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Hepatitis B virus infected cells produce, in addition to virions, non-
infectous particles composed of the major viral coat protein, hepatitis B
surface antigen (HBsAg), and lipid. These particles are stabilized by
extensive disulphide crosslinking. Cellular expression of HBsAg leads to
its secretion as particles indistinguishable from those found in sera of
infected patients. The assembly of these particles was classically be-
lieved to occur entirely in the endoplasmic reticulum (ER). This was pa-
radoxical since the ER contains a high concentration of protein di-
sulphide isomerase (PDI) which should resolve such extensive linkages.

HBsAg biosynthesis was studied using a stably transfected cell
line. Kinetic studies showed that disulphide linked dimers begin to form
during or immediately after the polypeptide synthesis. Their concentra-
tion increases rapidly until a peak at one hour after the initial synthe-
sis, and then decreases monotonically as the dimers are crosslinked to
higher oligomers. Several immunocytochemical techniques in combina-
tion with biochemical studies demonstrate that HBsAg is sorted rapidly
after its dimerization in the ER to a morphologically and functionally
distinct post-ER, pre-Golgi compartment in which the assembly is comp-
leted. This compartment excludes lumenal ER proteins and Golgi pro-
teins. It was shown to be discontinuous with the ER. Two established
intermediate compartment proteins, rab2 and the 72 kD KDEL-binding
protein, colocalize to this compartment.

The exit from the ER was shown to be a requirement for the as-
sembly, and the incubation of purified HBsAg particles with recombi-
nant PDI led to the disassembly of highly crosslinked mature HBsAg
multimers to dimers. This indicates that the PDI exclusion may be a
condition for particle assembly.

Stereological analysis of electron microscopy data provided the
first quantitation of an intermediate compartment, demonstrating that
this compartment is a major and dynamic element of the secretory
pathway.

Keywords: Endoplasmic reticulum, hepatitis B surface antigen, inter-
mediate compartment, lipoprotein assembly; protein sorting, and secre-
tory pathway.

A.-P. J. Huovila, European Molecular Biology Laboratory, Meyerhofstr. 1,
D-6900 Heidelberg, Germany.



ABBREVIATIONS

B-COP, B-coatomer protein

BFA, brefeldin A

BiP, heavy chain binding protein, binding protein
CGN, cis-Golgi network

C-terminal, carboxy-terminal

DHBYV, duck hepatitis B virus

ER, endoplasmic reticulum

GRP, glucose regulated protein

GSHV, ground squirrel hepatitis B virus

HA, hemagglutinin '
HBcAg, hepatitis B core antigen

HBsAg, hepatitis B surface antigen

HBV, hepatitis B virus

HHBV, heron hepatitis B virus

HIV, human immunodeficiency virus

ICG, intracisternal granule

KDEL, lysine-aspartate-glutamate-leucine-COOH
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ORF-S, open reading frame S (of HBV genome)
PCR, polymerase chain reaction

PDI, protein disulphide isomerase

PHC, primary hepatocellular carcinoma

RV, rubellavirus

SDS, sodium dodecyl sulphate
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TCR, T cell receptor

TGN, trans-Golgi network

TRAP, T cell receptor associated protein
vWE, von Willebrand factor

VSV, vesicular stomatitis virus
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WHV, woodchuck hepatitis yvirus
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1. INTRODUCTION

Hepatitis B virus (HBV) is the major cause of chronic liver
disease in man, infecting presently more than 250 million people
(Sherker & Marion, 1991; Slagle et al., 1992). The most common
course of primary HBV infection results in acute hepatitis B, an
illness characterized by hepatocellular necrosis and and inflamma-
tory responses, with severity varying from mild to fulminant. An
estimated 5-10 % of HBV infected individuals develop a persistent,
usually lifelong infection with complete virions or the viral surface
antigen remaining in the circulation for decades (Beasley et al.,
1981; Ganem & Varmus, 1987). Recent results obtained by poly-
merase chain reaction (PCR) methodology suggest that HBV infection
may persist in a much greater percentage of people (Rogler, 1991).
While persistent HBV infection is often associated with histologically
and functionally normal or almost normal liver, sometimes it is
accompanied by chronic persistent hepatitis B or chronic active
hepatitis B. Chronic active hepatitis B is more severe and often
progresses to cirrhosis, while chronic persistent hepatitis B is not
progressive. In addition to chronic hepatitis B, persistent HBV
infection is associated with development of one of the most common
cancers, primary hepatocellular carcinoma (PHC; Beasley & Hwang,
1984). In comparison to age-matched noncarriers, chronic HBV car-
riers are at a 200-fold greater risk of developing PHC (Beasley et al.,
1981). HBV s, in fact, second in importance only to tobacco as a
known human carcinogen (Tiollais & Buendia, 1991). An estimated
1-2 million deaths due to severe hepatitis, cirrhosis, or PHC are
attributed to HBV infection yearly (Sherker & Marion, 1991).



HBV is the type virus of the family hepadnaviridae
(hepatotropic DNA viruses). In addition to HBV, the family comprises
three other well characterized viruses, woodchuck hepatitis virus
(WHV: Summers et al., 1978), ground squirrel hepatitis B virus
(GSHV; Marion et al., 1980), and duck hepatitis B virus (DHBV;
Mason et al., 1980). Other HBV-like viruses which infect herons
(Sprengel et al., 1988), tree squirrels (Feitelson et al., 1986) and
kangaroos (Cossart & Keirnan, 1984), have been reported. The four
well studied hepadnaviruses show a relative hepatotropism (hence
the family name) and a remarkable species specificity. For example,
HBV infects only humans and other higher primates. No hepadna-
viruses infecting conventional non-primate laboratory animals have
been identified.

HBV is a small (42 nm) enveloped virus consisting of a
nucleoprotein core containing a small (3200 bp), partially double
stranded relaxed circular DNA genome (the smallest known animal
virus DNA genome) (Dane et al.,, 1970; Tiollais et al., 1985). This is
surrounded by a 27 nm T=3 icosahedral capsid composed of a core
protein, hepatitis B core antigen (HBcAg) (C.-H. von Bonsdorff, M.
Nassal, and S. Fuller, manuscript in preparation) The nucleocapsid is
surrounded by an envelope in which the main protein component is
hepatitis B surface antigen (HBsAg) (reviewed by Ganem, 1991).

One of the unique features of hepadnaviral infection is that
in addition to the virions, the infected cells produce and secrete non-
infectious lipoprotein particles composed only of HBsAg and lipid of
host cell origin (Ganem, 1991; Ganem & Varmus, 1987). In all other
viral infections the envelope proteins remain associated with the
bilayer until interactions with other viral components trigger the
budding step. This ensures that viral envelope proteins never exit
the cell without enveloping the nucleocapsid. In contrast, noninfec-
tious HBsAg particles are present in sera of infected patients at very
high concentrations, exceeding that of the virus by up to a million
fold. Production of these particles is conserved in the hepadnavirus
family, suggesting an -important role in viral pathogenesis. One
proposed function of HBsAg particles is to provide immunological
decoys which protect the infective viruses against the host immune
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system, and so effect the horizontal spread of the infection in the
liver (Ganem, 1991).

The main reasons for the wide interest in HBsAg particles
are their strong antigenicity and the capability to induce a protec-
tive immune response. They form the basis of effective vaccines
against hepatitis B itself (McAleer et al., 1984; Szmuness et al., 1980;
Valenzuela et al.,, 1982; Wampler et al.,, 1985). The strong immuno-
genicity of these particles has raised the exciting possibility that
they could serve as carriers for other antigens and hence for
vaccination against other pathogens. In some cases this approach has
produced encouraging results. Epitopes of human pathogens such as
Plasmodium falciparum (a malaria parasite), human immunodefi-
ciency virus (HIV) and poliovirus have been reported to produce
antibody response when expressed on chimeric HBsAg particles
(Delpeyroux et al., 1986; Michel et al., 1988; Michel et al., 1990;
Rutgers et al., 1988). However, in other cases this approach has
failed, perhaps because of inadequate understanding of HBsAg
maturation and assembly.

To gain a better understanding of the events that lead to
HBsAg lipoprotein particle assembly and of the environment of the
cellular compartments in which they occur, the intracellular distri-
bution of HBsAg was studied by immunofluorescence, confocal and
immunoelectron microscopy, using different marker antibodies for
exocytic compartments. Kinetics of disulphide bond formation were
studied by pulse chase experiments to elucidate the role of
disulphide crosslinking in the assembly process. The results show
that HBsAg is transported to a compartment which is intermediate
between the ER and the Golgi on the secretory pathway, and that
disulphide linked oligomer formation precedes and overlaps the
extrusion of the particles into the lumen of this intermediate
compartment.
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2. REVIEW OF LITERATURE

2.1. HBsAg biosynthesis

HBsAg is encoded by the open reading frame S (ORF-S) of the HBV
genome (Fig. 1A). This frame contains three inframe translation ini-
tiation codons encoding, in addition to HBsAg, two larger proteins.
Initiation at the first AUG of ORF-S mRNA generates a 39 kD pre-S;
protein. The second AUG initiates the translation of 31 kD pre-S;
protein, and the third initiation codon gives rise to HBsAg (pre-S;,
pre-S2, and HBsAg are often called L, M, and S proteins,
respectively).

