure 10.1)
and amino acid sequencing has identifted
three domains within the core protein

{Hope et al, 2000). An N-terminal half

domain of 118 residues contains clusters
of Lys and Arg residues, which are required
for nuclear localizarion of the core protein
and for binding to viral RNA as described
below. The 56-residue domain spanning
aa 119-174 has a few basic residues and
is more hydrophobic compared than the
N-terminal domain. The C-terminal 17-
residue domain (aa 175-191) is highly
hydrophobic and is predicred to have an
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alpha-helix structure. This feature is con-
sistent with its role as a signal peptide for
El protein. Interestingly, the HCV core
protein (p21) is much larger than favi- and
pesti-virus capsid proteins. Kunjin virus
and classieal swine fever virus, for example,
are approximarely 100 residues in lengeh
{Speight et al, 1989; Stark et al, 1993;
Rumenapf et al., 1993). Although signifi-
cant amino acid identity has not been ob-
served between the core protein of HCV
and the capsid proteins of other flavivirus-
es, their N-terminal regions are all rich in
basic residues and their C-terminal hydro-
phobic domains act as signal sequences for
the translocation of prM or E1 proteins.
A 56-residue domain-like region has also
been observed within the core sequence
of GB virus-B, which is closely related to
HCV, but not among other flavi- and pes-
tiviruses (Hope et al., 2002).

Murational analyses and immunos-
taining have shown that a considerable
lengeh of chis domain is indispensable for
the associations between the core protein
and ER membrane and lipid droplets to
oceur (Hope et al,, 2000; Okamoro et al.,
2004; Suzuki et al., 2005). Sequences in
the 56-residue domain required for lipid
droplet association also facilicate matura-
tion of the core protein (Hope et al., 2000).
Resules from our [aborarory have demon-
strated that a region spanning aa 112-152
of the core protein plays a key role in ER re-
tention of che mature core protein (Suzuki
et al., 2005). From examination of the sec-
ondary structure of the core prorein, a long
helical segment (aa 116-134) and two
shorr ct-helices (aa 146152, 22 155-159)
are predicted. It has been suggested that
an amphipathic alpha-helix spanning aa
116~134 may be required for association
of the core protein with the ER membrane.
A helical wheel plot of this region shows
an amphipathic structure with hydropho-

bic residues on one side and polar residues
on the other side of the oi-helix, which are
often observed in membrane-associated
proteins. This helical wheel conformation
might be important in directing the core
protein to the ER membrane.

Localizacion of a fraction of the core
proeein in the mitochondria of cultured
cells has been reported (Okuda et al., 2002,
Schwer et al, 2004; Suzuki et al,, 2005),
In addition, mitochondrial localization
has been observed in the transgenic mice,
following disruption of the bilayer struc-
ture of the mitochondrial membrane by
expression of the core protein (Moriya et
al., 1998; Moriya et al,, 2001). Subcellular
fracrionation and protease protection as-
says, as well as immunoelectron micros-
copy, have recently demonstrared localiza-
tion of the core protein to the mitochon-
drial outer membrane (Schwer ef al,, 2004;
Suzuki et al., 2005).

Translocation of nuciear-encoded
mitochondrial proteins usually depends
on N-terminal sequences, known as mi-
tochondrial eargeting sequences (Neupert,
1997}, However, a significant proportion
of mitochondrial proteins lack these N-ter-
minal mitochondrial-targeting sequences.
Specifically, a number of outer membrane
proteins do not have cleavable sequences at
their N-terminus, rather, chey are targeted
to mitochondria by means of internal or
C-terminal signals (Mihara, 2000). There
is some controversy regarding the identity
of which sequence is responsible for tar-
geting the core protein to the mitochon-
dria, based on results from two groups of
researchers. Through fusion experiments
with green fluorescent protein, a short
stretch extending from aa 149-158 within
the C-terminal hydrophobic region of the
core protein, has been observed to play a
role in mitochondrial targeting (Schwer et
al., 2004). However, another study based