Both pre-S proteins contain the HBsAg sequence at their
carboxy terminus, and they differ by the length of the N-terminal
extension. Each of the proteins occurs in two isoforms which differ
by the presence or absence of N-glycosylation at the HBsAg domain
(reviewed by Ganem & Varmus, 1987). Pre-S; is present in virions,
but not significantly in HBsAg particles. It is essential for the virion
formation (Bruss & Ganem, 1991), and it may function in binding to
a host cell receptor. Pre-S; is present in both HBsAg particles and in
virions, but is not needed for the assembly or secretion of either
particle type.

All three proteins are translocated cotranslationally
through the ER membrane. They are translated independently in the
infected cells, and there is no precursor-product relationship
between them; frame shift or deletion mutations within pre-S region
do not affect HBsAg biosynthesis (Persing et al., 1985).
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Figure 1. Hepatitis B virus and related structures. A) Upper left: hepatitis B
virus. Lower left: the small and long forms of HBsAg particles. Upper right:
the four open reading frames of the HBV genome, which code for the core
antigen (HBcAg), an uncharacterized protein (here denoted with ?; also called
ORF-X), a DNA polymerase, and the surface antigen proteins (pre-Si, pre-S2,
and HBsAg). Lower right: the proteins cncodcd by ORF-S as seen on SDS-PAGE
and as related to the pre-S and S-genes of ORF-S. The black squares indicate
the N-glycosylation sites. - (From Peterson, 1987.) B) A cryo-electron micro-
graph showing surface antigen particles from ground squirrel serum. Both
the disk-like and tubular particles can be seen (indicated by arrowheads)
(Stephen Fuller, unpublished.) Bar=200 nm.
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relative molecular weights vary from 23 kD to 25 kD for the
nonglycosylated, and from 27 kD to 28 kD for the glycosylated
HBsAg). The amino acid sequence predicts three hydrophobic
regions, separated by two hydrophilic stretches. According to the
current view, both N- and C-termini of the transmembrane form of
HBsAg are on the lumenal side of the (ER) membrane (Eble et al.,
1987; Peterson, 1987). Thus, the HBsAg polypeptide as well as the
pre-S proteins must span the bilayer at least twice. This differs from
most viral envelope proteins which span the membrane only once.

The in vitro evidence indicates that the translocations are
mediated by the first and the second hydrophobic region (Eble et al.,
1987). The first (N-terminal) hydrophobic segment functions as an
uncleaved signal sequence (termed signal I) that initiates the chain
translocation across the ER membrane and thereby delivers the N-
terminus to the ER lumen (Eble et al., 1987). The second hydro-
phobic region (signal II, Eble et al., 1987) functions as an internal
signal sequence that inserts into the bilayer in an inverted orienta-
tion (N-terminal end facing the cytosol, C-terminal end the ER
lumen), translocating the C-terminal part of the protein to the ER
lumen. As a result, most of the hydrophilic region between signals I
and II is believed to reside in the cytosol. The C-terminal hydro-
phobic segment may be predominantly lumenal (Eble et al., 1987),
or it may form an additional transmembrane helical hairpin (Eble et
al., 1987; Peterson, 1987), but this has not been confirmed experi-
mentally.

HBsAg particles occur in two distinct morphological forms:
22 nm diameter particles which appear spherical when negatively
stained for electron microscopy, and filamentous particles of varying
length and of the same diameter (Fig. 1.; Bayer et al., 1968; Dane et
al., 1970; Robinson & Lutwick, 1976). Cryo-electron microscopy of
unstained small particles in vitrified water reveals that they are
disk-like (S. Fuller, unpublished data, Fig. 1B). The small particles
are the major form of HBsAg in infected sera. They are the only
form of HBsAg particles which has been extensively studied. In this
thesis HBsAg particles refer to the small 22 nm particles.
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HBsAg particles isolated from HBV infected sera are
complex macromolecular assemblies having a molecular weight of 2-
4 x 106 daltons (Dreesman et al., 1972; Kim & Tilles, 1973) and a
buoyant density of about 1.20 (reported buoyant densities range
from 1.18 to 1.21). They contain 75 % (w/w) protein and 25 % (w/w)
host derived lipid, and carbohydrate (Gavilanes et al., 1982;
Peterson et al.,1987). One particle contains approximately 100
HBsAg polypeptides (Aggerbeck & Peterson, 1985; Peterson, 1987).
The major lipid classes in the particles are phospholipids (67 % by
weight), free cholesterol (15 %), and cholesterol esters (14 %). The
major phospholipid is phosphatidylcholine (Gavilanes et al., 1982).
The carbohydrate is in the form of N-linked oligosaccharides on
glycosylated HBsAg. Although the high cholesterol content is not
consistent with particle maturation in the ER, it is possible that it
reflects exchange of lipids after the particle formation.

The low lipid/protein ratio in HBsAg particles and the
behavior of the particles at high pH suggest that the maturation
pathway involves substantial reorganization of the host lipid, and
that the proteins are not simply embedded in a conventional
vesicle-like structure (Ganem & Varmus, 1987; Simon et al., 1988).
An interesting feature of HBsAg particles which makes them unique
among lipoproteins, is that their structure is stabilized by extensive
disulphide crosslinking. This is essential for the antigenicity and
immunogenicity of the particles (Imai et al., 1974; Peterson et al.,
1987; Sukeno et al., 1972; Vyas et al., 1972). All of the 14 cysteines
have been reported to be involved in disulphide bonds (Peterson et
al.,, 1987). They are remarkably conserved in the primary structure
of all the studied hepadnaviral surface antigens (11 out of 14 are
conserved in the mammalian proteins, Fig. 2), suggesting an es-
sential role for cysteines in the tertiary and quaternary structure of
the surface antigen complexes.

The assembly process of HBsAg is now understood in some
detail. The possibility of expressing HBV DNA in cell cultures and in
cell-free assays has provided much information on the biogenesis
and secretion of HBsAg particles. Cultured cells which are trans-
fected with the coding region for HBsAg, assemble and secrete par-
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ticles which are morphologically and biochemically indistinguishable
from those in the sera of infected patients (Crowley et al., 1983;
Dubois et al.,, 1980; Liu et al., 1982; Moriarty et al., 1981; Patzer et
al.,, 1986; Patzer et al.,, 1984; Simon et al.,, 1988). This indicates that
HBsAg assembles independently of other viral products. Thus, all of
the information required for the cells to carry out the particle
assembly and secretion resides within the HBsAg coding region of
ORF-S.

Eble et al. (1986) demonstrated that in a cell-free transla-
tion system HBsAg is initially synthesized as a trans-membrane
polypeptide that spans the membrane at least twice, and it was
subsequently shown that this is the initial synthesis product in
cultured cells (Simon et al., 1988). This transmembrane form was
susceptible to protease digestion from the cytosolic side and
resistant to alkaline carbonate extraction. Within an hour, the pro-
tein was converted to a protease resistant form. This protease
resistance was interpreted to reflect a substantial conformational
change and/or aggregation in the membrane. The protease resistant
HBsAg was still integrally associated with the membrane as judged
by the alkaline carbonate treatment. The protein became carbonate
extractable with a half time which was very similar to that for the
particle secretion. Carbonate extractability did not represent a
conversion of HBsAg to a soluble form as such, but rather reflected
the extrusion or budding of mature HBsAg particles into the lumen
of the budding compartment. The authors concluded that the rate
limiting step in the export process was the particle assembly in the
membrane.

A fraction of the newly synthesized HBsAg is N-glycosy-
lated cotranslationally in the ER lumen. All of the oligosaccharides on
the secreted HBsAg particles in infected sera or in cell culture media
are of the N-linked complex type, indicating transport through the
Golgi complex before the secretion. Secretion was inhibited by
monensin, also suggesting transport via the Golgi. However, all the
detectable glycones on intracellular HBsAg were shown to be of the
high mannose type (Patzer et al.,, 1984). Hence the rate limiting step
in the particle formation must occur prior to medial Golgi. Electron
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microscopy of HBsAg in infected or stably transfected cells revealed
particles in the lumen of smooth intracellular membranes (Gerber et
al., 1974; Gerber et al., 1972; Patzer et al.,, 1986; Shibayama et al.,
1984), which have been interpreted as elements of the ER. These
data are supported by the observation that no HBsAg colocalized
with the lectin wheat germ agglutinin (WGA) within the HBsAg
expressing cells (Patzer et al., 1986).

These studies have contributed to the classical view of the
biogenesis of HBsAg particles. This model holds that the entire
assembly process takes place in the ER, and that mature HBsAg
particles are rapidly transported through the Golgi and secreted
(reviewed by Ganem & Varmus, 1987 and Ganem, 1991). This model
is largely based on morphological and immunocytochemical obser-
vations. Unfortunately, specific markers for the ER had not been
used in immunocytochemical studies. The data on which the model
was based indicate that HBsAg spends virtually all of its intracellu-
lar life time in compartment(s) upstream of the medial Golgi,
probably proximal to the entire Golgi complex. The events occurring
before or during the transport from the ER to the Golgi comprise the
rate limiting step in the particle biosynthesis.