on a2 similar approach has identified a 41-
residue region extending from aa 112152
as the sequence responsible for association
between the core protein and mirochon-
dria (Suzuki et al., 2005). This 41-residue
region is same as that required for associa-
tion of the core protein with the ER mem-
brane, as mentioned above. This might
suggest that the mature core protein moves
freely within the ER network, which might
include mitochondria enveloped by cyto-
plasmic extensions of the ER membrane,
after which the core protein might translo-
cate to the mitochondrial surface.
Although eukaryotic proteins which
target the ER and mitochondria generally
have different signal sequences and follow
distinct transport routes, recent evidence
suggests that chimeric signals for bimodal
targeting mighe exist, as suggested by the
behavior of the core protein. For example,
cytochrome P4502E1 (CYP2EL), which
has been implicated in cellular pathology
and roxicity related to oxidative stress, is
able to lecalize to both the ER and mi-
tochondria. The lasc 29 residues of the
CYP2E1 N-terminal encode a purtative
transmembrane anchor domain respon-
sible for rargeting the ER, while 2 sequence
extending from aa 21-31 might represent
a mitochondrial targeting signal activated
by cAMP-dependent phosphorylation at
Ser-129 of the protein (Robin et al., 2002).
Activation of the mitochondrial signal has
been associated with increased efficiency of
assaciation between the target protein and
cytoplasmic chaperones and/eor mitochon-
drial translocases. HCV core protein can
be phosphorylated, probably by cellular
protein kinase A and C, as described below
(Lu et al., 2002). It has been suggested that
phosphorylatien of the core protein might
be required for some of its biological activ-
ity. Thus, it would be useful to investigate
wherher post-translational modification,
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such as protein phosphorylation, might
mediate ER/mitochondria localization of
the core protein.

The known association between HCV
core protein and the mitochondrial mem-
brane suggests that the core protein has
the ability to modulate mitochondrial
function, presumably, at least in part, by
altering permeability of the mitochondrial
membrane. The core protein induces the
production of cellular reactive oxygen spe-
cies (ROS) in the livers of transgenic mice
and in cell lines expressing the protein
(Moriya et al,, 2001). ROS, predominantly
generated in the mitochondria, induce
genetic mutations and act as secondary
messengers to regulare a variety of cellular
functions, including gene expression and
proliferation (Adler e al, 1999). Alchough
the exact molecular mechanism by which
the core protein induces ROS production
has not been determined, HCV core pro-
tein is known ro impair the mitochondrial
electron transfer syscem (Moriya et al,
2001}. The core protein may also modulate
apoptosis, since mitochondria play a major
role in regulating programmed cell death.
Expression of HCV proteins, including
the core pratein, suppresses the release of
cytochrome ¢ from mitochondria to the cy-
toplasm in HCV-transgenic mice, thus in-
hibiting Fas-mediated apoptosis (Machida
et al,, 2001).

Finally, in addition to its association
with the cytoplasmic membrane, nuclear
localization of the core protein has been
observed in cultured cells over-expressing
the protein, as well as in liver tissue isolated
from patients with hepacitis C (Falcon et
al., 2003) and in transgenic mice (Moriya
et al, 1998). Although three-dimensional
structural data regarding the core protein is
lacking, studies using a series of monoclo-
nal antibodies have shown that cyroplas-
mic and nuclear forms of the core protein
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are recognized by distinet antibodies, sug-
gesting that cytoplasmic and nuclear forms
of the core protein have different tertiary
structures { Yasui et al,, 1998).

The N-terminal half of the core pro-
tein contains three nuclear localization
signal sequences, which are composed of
three stretches of sequences rich in basic
residues (Suzuki et al.,, 1995; Suzuki et al.,
1996; Figure 10.1). C-terminal truncared
versions of the core protein, such as that
encoded by aa 1-152, are known tolocalize
exclusively to the nucleus, suggesting that
the hydrophobic region of the C-terminal
might deterrnine whether the core protein
[ocalizes to the nucleus or cycoplasm.

In general, the NLS sequences fall
into one of two distinct classes rermed
monopartite NLSs, containing a single
cluster of basic residues, and bipartite
INLSs, comprising ewo basic clusrers sepa-
rated by an unconserved spacer sequence
of variable length. The conventional NLSs
are recognized by the same recepror protein
termed importin or karyopherin (reviewed
in Damelin et al, 2002; Weis, 2002).
Importin 0. contains cthe NLS-binding sire,
and importin [ docks importin-substrate
complexes to the cytoplasmic Alaments of
a nuclear pore complex. Thus, importin ¢
functions as an adaptor between the bona
fide import recepror and the NLS-carrying
protein,

All three NLS motifs of the core pro-
tein are able to bind to importin ¢, and
at least two NLS motifs are required for
efficient nuclear distribution of the core
protein. It appeats that murations of two
of the three NLS morifs (double mutant
proteins) decrease the ability of the core
protein to bind importin 0. These obser-
vations suggest that NLS motifs wichin
the core protein have a bipartite funcrion
and binding between double mutants and
importin o leads to little, or no, active

translocation of the core protein into the
nucleus. Double mutants may also block
subsequent interactions with importin
B1 GTPase Ran, and/or N'TF2/p10, all
of which are required for translocation
through nuclear pore complexes.

Crystallographic studies of the strue-
tural basis of the NLS recognition by im-
portin O, have shown that the two basic
residue cluscers of bipartite NLSs occupy
separate binding sites on importin o. In
contrast, monopartite NLSs can bind ro
the same sites but primarily use the bind-
ing sice for the C-terminal basic cluster
of the bipareite NLSs, which is known as
the major NLS binding site on importin
o (Conti et al., 1998; Fontes et al,, 2000).
An importin ¢ variant containing a muea-
tion in its major binding site has shown a
decreased ability co bind both monopartite
and bipartite NLSs. Another importin o
variant with a mutation in its minor bind-
ing site, has shown a decreased ability to
bind bipartite NLS-containing proteins,
making importin o nonfunctional i1 vive
{Leung et al, 2003). Thus, we favor a
model in which the core protein bipartite
NLS, composed of any two of the three
basic clusters, occupies both major and mi-
not binding sites on importin ¢, resulting
in efficient nuclear translocation. Importin
O may be equally accessible to all clusters
given their close proximity to one another,
as well as the distinct conformational flex-
ibiliey of the approximartely 70-residue N-
terminal region of the core protein.

A proteasome activator, PA28Y, has
been implicated in nuclear localization of
the core protein. Yeast two-hybrid screen-
ing has identifted PA28Y as the core-bind-
ing protein. PA28Y specifically interacts
with the core protein in cultured eells, as
well as in the livers of transgenic mice and
hepatitis C patients. Interacrion of the core
protein with PA287plays an important role



in retention of the core protein, especially
the C-terminal truncated form, in the nu-
cleus (Motiishi et al., 2003). A yeast model
systemn has shown a requirement for small
GTPase Ran/Gsplp acrivity mediated by
Kap123p, for nuclear transport of the core
protein, however, neither importin 0. nor
importin } are (Isoyama et al.,, 2002).
Thus, multiple functional domains
within the core protein appear to play a
role in its subeellular localizacion, which
might ultimately depend on the balance
achieved between competing signals.

Possible post-

translational modification

The cote protein can be phosphorylated in
insect cells (Lanford et al., 1993), reticulo-
eyte lysates (Shih et al, 1995), and mam-
malian cells (Lu et al., 2002}. Possible sires
of phosphorylation include Ser-53, -93, -
96, and -116 of the core protein (Shih et
al., 1995), and the basal phosphorylated
residues have been identified as Ser-53 and
-116 (Lu et al., 2002). Cellular protein ki-
nase A (PKA) and C (PKC) are presum-
ably responsible for their phosphorylation
since acrivation of PKA and PKC enhances
phasphorylation, while inhibition of PKA
and PKC negates this effect (Shih et al.,
1995; Lu et al, 2002). Results from mu-
tational analyses suggest that phosphoryla-
tion at Ser-116 may regulate nuclear local-
ization of the core protein {Lu et al., 2002).
Phosphorylation of the core protein might
also be required for its biological activ-
ity, including inhibition of replicarion and
gene expression of hepacitis B virus (Shih
et al., 1995).