The classical view equates pre-Golgi and the ER, but several
lines of recent biochemical and microscopy evidence support the
existence of an intermediate compartment between the classical ER
and the classical Golgi (Lippincott-Schwartz et al.,, 1990; Lodish et al.,
1987; Saraste & Kuismanen, 1984; Saraste & Svensson, 1991;
Schweitzer et al., 1988, 1990, 1991a). It has been suggested that
oligomerization of some viral proteins may indeed occur in this com-
partment (Schweitzer et al., 1990; Tooze et al.,, 1988). The possibility
that HBsAg might assemble in such a compartment has not been
addressed. Thus, understanding the early steps in the secretory
pathway is important for understanding HBsAg biosynthesis.
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2.2. Protein synthesis and assembly in the secretory
pathway

Proteins to be targeted for secretion in eukaryotic cells,
such as HBsAg, are transported by bulk flow along the secretory
pathway, an endomembrane system consisting of successive com-
partments between which the vectorial traffic is thought to be
mediated by transport vesicles (Kelly, 1985; Palade, 1975). The first
compartment in the secretory pathway is the ER from which the
newly synthesized secretory proteins and the proteins destined for
plasma membrane or for the lysosomal system are transported to
the Golgi complex. The next station after the Golgi is the trans-Golgi
network (TGN, Griffiths & Simons, 1986). In the TGN, the proteins to
be directed to regulated or constitutive secretion and to the plasma
membrane, or to the prelysosomes and lysosomes, are sorted to the
vesicles mediating the corresponding transport.

Some proteins can be refolded without cellular factors after
denaturation in vitro. However, it is now well established that the
folding and assembly of most proteins is promoted by protein
factors in the living cell. Being the principal site of protein folding
and assembly in the secretory pathway, the ER contains a number of
enzymes for post-translational modifications, and proteins which are
thought to promote the folding and assembly by active catalytic
mechanisms or by acting as molecular chaperones. The ER is the
major secretory compartment hosting these cellular folding factors,
many of which belong to evolutionarily highly conserved protein
families (Gething & Sambrook, 1992; Schmid, 1991). The cytosol,
mitochondria, chloroplasts and the nucleus are the other cellular
compartments which contain molecular chaperones or enzymes
which catalyze the chemical reactions involved in the folding process
(“foldases”) (Gething & Sambrook, 1992).

2.2.1. Post-translational modifications in the endoplasmic
reticulum

The most important functions of the ER are to promote the correct
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folding and assembly of newly synthesized proteins, and to prevent
the secretion of incorrectly folded or assembled, or immature pro-
teins. Post-translational modifications that occur within the ER
include the cleavage of the signal sequence, N-glycosylation and
initial trimming of N-linked glycones, and cis-trans isomerization of
proline peptide bonds, as well as disulphide bond formation and
rearrangements.

In general, polypeptides which are translocated to the ER
lumen or inserted into the ER membrane, contain an N-terminal
signal sequence which interacts with the translocation apparatus at
the rough ER membrane. After the translocation of the N-terminal
part of the nascent polypeptide chain into the ER lumen, and often
before the translation is completed, the signal sequence is cleaved
by the ER signal peptidase (Blobel & Dobberstein, 1975). The
transfer of the core oligosaccharide from the lipid carrier to the
amido nitrogen of certain asparagine residues in the polypeptides
occurs at a very early stage of protein biosynthesis, as a rule co-
translationally (Kornfeld & Kornfeld, 1985).

Disulphide bond formation is a very common, early event
in protein folding in the ER. Disulphide bonds begin to form very
rapidly, often during translation, but the rearrangements of the non-
native disulphides to form the native disulphide complement is one
of the rate-limiting steps in the folding process (Freedman, 1984).

Isomerization of the peptide bonds between certain
prolines and the preceding residues is also a rate limiting step in
many cases of in vitro folding. Since the nascent polypeptides are
thought to be in all-trans configuration, and the final proline peptide
bonds are often in cis configuration, the cis-trans isomerization has
also been suggested to be an important step in protein folding in
vivo (Bruckner et al., 1981; Bruckner & Eikenberry, 1984; Schmid,
1991; Stewart et al., 1990). Various peptidyl-prolyl cis-trans
isomerases have been identified, and some of them reside in the ER
(Price et al., 1991; Stamnes et al., 1991).

HBsAg is an unusual secretory protein in that it does not
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have a cleavable N-terminal signal scquence. It does contain two
internal signal sequences, one of which is located near the N-
terminus. This signal directs the correct translocation of the N-
terminus into the ER lumen, but no proteolytic processing of HBsAg
occurs during its biosynthesis (Dubois et al., 1980; Laub et al., 1983;
Liu et al., 1982; Moriarty et al., 1981; Patzer et al., 1984,1986; Simon
et al.,, 1988). In contrast, other secreted proteins are generated by
proteolytic cleavage from a larger transmembrane precursor (e. g.,
transforming growth factors o and B (Derynck et al., 1986; Lee et al.,
1985), epidermal growth factor (Gray et al., 1983; Scott et al., 1983),
and polymeric Ig receptor (Mostov & Blobel, 1982).

N-glycosylation is an essential covalent modification neces-
sary for the correct folding of many glycoproteins (Paulson, 1989),
but not for all. For HBsAg folding or assembly, the N-glycosylation is
obviously not required. First, the majority of HBsAg is not glycosy-
lated. Secondly, the domain which contains the N-glycosylation site
(Asnl46; Fig. 1A, Fig. 2), can be replaced with heterologous domains
which are not glycosylated, without affecting the assembly or secre-
tion of HBsAg particles. This is also supported by the observation
that tunicamycin treatment does not inhibit HBsAg assembly or
secretion (Patzer et al., 1984). The HBsAg N-glycosylation site is
conserved in the mammalian hepadnaviruses, but the avian viruses
(DHBV, HHBV) lack the entire domain containing this site (Fig. 2).

The most remarkable feature of the mature HBsAg particles
is that their structure is stabilized by extensive disulphide cross-
linking. All 14 cysteine residues are reported to take part in
disulphide bonds (Peterson, 1987; Peterson et al., 1987), which
indicates the importance of the disulphide rearrangements during
the assembly process. Our knowledge of disulphide bond formation
is based on soluble monomeric proteins, but its role in the bio-
synthesis of large multimeric complexes, such as the HBsAg partic-
les, has not been described in any detail.
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2.2.2. Disulphide bond formation in the secretory
pathway

Current understanding of the contribution of disulphide bonds to
protein stability is fragmentary. The role of disulphides in small
peptides such as somatostatin analoques is relatively well under-
stood: the disulphide bonds restrict the set of solution conforma-
tions, hence increasing the effective concentration of the bioactive,
native conformer (Veber et al., 1979). From this it might be
expected that disulphide bonds stabilize the structure of folded
proteins by providing a physical constraint to unfolding. However, it
is generally assumed that the basis of structural stabilization by
crosslinks is in its effect on the unfolded, not the native state. By de-
creasing the degrees of freedom available to the unfolded state,
crosslinks decrease the amount of entropy which can be gained in
the unfolding reaction. Since the increase in polypeptide chain
entropy is the predominant destabilizing component of the free
energy of stabilization, disulphide crosslinking is expected to shift
the unfolding equilibrium towards the native folded state (Wetzel,
1987). Although this appears to be true in most cases it is not
strictly correct. In some cases the stability provided by crosslinks is
not that expected from their entropic effects on the unfolded state
(Creighton, 1988).

To form a disulphide bond the two participating cysteine
residues must have their o-carbons within 4 - 9 A, the distance
between the paired sulphur atoms must be about 2.05 A, and the
peptide backbone has to be in a proper orientation to allow the
bonds between the side chain atoms to assume the proper con-
formation (Creighton, 1984; Creighton, 1988). Thus the formation of
disulphide bonds is determined largely by the protein conformation.
Once formed, the disulphides stabilize the conformation that brought
them together. The conformation of a disulphide bridge is defined
by five dihedral angles formed by the bonds between the side chain
atoms. Each of the five bond rotations can be in a favorable or an
unfavorable, i.e., low or high energy, conformation for the crosslink
stability. The bonds, however, do not have to be of optimal low
energy geometry. Disulphides of relatively high dihedral energy can
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still be quite effective at imparting the increased stability of the
protein structure; disulphide bonds in some naturally occurring pro-
teins exist in high energy conformation with dihedral strain energies
ranging from 0.5 to 4.8 kcal mol-! (Katz & Kossiakoff, 1986). These
energies would be expected to counteract any positive contributions
of disulphide bonds, such as the chain entropy effect, to the free
energy of protein structure stabilization. This destabilizing effect
must be significant, since it is of a similar magnitude to the chain
entropy contribution of disulphide crosslinks. Hence, disulphides can
manifest high energy dihedral angles as well as unfavorable non-
bonded interactions (Katz & Kossiakoff, 1986).

Relatively little is known about disulphide bond formation
in living cells. Most of our knowledge is based on in vitro studies on
refolding and reoxidation of denatured, reduced proteins (reviewed
in Creighton, 1984; Freedman, 1984; Freedman & Hillson, 1980). /n
vivo experiments have produced information about the timing and
intracellular localization of disulphide formation. Studies with some
secretory proteins have shown that in eukaryotic cells the
disulphide pairing takes place at early stages of biosynthesis, during
the translocation of the nascent chain to the ER or shortly after the
translocation, while the newly synthesized polypeptide is within the
ER (Bergman & Kuehl, 1979a,b; Braakman et al., 1991; Bruckner et
al., 1981; Peters & Davidson, 1982).