The core protein is a substrate of tissue
transglutaminase (Lu et al, 2001), which
catalyzes caleium-dependent acyl trans-
fer reactions between the Y-carboxamide
groups of Gln residues and the g-amino
groups of Lys residues within peptides, re-
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sulting in the formation of a gamma-gluta-
myl-£-lysine isopeptide bond (Lorand et al.,
1984; Greenberg et al., 1991). Presumably,
a primary function of the core protein
is formation of the viral nucleocapsid.
Indeed, the core protein has been observed
to form dimers and multimers (Baumert et
al., 1998; Nolandt ef al, 1997; Kunkel et
al., 2001; Matsumoto et al., 1996). A small
fraction of the core dimer is highly seable
and resistane to denaturation and reduction
by SDS and B-mercaptoethanol (Lu et 4l,
2001). A porential role for tissue transglu-
taminase in core protein dimer formation
has been proposed, based on the results
of induction and inhibition experiments.
Also, post-translational modification of
the core protein by tissue transglutaminase
has been observed to generate multimers in
vitro (Lu et al,, 2001).

The ubiquitin-proteasome pathway is
the major route by which selective protein
degradation occurs in eukaryotic cells and
is now emerging as an essential mechanism
of cellular regulation (reviewed in Hershko
et al., 1998; Finley et al,, 2004). This pach-
way is also involved in the post-transiation-
al regulation of the core protein. The core
protein is unseable in cells when expressed
as the C-terminal rruncared forms such as
aa 1-173 (21 kDa) and 1-152 (17 kDa)
(Suzuki et al., 2001; Moriishi et al., 2003).
Specific inhibitors of the 205 proteasome
stabilize these short-lived forms of the core
protein, suggesting that the proteasome
machinery is responsible for their degrada-
tion. By contrast, the full-length form of
the core protein (aa 1-191) is long-lived
and its life is only minimally prolonged
by trearment with proteasome inhibitors.
Although both C-terminal truncated and
full-length forms of the core protein can
be ubiquitylated, only conjugation of C-
terminal truncated forms to form multin-
biquitin chains has been observed. The
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predominant stable form of the core pro-
tein links to a single or only a few ubiquitin
maoieties,

The homopolymeric muldubiquitin
chain, which links multiple ubiquitin mol-
ecules through isopeptide bonds between
Lys-48 and Gly-76, is a signal for target-
ing various substrates to the proteasome.
Studies of structurally defined multiubig-
nitylated substrates have revealed that a
chain of four or longer is required for ef-
ficient proteasomal targeting (Thrower et
al., 2000). The same scenario has been sug-
gested for destabilization of the core pro-
tein. Differences in the stability of various
forms of the core protein depend on how
the ubiquitin chain is assembled, such as
tlie number of ubiquitin molecules conju-
gated to the core protein. Diversity in ubig-
uitin-chain assembly might result from
variations in the conformation of the core
protein. The conformation of C-termi-
nal truncated versions of the core protein
might favor multiubiguitylation. Although
more stable forms of the core protein are
recognized by the ubiquitin-conjugating
system, ubiquirylation ceases after only one
or a few cycles. This may be due to steric
constraints. Ir has been hypothesized that
the conformation of stable forms of the
cote protein might interfere with elonga-
tion of the ubiquitin chain.

Recently, a role for the core-binding
protein PA28Y in degradation of the core
procein has been suggested (Moriishi et al,
2003), Qverexpression of PA28Y promotes
proteolysis of the core protein. PA28Y
predominates in the nucleus and forms a
homopolymer, which associates with the
208 proteasome (Tanahashi et al, 1997),
thereby enhancing proteasomal activity
(Realini et al., 1957). Both nuclear reten-
tion and core protein stability are regulated
via a PA28Y-dependent pathway.

‘The biological significance of ubiquity-

lation of the core protein is not well under-

stood. In eukaryotic cells, targeted protein
degradation is inereasingly understood to
be an important mechanism by which cells
regulate levels of specific proteins, and
thereby regulate their function. Presumably,
the core protein plays a key role in viral
replication and parhogenesis since it forms
the viral particle and regulares a number
of host cell functions. Degradation of the
core protein by the ubiquitin-proteasome
pathway mighe result in downregulation of
viral assembly and/or inhibition of a2 num-
ber of intracellular processes mediared by
the core protein.

Viral assembly

A crucial function of the core protein is
assembly of the viral nucleocapsid. Mow-
ever, the molecular mechanism by which
this occurs is still uncertain. In addition
to mature, enveloped HCV virions {Kaito
et al., 1994; Kanto et al., 1994), nonenvel-
oped nucleocapsid-like particles and viral
structures expressing the core protein on
their surface are present in the plasma of
HCV-infected patients (Takahashi et al,
1992; Tshida et al., 2001; Maillard et al,
2001). Thus, in spite of an internal com-
ponent of infectious particles, the HCV
nucleocapsid may be a feature of the viral
morphogenesis and be released from the
cells. Nucleocapsid-like particles obtained
from patient plasma are spherical parti-
cles, 33~-40 nm in diameter, with a buoy-
ant density of 1.22-1.25 g/ml in sucrose
density gradients (Ishida et al, 2001) or
those with 38—43 or 54—62 nm appeared
at 1.32-1.34 g/ml in CsCl (Malliad et al.,
2001). They have similar morphology and
physicochemical properties to HCV nu-
cleocapsids isolated by detergent treatment
of putative virions.

Several expression systems have been
used to investigate HCV capsid assembly
using mammalian, insect, yeast, bacteria,
and reticulocyte lysates, as well as puri-




fied recombinant proteins (Baumett et al.,
1998; Falcon et al, 1999; Shimizu et al,
1996; Kunkel et al,, 2001; Lorenzo ef al,
2001; Acosta-Rivero ef al., 2001; Kunkel
et al, 2002; Acosta-Rivero ef al, 2003;
Blanchard et al,, 2003; Majeau et al.,, 2004;
Klein et al., 2004). The results suggest that
immunogenic nucleocapsid-like particles
are heterologous in size and range from 30
to 80 nm in diameter. The N-termina) half
of the core protein is important for nu-
cleocapsid formation (Kunkel et al., 2001;
Majeau et al., 2004; Klein et al., 2004).
Assembly of the nucleocapsid does not
require presence of the viral envelope or
nonstructural proteins. In addition, HCV
capsid formation occurs in the presence or
absence of ER-derived membrane, which
supports cleavage of the signal peptide ac
the C-terminus (Klein et al., 2004).
Nucleocapsid assembly generally in-
volves oligomerization of the capsid pro-
tein and encapsidarion of genomic RINA.
In fact, study of a recombinant mature
core protein has shown it to exist as a [arge
multimer in solurion under physiological
conditions, wichin which stable secondary
structures have been observed (IQunkel et
al., 2004). There is conflicting data regard-
ing the sequence responsible for self-inter-
action of the core protein. Srudies using
yeast two-hybrid systems have identified
a potential homotypic interaction domain
within the N-terminal region of the core
protein (aa 1-115 or—122), with particular
emphasis on the region encompassing aa
82-102 (Matsumoto et al., 1996; Nolandt
et al., 1997). However, more recent stud-
ies have identified two C-terminal regions,
extending from aa 123-191 and 125-
179, as responsible for self-interaction.
Furthermore, Pro substitution within chese
C-terminal regions has been observed to
abolish core protein self-interaction (Yan
et al,, 1998, Kunkel et al., 2004). Circular
dichroism spectroscopy has further shown
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that a Trp-rich region spanning aa 76—113
is largely solvent-exposed and unlikely to
play a role in multimerization (Kunke] et
al., 2004).