The full complement of native disulphide bonds is not
formed directly. The classical view (Creighton, 1984; Creighton et al.,
1980; Freedman, 1984) states that protein folding follows kinetically
and thermodynamically defined pathways with a defined set of
intermediates containing non-native disulphides. The native
disulphide bond configuration, which corresponds to thermodyna-
mically most stable protein conformation, or to the most stable con-
formation which is kinetically accessible, is formed after a series of
rearrangements, formation and breakage, of non-native disulphide
bonds. These rearrangements occur very slowly in vitro. The reac-
tions in the ER are accelerated by protein disulphide isomerase (PDI,
EC 5.3.4.1), an abundant soluble protein which resides in the ER
lumen of higher eukaryotic cells, catalyzing the formation, the
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reduction, and the isomerization of disulphide bonds (Freedman,
1984).

It has been demonstrated that PDI does not change the
pathway of this rate-limiting process in the folding of disulphide-
containing proteins in vitro. Rather, it catalyses thiol/disulphide
interchange in proteins, thus accelerating the formation of the
native, lowest energy set of disulphide bonds in the ER (Creighton et
al., 1980; Freedman, 1984). Bulleid & Freedman (1988) showed that
PDI depleted microsomes were defective in cotranslational di-
sulphide bond formation. Reconstitution of the microsomes with PDI
restored the catalyzing properties. This study demonstrated that PDI
is indeed required for correct folding and disulphide pairing during
protein biosynthesis. The correct disulphides are formed rapidly in
the cells, whereas the uncatalyzed process in vitro is very slow
(Freedman, 1984). For example, refolding of reduced rat serum
albumin takes hours in vitro, while in living cells the native con-
formation with 17 correct intramolecular disulphide bonds is formed
within 2 minutes of polypeptide synthesis (Peters & Davidson, 1982;
Peters & Reed, 1980). Care must be taken when the in vitro re-
folding data is extrapolated to a biological situation. However, the
study of Braakman et al. (1992) demonstrated that when the fully
folded, newly synthesized influenza hemagglutinin (HA) polypep-
tides are reduced and denatured in the ER, they regain efficiently
the correct native structure after removal of the reducing agent
from the cell culture, indicating that at least for this protein the in
vitro data are biologically relevant.

Newly synthesized proteins which fail to fold correctly,
have been demonstrated to form aggregates containing aberrant di-
sulphide linkages that are retained in the ER, and are eventually
degraded (Gibson et al.,, 1979; Hurtley & Helenius, 1989; Marquardt
& Helenius, 1992). Another example of disulphide linked aggregate
formation in the ER are the intracisternal granules (ICGs), originally
described by Palade (1956). Secretory proteins can be sorted, within
the ER, by condensation into these large complexes (Tooze et al.,
1989). The assembly of ICGs is associated with the exclusion of
resident ER proteins, notably PDI. The exclusion of PDI is especially



24

interesting, since these complexes are heavily crosslinked by
disulphides. Formation of the crosslinks was proposed to be a
consequence of the absence of PDI which otherwise would dissolve
these linkages. Eventually the ICGs are autophagosomally degraded.
The assembly mechanism of ICGs is obviously different from that of
HBsAg particles, but it indicates that such large disulphide
crosslinked multimeric complexes may not be stable in the presence
of PDI.

Aggregation in the ER is not restricted to irreversibly mis-
folded proteins. It has been demonstrated that during the normal
folding process some polypeptides form transient complexes which
contain intermolecular disulphide bridges (Doms et al.,, 1989; Kim &
Arvan, 1991). Clearly, proteins can form large aggregates in the ER,
but they are not stable within that compartment. Indeed, no
structurally stable large disulphide crosslinked complex other from
the HBsAg has been suggested to form within the ER.

Although the ER evidently is the primary site of disulphide
bond formation in the secretory pathway, there are examples of
disulphide crosslinking outside the ER. The final assembly of
immunoglobulins A and M, and crosslinking of mucins seem to occur
at later stages of secretion, and covalent aggregation of fibronectin
may occur at the plasma membrane (reviewed in Freedman &
Hillson, 1980). The best characterized example of such post-ER
crosslinking is the biosynthesis of von Willebrand factor (vVWF;
Wagner, 1990). This glycoprotein which functions in blood vessel
injury repair, in hemostasis, and probably in promoting endothelial
cell adhesion on blood vessel walls, is found in plasma as a series of
disulphide crosslinked multimers of a single subunit. The large
multimers form in trans- or post-Golgi compartments. Interestingly,
VWF dimerizes in the ER, and only the correctly assembled dimers
are transported from this compartment.

The observation that HBsAg particles are extensively
crosslinked raises a question since the HBsAg assembly is classically
believed to occur in the ER, and hence in the presence of a high
levels of PDI which should not allow the formation of such
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crosslinked complexes. No other large disulphide linked aggregates
are known to be stable in the ER. They are formed later in the secre-
tory pathway or, as in the case of ICGs, after the exclusion of PDI.

2.2.3. Molecular chaperones

Misfolding and irreversible aggregation are often a major problem
with folding experiments in vitro. In cells, on the other hand, usually
more than 95 % of newly synthesized wild type polypeptides fold to
their correct, native three-dimensional structure (Gething et al.,
1986). In the ER the efficiency and fidelity of folding and assembly
are achieved by the action of enzymatic catalysts such as PDI, and of
the chaperone-like function of at least three resident ER proteins ,
BiP (heavy chain binding protein, also known as GRP78), GRP94 and
CD-w/TRAP. Molecular chaperones (Ellis & Hemmingsen, 1989; Ellis
& van der Vies, 1991), also called polypeptide chain binding
proteins (Rothman, 1989), are defined as cellular proteins that
mediate the correct folding of other proteins and their assembly to
oligomeric structures, but that are not themselves components of the
final structures. The chaperones do not appear to posses steric
information for the assembly. They have been suggested to function
by inhibiting unproductive assembly pathways, which would
otherwise act as dead-end kinetic traps (Gatenby & Ellis, 1990).
Thus the molecular chaperone concept supports the self-assembly
hypothesis, which Gatenby & Ellis (1990) extended by introducing
the concept of assisted self-assembly.

Folding and assembly intermediates of several proteins
have been isolated in complexes with BiP (Bole et al., 1986; Doms et
al.,, 1987; Gething et al.,, 1986; Kim & Arvan, 1991; Machamer et al.,
1990; Ng et al.,, 1989). BiP, a resident soluble ER protein, is thought
to stabilize unfolded and partially folded polypeptides and to
prevent inappropriate intra- and interchain interactions (Pelham,
1989). BiP is related to the heat shock protein family HSP70. The
HSP70 proteins in the cytosol have been shown to assist protein
folding and assembly, and mediate the targeting of cytosolic proteins
for lysosomal degradation (Beckman et al., 1990; Chiang et al., 1989;
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Sheffield et al., 1990). The ER also contains an HSP90 analogue,
GRP94, also known as ERp99 and endoplasmin (Koch et al.,, 1988;
Lewis et al., 1985; Macer & Koch, 1988; Mazzarella & Green, 1987).
It was recently reported to associate with unassembled immuno-
globulin heavy and light chains (Melnick et al., 1991). During the T
cell receptor (TCR) assembly, no association between BiP and
unassembled TCR subunits has been observed, but another protein,
CD-w or TRAP (TCR Associated Protein), has been shown to bind to
the subunits transiently in the ER prior to the assembly (Alarcon et
al.,, 1988; Bonifacino et al., 1988).

While the enzymes which catalyze the rate-limiting reac-
tions (PDI and peptidyl-prolyl cis-trans isomerases), accelerate
protein folding, the molecular chaperones are not folding catalysts
by kinetic criteria. They help the folding and assembly by trapping
folding intermediates and preventing their non-specific aggregation.
Hence, the chaperones slow down the overall folding rate, but
increase the yield of correctly folded proteins.

2.2.4. Quality control in the endoplasmic reticulum

Although the folding and assembly in the ER are generally
very efficient, a fraction of newly synthesized polypeptides misfold
and aggregate irreversibly (Marquardt & Helenius, 1992). An
important function of the ER is to prevent the exit of these incorrect
proteins and so to prevent potential damage caused by the transport
of defective products. The concept of this quality control (Hurtley &
Helenius, 1989) indicates that only properly folded and assembled
proteins are allowed to exit the ER and continue their way along the
secretory pathway.

The mechanisms of quality control are poorly understood.
It is not known what structural properties of newly synthesized
polypeptides determine the transport incompetence and lead to
retention. Misfolded proteins are usually retained as aggregates, and
the aggregation has been suggested as one possible retention
mechanism (De Silva et al.,, 1990; Hurtley & Helenius, 1989; Rose &
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Doms, 1988). The aggregates might be retained by interactions with
a meshwork of resident ER proteins. This meshwork could either
restrict the diffusion of aggregates above a critical size, or it could
interact with misfolded proteins directly or with BiP bound to them
(De Silva et al.,, 1990). Weak interactions with such an “ER skeleton”
have also been suggested for retention of unassembled subunits and
assembly intermediates of protein oligomers (Hu & Tsou, 1991;
Hurtley & Helenius, 1989; Pfeffer & Rothman, 1987). Sitia et al.
(1990) suggested that exposed free cysteine thiols may have a role
in ER retention.

It is not known whether specific protein factors are
involved in the retention. BiP has been shown to bind stably to
misfolded proteins and it has been suggested to be involved in their
ER retention (Bole et al.,, 1986; Dorner et al., 1987, 1988; Hurtley et
al., 1989; Kassenbrock et al., 1988; Kozutsumi et al., 1988). BiP might
mediate this retention by virtue of its carboxy-terminal ER-
retention sequence (Munro & Pelham, 1987). The observation that
reduced BiP levels in the ER lead to the secretion of an improperly
folded mutant protein which normally is retained and associated
with BiP, indicates its role in protein retention (Dorner et al., 1988).
On the other hand, De Silva et al. (1990) have obtained evidence that
BiP is probably not involved in the retention of misfolded mutant G
protein of vesicular stomatitis virus (VSV).

De Silva et al. (1990) also demonstrated another interesting
feature of ER quality control function, showing that ER contains fac-
tors which catalyze the misfolding of an already folded and
transport-competent thermosensitive VSV-G protein mutant ts045.
This polypeptide folds correctly at permissive temperature but at
nonpermissive temperature it misfolds in the ER. However, after exit
from the ER, probably before reaching the Golgi complex, the protein
becomes thermostable, i. e., it does not misfold when the tempera-
ture is raised to a nonpermissive level. Interestingly, when the
already thermostable tsO45 in the Golgi was relocated back to the ER
by brefeldin A (BFA) treatment, it misfolded at the nonpermissive
temperature. In vitro experiments showed that this misfolding was
mediated by unidentified protein factors larger than 30 kD. Hence,
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an active unfolding mechanism may be associated with the quality
control system in the ER. This misfolding was independent of PDI
function and is very likely to be independent of BiP function.

Transport-incompetent proteins which are retained in the
ER are eventually degraded. The mechanism by which the retained
proteins are targeted for degradation, and how and where the
degradation takes place, remains undefined. It is now clear that
there are several pathways for the degradation of ER proteins, as
was proposed by Hurtley & Helenius (1989). Some resident ER pro-
teins, including cytochrome P-450, are degraded by autophagy, a
mechanism related to the lysosomal system (Masaki et al., 1987).
The breakdown of incompletely assembled or misfolded proteins has
been demonstrated to occur by an ER-related process which is
insensitive to all known drugs that prevent lysosomal proteolysis
(reviewed by Bonifacino & Lippincott-Schwartz,1991; Klausner &
Sitia, 1990). This proteolytic system remains poorly characterized.
One remarkable feature of this degradation which occurs with very
rapid kinetics, in contrast to autophagy, is its selectivity. Certain
newly synthesized abnormal proteins are degraded rapidly, whereas
others are more stable (Bonifacino & Lippincott-Schwartz, 1991). In
some cases there is a lag period between the polypeptide synthesis
and proteolysis, which was may represent a transport step from the
synthesis site to the degradation site (Lippincott-Schwartz et al.,
1988).

The exact location of ER-related protein breakdown is not
clear. The recent study of Tsao et al. (1992) elucidates this point.
These authors expressed two variants of a resident ER membrane
protein ribophorin I in cultured HeLa cells, a membrane bound form
and a soluble lumenal form. Both of were degraded relatively
rapidly after their synthesis. The membrane bound form was
degraded within the ER itself. The degradation of the soluble form
showed biphasic kinetics, with an initial breakdown identical to that
of the membrane bound form, followed by a transport to a post-ER,
pre-Golgi compartment where the final proteolysis took place.

These results support the model of Bonifacino & Lippincott-
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Schwartz (1991) who posit two alternative mechanisms. One type of
breakdown is proposed to involve sorting and delivery to a specific
region of the ER or to a closely related compartment. The final
breakdown of the soluble ribophorin appears to occur in agreement
of this suggestion, evidently taking place in a compartment distinct
from the ER. The alternative is selective degradation accomplished
by the recognition of specific determinants on proteins, mediating
the binding to a proteolytic complex within the ER, in analogy to
cytosolic ubiquitin system. Studies on the initial phase of ribophorin
variant breakdown seem to be consistent with this. The molecular
details of the degradative system are not known.

A mature HBsAg particle contains approximately 100
protein subunits, each of them with 14 cysteines which all are
involved in disulphide bonds. Hence about 700 correct disulphide
bonds must be formed during the particle maturation. Thus HBsAg
assembly should be a slow and complicated process and multimeric
disulphide linked assembly intermediates could be recognized by
the ER quality control system and at least to some extent degraded
in the ER. However, HBsAg is known to be assembled and secreted
very efficiently, albeit slowly, without significant proteolysis. Hence,
the possibility that HBsAg particles may assemble in a later
compartment should be considered.

2.3. Could HBsAg mature in an ER-Golgi intermediate
compartment?

Given the problems of HBsAg particle assembly in the ER,
and the observation that this assembly is likely to take place before
the Golgi complex, a relevant question is whether this assembly
process could occur in an intermediate compartment. Several lines of
morphological and biochemical evidence support the existence of a
post-ER, pre-Golgi compartment or compartments operating on the
secretory pathway. Saraste & Kuismanen (1984) showed that at 15°C
the transport of viral membrane glycoproteins from the ER to the
Golgi complex in BHK cells was blocked reversibly. The protein could
leave the ER but failed to enter the Golgi, accumulating in a distinct
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tubulovesicular compartment. Similar results have since been
obtained by a number of other investigators (Bonatti et al., 1989;
Lodish et al., 1987; Morré et al., 1989; Saraste & Svensson, 1991;
Schweitzer et al., 1990; Tartakoff, 1986; Vaux et al., 1990). Recently,
Schweitzer et al. (1991a) isolated an intermediate compartment with
properties different from the ER and the cis-Golgi, using a two-step
density gradient procedure. Interestingly, it has been suggested that
some viral proteins indeed oligomerize in this compartment
(Schweitzer et al., 1990; Tooze et al., 1988).

A number of cellular functions have been proposed to occur
in ER-Golgi intermediate compartments. One defining function is the
retrieval of ER proteins. ER contains several soluble proteins in its
lumen. These resident ER proteins, such as PDI, BiP and GRP94,
contain a common retention signal. This signal is the carboxy-
terminal tetrapeptide, which in animal cells is usually -Lys-Asp-Glu-
Leu (KDEL in one-letter amino acid code; Munro & Pelham, 1987;
Pelham, 1990; Pelham, 1989). It is thought to be recognized by a
membrane bound receptor that binds to the escaped ER proteins in a
post-ER  salvage compartment and returns them to the ER
(Lippincott-Schwartz ct al., 1990; Pclham, 1988; Pelham, 1989; Vaux
et al., 1990; Warren, 1987). The salvage compartment has been sug-
gested to be the same as the 159C compartment (Pelham, 1989; Vaux
et al., 1990). Schweitzer et al. (1991a) concluded from the studies of
MHC class I molecules (Cox et al., 1990; Nuchtern et al., 1989;
Yewdell & Bennink, 1989) that an ER-Golgi intermediate compart-
ment may be their site of interaction with exogenous antigens. The
first step in O-glycosylation of proteins, addition of N-acetylgalactos-
amine, has been suggested to occur in the same post-ER, pre-Golgi
compartment in which the budding of the viral particles takes place
in coronavirus infected cells (Tooze et al., 1988). Conversion of a
temperature sensitive mutant VSV-G protein to a thermostable form
has also been reported to occur in this 15°C compartment (De Silva
et al., 1990).

Other functions attributed to ER-Golgi intermediate com-
partment(s) are palmitoylation of proteins (Bonatti et al., 1989;
Rizzolo et al., 1985; Rizzolo & Kornfeld, 1988), the initial step in the
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formation of the lysosomal mannose-6-phosphate targeting signal,
which is the transfer of N-acetylglucosamine-1-phosphate from
UDP-N-glucosamine-1-phosphate to one or more mannose residues
on newly synthesized lysosomal enzyme precursors, and protein
degradation (Kornfeld & Mellman, 1989; Lazzarino & Gabel, 1988;
Pelham, 1988; Tsao et al., 1992).

Although often referred to as "the" intermediate compart-
ment, the diversity of the proposed functions leaves open the
possibility that this compartment is heterogeneous. In fact, Bonatti
et al. (1989) have demonstrated that protein palmitoylation takes
place in a compartment distal to the 15°C block but prior to the site
where mannosidase I trims oligosaccharides in cultured Vero cells.
Similar observation of Hobman et al. (1992) supports this. In
transfected CHO cells, the site at which the exocytic transport of
rubella virus (RV) E1 glycoprotein is arrested in the absence of RV
E2 protein, is the same as, or distal to the compartment in which RV
El is palmitoylated, but proximal to the 150C block. Thus, more than
one distinct compartment may operate in the region between the
classical ER and the classical Golgi. Furthermore, there seem to be
cell type specific differences in the organization of the early secre-
tory pathway.

The nomenclature of the secretory pathway from the ER to
the Golgi is somewhat confusing in the literature. The term cis-Golgi
network (CGN; originally cis-Golgi system, Huttner & Tooze, 1989)
refers to the whole system between the ER and the Golgi, including
the transitional region of the ER, the intermediate compartment(s)
and the cis-most face of the classical Golgi complex (Mellman &
Simons, 1992). Hauri and coworkers use the term ERGIC (ER-Golgi
Intermediate Compartment) for the proximal part of the Mellman-
Simons CGN, and define the CGN differently (Hauri & Schweizer,
1992; Schweitzer et al., 1991b). The most inclusive definition is that
of Rothman & Orci (1992) which equates the Golgi with everything
from transitional ER to TGN. In the following, any post-ER, pre-Golgi
component of the secretory pathway is denoted as an intermediate
compartment.
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There are now several markers for intermediate compart-
ments. As mentioned above, there is evidence for intermediate
compartment localization of UDP-N-acetylglucosamine:lysosomal
enzyme-N-acetylglucosaminc-1-phosphotransferase, the enzyme
responsible for the initial phosphorylation of newly synthesized
lysosomal enzymes (reviewed by Kornfeld & Mellman, 1989). The
recently identified 72 kD membrane protein, a mammalian KDEL-
receptor candidate, is concentrated in a compartment distinct from
both the ER and the Golgi (Vaux et al.,, 1990). A member of the low
molecular weight GTP binding protein family, rab2, which has been
suggested to play a role in transport from the intermediate
compartment, has been shown to be associated with an ER-Golgi
intermediate compartment (Chavrier et al.,, 1990). Also a 58 kD
glycoprotein (Saraste & Svensson, 1991), a 53 kD protein (pS3,
Schweitzer et al.,, 1988) and a 63 kD protein (p63, Schweitzer et al.,
1991b) of unknown function have been localized to this compart-
ment. The p63 has been suggested to be a stationary marker for the
intermediate compartment (Schweitzer et al., 1991b) whereas the
others seem to recycle in the secretory pathway, spending only a
fraction of the time in the compartment.