Once a HCV nucleocapsid is formed
in the cytoplasm, it acquires an envelope as
it buds through intracellular membranes.
Interactions between the core protein and
E1/E2 envelope proteins are thought to
determine viral morphology. Expression
of HCV structural proteins using recom-
binant virus vectors has succeeded in gen-
erating virus-like particles with similar
ultrastrucrural properties to HCV virions.
Packaging of these HCV-like particles into
intracellular vesicles as a result of budding
from the ER has been noted (Baumert et
al., 1998; Ezelle et al,, 2002; Clayton et al.,
2002). Mapping seudies to determine the
nature of interaction between core and E1
proteins have demonstrated the impor-
tance of C-terminal regions in this interac-
tion (Lo et al,, 1996; Ma et al., 2002). Since
corresponding sequences are not well con-
served among various HCV isolates, in-
teractions between core and E1 proceins
might depend more on hydrophobicity
than specific sequences.

The core protein is highly basic, es-
pecially its N-terminal half. Therefore,
the protein may encapsulate the viral ge-
nome within che nucleocapsid and/or
associate with RNA in infected cells.
Interactions between the core protein and
homologous and heterologous RINA have
been analyzed. The results of an in vitro
North-Western analysis suggests that the
core protein binds to ribosomes and the
5’ untranslated region (5" UTR)} of viral
genomic RNA, regardless of the specific
RINA sequences involved (Santolini et al.,
1994; Hwang et al., 1995; Fan et al., 1999).
By contrast, an in vivo system has been
used to show preferential interaction be-
tween the core protein and positive-sense

viral RNA containing the 5° UTR and
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pare of the structural protein coding region
(Shimoike et al., 1999). A study employing
surface plasmon resonance technology has
demonstrated selective binding between
the core protein and synthetic oligonucle-
otides corresponding to the 5 UTR, as
well as short homopolymeric oligomers. In
addition, it has been shown that the core
protein has strong affinity for the stem-—
loop 111d domain of the 5 UTR and for
(G)-rich sequences (Tanaka et al, 2000).
Formation of HCV nucleocapsid-like par-
ticles by purified core protein occurs in the
presence of full-length or parrial 5" UTR
RINA, but not in the absence of nucleic
acids, indicating that interaction between
the core protein and RNA is essential
for HCV assembly (Kunkel et al., 2001).
Recently, the core protein has been report-
ed to have nucleic acid chaperone activity
(Cristofari et al., 2004). The core protein
enhanees hybridization of complementary
DINA and RNA sequences, and allows the
formation of stable structures by strand
exchange. The core protein also mediates
dimerization of viral positive-stranded 3’
UTR RNA

In addition to the importance of core-
RNA interactions for virion formation,
these interactions are also thought to regu-
late 5° UTR internal ribosome entry site
(IRES)-mediated viral cranslation, which is
required for the initiation of cap-indepen-
dent translation. It has been shown that the
cote protein down-regulates HCV transla-
tion through inreracrions with viral IRES
RNA (Shimoike ¢t al, 1999). Although
a conflicting report has suggested that in-
hibition of HCV translarion is due to an
RNA-RNA interaction, rather than an
interaction between RINA and the core
prorein (Wang ct al,, 2000), later studies
support the role of a core protein sequence
spanning a1 34-44 in inhibition of viral
translation through its interaction with

IRES (Zhang et al., 2002). Furthermore,
the N-terminal 20 residues of the core pro-
tein have been shown to selectively inhibir
translation mediated by HCV IRES in 2
cell type-specific manner (Li et al., 2003).
This implies that the core protein might
contribute to virus persistence by main-
taining a low level of HCV replication and
expression.

Future perspectives

Although progress is being made in un-
derstanding biosynthesis and biochemi-
cal properties of the HCV core protein,
a number of questions remain regarding
its maturation and morphogenesis into
the viral nucleocapsid. The development
of subgenomic- and full-length replicons
has greatly contribured to our knowledge
regarding the molecular biclogy of HCV.
However, cells expressing HCV replicons
do not support virion formation, includ-
ing the nucleocapsid assembly. There is
particular need for the development of
an improved cell cufture system, by which
HCV virions can be efficiently produced

and released.
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