BFA is a fungal metabolite which has been shown to have
profound effects on protein secretion and on the distribution of Golgi
components. Also known as decumbin, cyanein, or ascotoxin, this
macrocyclic lactone is produced by a number of fungi the Peni-
cillium family. Takatsuki & Tamura (1985) reported that BFA
prevented the transport of newly synthesized G-protein of VSV to
the cell surface, causing the glycoprotein to accumulate in the cells
in endoglycosidase H sensitive form. This indicated that the trans-
port from the ER to the Golgi was perturbed. Subsequently, Fujiwara
et al. (1988) showed that the Golgi complex disappeared morpholo-
gically in the presence of BFA. Since then, all the characterized cis-
and medial Golgi marker proteins, and at least one trans-Golgi
enzyme have been shown to redistribute to the ER in the presence of
BFA, and to return to their normal location upon removal of the
drug. Sialyltransferase, a resident TGN enzyme, does not redistribute
into the ER during BFA treatment, suggesting that the TGN is a
separate compartment distinct from the Golgi and insensitive to BFA
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(Chege & Pfeffer, 1990). However, Ivessa et al. (1992) reported
recently that ribophorins I and II, resident transmembrane proteins
of rough ER, are exposed to TGN enzymes (i.e., sialylated) during BFA
treatment.

The earliest observed effect of BFA is a rapid redistribution
of two peripheral Golgi membrane proteins, B-coatomer protein (B-
COP) and a recently described 200 kD protein, from the membrane
to the cytoplasm (Donaldson et al., 1990; Narula et al.,, 1992). B8-COP
is homologous to clathrin adaptin B and a component of coatomers,
cytoplasmic protein complexes which form the coat of non-clathrin-
coated vesicles. These have been proposed to mediate the vesicular
transport between successive Golgi cisternae (Duden et al., 1991;
Waters et al., 1991). This effect precedes all the other observed
effects caused by BFA. The results obtained by Donaldson et al.
(1991) and Orci et al. (1991) led the authors to propose a model for
BFA action on the early secretory pathway. According to the model,
BFA prevents the assembly of non-clathrin-coated vesicles from
cytoplasmic precursors (coatomers), thus preventing the formation
of vesicles mediating the transport from the ER to the Golgi and
between the successive Golgi compartments. The anterograde trans-
port is blocked while the retrograde recycling pathway, which has
been suggested to occur via smooth non-coated tubules from Golgi to
the ER (Lippincott-Schwartz et al.,, 1990), continues and is even in-
duced by BFA.

The recent observations of the effects which BFA has on the
endosomal system and the TGN (Hunziker et al.,, 1991; Lippincott-
Schwartz et al., 1991; Wood et al.,, 1991) extend this model and
suggest a general mechanism for BFA's interaction with the
formation of coated transport vesicles at different steps of
intracellular vesicular traffic. This is supported by the observation
that BFA causes a rapid redistribution of coat proteins associated
with clathrin-coated vesicles which bud from the TGN (Robinson &
Kreis, 1992). Orci et al. (1991) have suggested that the "receptor” of
BFA is either a subunit of coatomers, coatomer binding site at the
(Golgi) membrane, or a factor that catalyses the assembly of coato-
mers to the coats. If this model is correct, BFA should not affect the
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distribution of the intermediatc compartment because the vesicular
export from the ER and from the intermediate compartment should
be blocked by the drug. Indeed, the distribution of intermediate
compartment markers has been reported to be insensitive to BFA
(Schweitzer et al., 1991b; Vaux et al., 1990).

2.4. Characterization of the Intermediate Compartment

A clear morphological description of the intermediate com-
partment is not yet established. This reflects the difficulties in
correlating the functional description of this compartment, as for
example the compartment involved in the salvage of ER proteins,
with morphological data. Two interesting questions are the size of
the compartment and whether it is physically continuous with the
classical ER. Uncertainty about these issues has led some authors
(Mellman & Simons, 1992) to describe the intermediate compart-
ment as a specialization of the ER and to difficulties in under-
standing its separate functional role. The biochemical characteriza-
tion of the HBsAg pathway in this work provided a basis for over-
coming previous problems with morphological characterization of
intermediate compartments. The aggregating intermediates of
HBsAg provide a morphological marker of an intermediate com-
partment which is depleted of ER components, and which is
functionally active since essentially all of the intracellular HBsAg is
eventually secreted. These intermediate compartment forms of
HBsAg are easily distinguished from the ER forms which do not
form aggregates. In this thesis, a combination of electron microscopy
immunocytochemistry and stereology have been used to provide the
first morphometric quantitation of an intermediate compartment.
The results show that this intermediate compartment is not only
discontinuous from the ER but is also a major element of the
secretory pathway.

2.5. Summary

The ER is an organelle with many important functions which make it
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unique amongst the cellular organelles. It is the entry site of newly
synthesized proteins to the secretory pathway, housing a set of
factors facilitating protein folding and assembly, and accomplishing
a series of post-translational modifications unique to this compart-
ment. It provides a quality control machinery which takes care that
only correctly folded and assembled proteins can be transported
further along the secretory pathway, thus acting as a checkpoint for
correct expression of genetic information at the protein structure
level.

The classical model of HBsAg biosynthesis localized the
entire assembly process to the ER. Although the mechanisms of the
ER quality control remain poorly understood, some criteria are
known. Large protein aggregates are not stable in the ER, and they
are eventually degraded in this compartment or by another proteo-
lytic system. The assembly of HBsAg particles is a slow process, and
thus the multimeric disulphide linked assembly intermediates could
be recognized by the quality control system and degraded. However,
HBsAg is known to assemble into the particles and to be secreted
efficiently. Further, the ER contains a high concentration of PDI
which catalyses thiol/disulphide exchange and hence could resolve
extensive crosslinks such as those present in HBsAg particles and it
might not allow the maturation of HBsAg. In fact, other charac-
terized large disulphide linked assemblies like VvWF form after
leaving the ER or, as in the case of ICGs, after exclusion of PDI within
the ER. Thus, it seemed unlikely that HBsAg maturation is completed
in the ER.
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3. AIMS THE PRESENT STUDY

The aim of this thesis is the definition the HBsAg maturation
pathway. The specific issues addressed are:

1) the classical hypothesis that HBsAg assembly occurs
entirely in the ER, which was tested by using specific ER markers;

2) the new hypothesis that an intermediate compartment
might play an important role in HBsAg assembly, which was exa-
mined by following the effect of drug treatments on the kinetics of
interchain disulphide bond formation and on intracellular distribu-
tion of HBsAg;

3) the importance of a special non-ER environment for
HBsAg assembly, which was tested by in vitro experiments in which
mature HBsAg particles were exposed to recombinant PDI;

4) the relationship of the intermediate compartment
involved in the assembly of HBsAg to other exocytic compartments,
which was studied by conventional and immunoelectron microscopy,
and by immunofluorescence.
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4. SUMMARY OF METHODS

All of the methods used in the present study are described in
Articles I and II. A brief summary of the relevant points is
presented here. Details of the drug and enzyme treatments are
described in Article I.

4.1. Cells

Stably transfected cell mouse L fibroblast cell line SV24 expressing
HBsAg subtype adw under the control of SV40 early promoter
(Simon et al.,, 1988) was a gift from Dr. Don Ganem (University of
California, San Francisco, CA). Sf9, a clonal isolate of Spodoptera
frugiperda IPLB-Sf21-AE cells, was a gift from Dr. Max Summers
(Center for Advanced Invertebrate Molecular Sciences, College
Station, TX). Rat-PDI-cDNA (obtained from Dr. George Banting,
University of Bristol) was cloned into pVL1393 expression vector,
and further inserted to the wild type Autographa californica poly-
hedrosis virus genome, and the Sf9 cells were infected with this
recombinant virus by Dr. Astrid Eder (EMBL, Heidelberg). Cells were
grown as described in Articles I and II.

4.2. Antibodies wused for immunocytochemistry and
biochemical experiments

The primary antibodies used in the present study are listed in the
Table 1. More detailed description of the antibodies can be found in



38

the references given in the table. The ER marker antibodies were
characterized by Western blotting against SV24 lysate and by
immunofluorescence on SV24 cells as described in Article I.

Table 1. Antibodies used in the study

Produced in! Obtained from/

Antibody (mc=monoc!,) 1g class A.g.ainsl2 reference

1D3 M (mc) G PDI Vaux et al., 1990

10C3 M (mc) G BiP Buck et al., in
prcparation

5D3 M (mc) M 72 kD3 Vaux et al., 1990

anti-ManlII R G ManlII4 B. Burke, Harvard
(Louvard et al.,
1981)

anti-KXs R G KDELS Buck et al,, in
preparation

anti-HBsAg R G HBsAg Calbiochem

anti-HBsAg Sh G HBsAg M. Nassal, ZMBH
(Behringwerke
#61WG20)

anti-HBsAg M (mc) G HBsAg Behringwerke

anti-rab2 R G rab2 M. Zerial, EMBL
(Chavrier et al.,
1990)

M3AS M (mc) G B-COP T. Kreis, EMBL
(Allan & Kreis,
1986)

IM=mouse, R=rabbit, Sh=sheep; 2for more detailed description see Articles I
and II; 372 kD KDEL-binding protein (Vaux et al., 1990); 4Golgi mannosidase II;
Sraised against a mixture of peptides having a gencral sequence KXXXXXKDEL,
where X positions were synthesized from a mixture of alanine, aspartic acid,
histidine, glutamine, leucine, tyrosine, and lysine.

4.3 Immunocytochemistry

Indirect double immunolabeling for conventional and confocal
fluorescence microscopy on SV24 cells was done as described in
Articles 1T and II. Normal fluorescence microscopy was done using
Zeiss Photomicroscope III and Zeiss Axiophot microscope with se-
lective filters for fluorescein, rhodamine and Hoechst 33258. Con-
focal microscopy was done with the modular laser scanning confocal
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microscope developed by the EMBL Light Microscopy Group, using a
single exitation wavelength (514 nm) and selective filters for
fluorescein and rhodamine.

SV24 cells were prepared for cryosectioning using standard
protocols (Green et al., 1981; Griffiths et al., 1984). Thin frozen
sections were cut using Reichert Ultracut 4E, Reichert FCS, and LKB
Nova ultramicrotomes with cryo-equipment, with a cryo-diamond
(Diatome) or tungsten coated glass knives prepared using LKB
Knifemaker II. The sections were thawed and double labeled using a
standard immuno-gold labeling procedure (Geuze et al.,, 1981), with
the modification that the blocking after the first protein A-gold was
done by incubating the sections on 1 % glutaraldehyde (Slot et al.,
1991).

4.4. Conventional electron microscopy and
morphometry

Conventional thin sections were cut from Epon embedded,
glutaraldehyde fixed, osmium tetroxide stained SV24 cell blocks
prepared using a standard protocol. The sections were placed on
non-coated grids and further contrasted with uranyl acetate and
lead citrate (Article II). Sections were examined with Philips 400
and Philips 400T transmission electron microscopes at 80 kV.

The quantitation of electron microscopy data was done
using standard stereological methods (Weibel, 1979; Article II).

4.5. Pulse chase and immunoprecipitation experiments

To study the time course of HBsAg secretion and intermolecular
disulphide bond formation, SV24 cells were pulse labeled with
radioactive methionine and after various chase times lysed in the
presence of 20 mM N-ethylmaleimide (NEM) to block free thiol
groups. HBsAg was immunoprecipitated from the culture media and
cell lysates as described in Article I. The secretion time course was
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measured as immunoprecipitable radioactivity in the culture media
as a function of time. Immunoprecipitated intracellular HBsAg was
quantitatively analysed from the digitized SDS-PAGE autoradio-
graphs (Article I). HBsAg aftcr PDI incubations was immunoprecipi-
tated and analysed as in pulse chase experiments, but the precipi-
tates were not subjected to extensive washing (Article I).

4.6. Digital image analysis

Autoradiographs from pulse chase and other experiments were
digitized by using a CCD camera and frame grabber into TIFF-format
files and analysed in Image 1.40 program (Article I).

The colocalization of the various antigens was analysed at the
immunofluorescence level using an algorithm introduced by Dr. Jean
Davoust (Humbert et al., submitted for publication) and imple-
mented as a series modules written in C by Dr. Stephen Fuller
(EMBL) for use with the Application Visualisation System (AVS,
Stardent Computer) on a Stardent 2000GS computer. Each pixel in
the original image consists of a red (R) and a green (G) intensity at a
position (X, Y). The analysis generates a two dimensional histogram
of the number of occurences of each pair of fluorescence intensity
values in the double fluorescence image. The pixels with intensities
R and G at all positions are added to the bin of the two dimensional
histogram at the position (R, G) to generate this occurence plot. The
occurence plot shows how often each combination of fluorescence
intensities occurs. Colocalization of red and green labels shows up as
a tilted line of while a lack of colocalization shows up as either a
vertical or horizontal line. Particular areas of the resulting occur-
rence graph are then selected and a new image composed to vi-
sualize different populations of pixels corresponding to given
fluorescence ratio (Article I) for example composing the image from
a vertical line of occurence values would reveal the locations of all
pixels in which the red and green intensities are not correlated.
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S. REVIEW OF THE RESULTS

5.1. Comparison of the alternative hypoteheses for
HBsAg assembly (Aims 3.1 and 3.2)

5.1.1. HBsAg particles assemble after the exit from the ER

Indirect immunofluorescence showed that a fraction of HBsAg in
SV24 cells was localized in a compartment which excluded soluble
resident ER proteins, often in the perinuclear region. Quantitation of
the three dimensional double fluorescence data obtained by confocal
laser scanning microscopy revealed two subpopulations of pixels.
The bulk of the pixels showed a relatively constant PDI to HBsAg
ratio, representing a localisation of HBsAg to the ER. The other
population consisted of pixels showing a strong HBsAg label but
negligible label for PDI. This subpopulation was well separated from
the bulk of the pixels, indicating a separate compartment rather
than a continuous variation of the label intensity corresponding to
either PDI or HBsAg. This argues strongly that a fraction of HBsAg is
localized to a compartment separate from the ER (Article I).

This was confirmed by electron microscopy of immuno-
labeled SV24 cryosections and conventional embedded SV24
sections (Article II). HBsAg was shown to be sorted to a smooth
membraned tubulovesicular compartment excluding the ER marker
proteins. Mature HBsAg particles could be seen in the lumen of this
compartment, whereas no particles could be seen in the ER,
confirming that the assembly of HBsAg particles occurs in this
compartment. No continuities between the membranes of the HBsAg



42

assembly compartment and the ER were observed. Ilence HBsAg
matures in a compartment which is distinct from and discontinuous
with the ER.

The temporal relationship between the occurrence of
HBsAg in the cellular regions excluding PDI and in the ER was
studied by blocking the protein synthesis with cycloheximide
(Article I). The relative fraction of HBsAg localized to the PDI
excluding regions increased during the cycloheximide chase,
indicating that the later stages of HBsAg maturation take place in a
post-ER compartment. After 90 min of cycloheximide treatment
HBsAg still colocalized with PDI, although to a lesser extent than at
the normal steady state. After 4 hours the colocalization of HBsAg
with PDI was negligible and after 6 hours essentially all HBsAg label
was found in the PDI excluding compartment while no HBsAg could
be detected in the ER. The PDI distribution and staining intensity
remained unchanged during the cycloheximide treatment. These
data show that HBsAg is transported from the ER to a post-ER
compartment, and that the rate limiting step in its secretion (i. e.,
the particle assembly) corresponds to the exit from the ER.

The relative volumes and surface to volume ratios of some
cellular compartments were estimated stereologically from electron
microscopy data (Article II). The intermediate compartment in
which HBsAg assembly occurs, occupied about 10 % of the total cell
volume (12 % of the cytoplasm). This was twice as much as the
relative volume of the ER. Surface to volume ratio of the interme-
diate compartment was about 5 times smaller than that of the ER,
similar to that of mitochondria, reflecting its tubulovesicular ap-
pearance.

5.1.2. Time course of the interchain disulphide formation

Intermolecular disulphide bond formation during the maturation
process was analyzed by pulse chase immunoprecipitation experi-
ments (Article I). SV24 cells were metabolically pulse-labeled,
chased for various times with an excess of cold methionine, and
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HBsAg was immunoprecipitated from the cell extracts and the
culture media, and analysed using SDS-PAGE under non-reducing
and reducing conditions. The gels were processed for autoradio-
graphy, digitized, and quantitated.

A fraction of HBsAg aggregated at very early chase times,
presumably reflecting the association of initially (reversibly)
misfolded proteins, in agreement with other studies (Doms et al.,
1989; Kim & Arvan, 1991). These aggregates were very rapidly
converted to monomers. The monomer concentration then decreased
monotonically. Disulphide linked dimers began to form during short
(2 min) pulses, and then increased until reaching a maximum at
approximately 60 minutes with concomitant decrease of monomers.
After this peak, the dimers decreased with corresponding increase
in crosslinked oligomers. Analysis of the reduced samples showed
that no HBsAg was subject to detectable proteolysis. Both the non-
glycosylated and glycosylated forms disappeared from the cells and
were secreted to the culture medium with identical rates.

The half-time for the secretion was approximately 2 hours.
HBsAg was secreted only in the particle form, in agreement with
other published studies (Dubois et al., 1980; Laub et al., 1983; Liu et
al., 1982; Moriarty et al., 1981). The lag between the formation of
dimers and the secretion of mature crosslinked particles indicates
that the oligomer crosslinks are formed from the disulphide linked
dimers with a half-time of roughly 1 hour.

5.2. Exit from the ER is required for the covalent
oligomerization of HBsAg: Possible role of PDI
exclusion (Aim 3.3)

The data discussed above do not tell whether the exit from the ER is
a requirement for the particle assembly. To address this question,
the time course of interchain disulphide bond formation was
followed in SV24 cells by pulse chase analysis in the presence of



44

BFA (Article I). In SV24 cells, BFA prevented the transport of HBsAg
from the ER to the maturation compartment (Article I). In BFA
treated cells, newly synthesized HBsAg dimerized with similar initial
kinetics as in non-treated cells. However, in the BIFA trcatcd cclls
disulphide linked dimers accumulated in the ER and did not
oligomerize further. Thus, the formation of oligomeric disulphide
crosslinks, and hence the particle formation, requires the exit from
the ER.

This observation suggests that the environment in the
intermediate compartment, which allows the oligomeric crosslinks to
form, is different from that in the ER. A potential factor contributing
to this could be the absence of PDI. The effect of PDI on the
oligomeric crosslinks was studied by incubating secreted HBsAg
particles isolated from SV24 culture medium with different con-
centrations of a lysate of PDI-overexpressing baculovirus-infected
Sf9 cells. Increasing the concentration of the lysate, i. e., the con-
centration of PDI, resulted in the conversion of crosslinked
oligomeric forms to dimers. This showed that the oligomeric
disulphide crosslinks are unstable in the presence of PDI, whereas
the dimer formation is promoted. No such increase was seen with
control lysates. This indicates that the absence of PDI from the
HBsAg assembly compartment may contribute to the process which
leads to the formation of mature disulphide stabilized particles.

5.3. Characteristics of the HBsAg assembly compartment

5.3.1. HBsAg assembly occurs in a pre-Golgi compartment

The mostly perinuclear localization of HBsAg which has left the ER
resembles that of the Golgi complex in many cell types. Hence a
relevant question was whether this compartment is indeed a part of
the Golgi apparatus. Patzer et al. (1984) have demonstrated that all
detectable oligosaccharides associated with intracellular HBsAg in
transfected CHO cells are sensitive to endoglycosidase H digestion.
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This was shown to be the case also in SV24 cells (Article I),
indicating that no intracellular HBsAg had yet encountered the
enzymes of the medial Golgi. Hence the HBsAg particles must form
prior to the medial Golgi.

The remaining possibility that the particles assemble in the
cis-Golgi could be readily tested with BFA. All the characterized cis-
and medial Golgi markers and, at least in some cell types, the trans-
Golgi enzymes have been shown to redistribute to the ER in the
presence of BFA. The same effect was seen in SV24 cells for the cis-
Golgi enzyme mannosidase II (Article I). However, BFA did not cause
HBsAg in the post-ER compartment to recycle back to the ER,
indicating that the HBsAg maturation compartment is not the cis-
Golgi (Article I). Double immunofluorescence using Golgi marker
antibodies together with anti-HBsAg on SV24 cells showed no
overlap between the two labels (Article II), confirming that the
maturation of HBsAg particles occurs in a pre-Golgi compartment.

552, Identity of the HBsAg maturation compartment

Double immunofluorescence on SV24 cells from which the
free cytoplasmic rab2 was removed, showed that a fraction of rab2
was localized in the maturation compartment (Article I). This was
confirmed by immunoelectron microscopy of double labeled cryo-
sections (Article II). This indicated that HBsAg matures in the com-
partment described by Chavrier et al. (1990).

The distribution of HBsAg in relation to the 72 kD KDEL-
binding protein was studied by immunofluorescence and electron
microscopy (Article II). In the double labeling experiments, an anti-
idiotypic monoclonal mouse antibody 5D3 was used together with
anti-HBsAg. The KDEL-binding protein was colocalized with HBsAg to
the maturation compartment similarly to rab2. This all suggests that
the intermediate compartment in which HBsAg matures corresponds
to the 150C compartment (Saraste & Kuismanen, 1984).
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6. DISCUSSION

HBsAg particle assembly was classically believed to occur entirely in
the ER. This had been based on EM morphology and to the
sensitivity of intracellular HBsAg to endoglycosidase H digestion.
Considering the recent advances in the cell biology of the secretory
pathway, this consensus view needed to be re-examined.

Studies of the biosynthesis of membrane and secretory
proteins have resulted in the concept of quality control (Hurtley &
Helenius, 1989). Although quality control is not yet completely un-
derstood, some of its basic characteristics at the ER level have been
cstablished. As a gencral rule, large aggrcgates are not stable in the
ER, but are dissolved, or are degraded protcolytically in thc¢ ER or in
another compartment. As discussed above, this could be true also for
the assembly intermediates of HBsAg if they formed in the ER.

The ER contains a high concentration of soluble enzyme PDI
(>1 mM; Gilbert, 1989; Vaux et al.,, 1990) which is an efficient
catalyst of thiol/disulphide exchange. Given that any other stable
disulphide crosslinked aggregates are not formed in the ER, and that
the exclusion of PDI has been proposed as a requirement for the
formation of crosslinked complexes (Tooze et al., 1989), the presence
of PDI may not allow the assembly of such extensively crosslinked
structures as HBsAg particles. These can be formed in later exocytic
compartments.

The endoglycosidase H sensitivity of intracellular HBsAg
might support its ER localization, but it is also consistent with the
possibility that the maturation takes place in a post-ER compart-
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ment, in the cis-Golgi or in an intermediate compartment. The
present study shows that transport from the ER precedes the
assembly of HBsAg particles, and that the assembly takes place in an
intermediate compartment located between the ER and the Golgi
complex in the secretory pathway.

6.1. Maturation pathway of HBsAg

The conversion of monomeric, transmembrane HBsAg to soluble
liporotein particles is an intricate series of events in which the
protein exploits specific properties of the constitutive secretory
pathway for its maturation. Extensive work by other laboratories
has resulted in a model which explains many details of the process
(reviewed by Ganem, 1991 and Ganem & Varmus, 1987). The model
localizes the rate-limiting stage in the maturation, the formation of
the particles and their extrusion from the membrane, to the ER. The
present study extends this model by providing evidence that the
rate-limiting step occurs in a post-ER, pre-Golgi compartment, and
by identifying the compartments in which the events occur more
precisely. It also elucidates the role of disulphide pairing in the
maturation process.

Nascent HBsAg is translocated to the ER membrane and a
fraction of newly synthesized HBsAg is N-glycosylated (Eble et al.,
1986; Simon et al., 1988). The pulse chase data indicates that within
2 minutes of synthesis, probably in part cotranslationally, the newly
synthesized polypeptides begin to form disulphide linked dimers in
the ER. As Hurtley & Helenius (1989) have pointed out, it is sterical-
ly impossible that dimers form between two nascent chains of the
size of HBsAg because of the spacing of ribosomes at the ER
membrane, but they may form between a nascent and an already
finished protein. Dimer formation is relatively rapid and the dimer
concentration increases until 60 minutes of the chase time, after
which the dimers begin to disappear with a corresponding increase
in disulphide linked higher oligomers (Article I). Interestingly, this
coincides with the conversion of HBsAg to a protease resistant form
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(Simon et al.,, 1988) which was proposed to reflect a remarkable
conformational change and/or aggregation in the membrane,

Immunofluorescence on cycloheximide treated SV24 cells
indicates that the bulk of HBsAg is segregated from the ER at the
time when dimers become the majority of the population (Article I).
BFA treatment of SV24 cells provides evidence that the dimers must
be transported out of the ER in order to form higher oligomers. In
the presence of BFA, HBsAg forms dimers with similar kinetics as in
non-treated cells, but the dimers accumulate in the ER and do not
further oligomerize (Article I). Double immunofluorescence (Article
I) and immunoelectron microscopy (Article II) show that HBsAg is
sorted to a compartment which excludes soluble ER proteins, such as
PDI or BiP. It has been demonstrated that the rate-limiting step in
the maturation process is the formation and extrusion of HBsAg
particles from the membrane (Patzer et al., 1984; Simon et al.,
1988). The cycloheximide data (Article I) show that this step takes
place in a post-ER compartment.

BFA does not change the distribution of HBsAg in this post-
ER compartment. Therefore the assembly compartment is located
before the Golgi complex in the constitutive secretory pathway
(Article I). This is consistent with endoglycosidase H sensitivity of
intracellular HBsAg-glycones (Patzer et al., 1984; Article (I)). A
fraction of rab2 is colocalized with HBsAg to this compartment,
verifying that the compartment is a part of the normal secretory
pathway (Articles I and II), presumably corresponding to the 159C
compartment.

The colocalization of the 72 kD KDEL binding protein raises
the possibility that this compartment may be the salvage compart-
ment (Article II). So far, two candidates for mammalian KDEL-
receptor have been suggested (Semenza et al., 1990; Vaux et al.,
1990) but the 72 kD protein is the only one which has been shown
to bind KDEL proteins (Vaux et al.,, 1990). Further characterization of
both candidates is required for the definitive conclusion about their
possible role in the retention of soluble ER proteins. The fact that the
IIBsAg maturation compartment must have a different lumenal en-



49

vironment from that of the ER (Article I) is consistent with the
proposal that the KDEL binding properties of the receptor may be
regulated by environmental factors (Vaux et al., 1990).

Simon et al. (1988) have reported that HBsAg is secreted as
disulphide stabilized lipoprotein particles with very similar kinetics
as it becomes alkaline carbonate extractable. HBsAg particles are
secreted rapidly, immediately after their extrusion into the lumen of
the maturation compartment. Hence the lag between dimer forma-
tion and particle secretion indicates that the rate-limiting step, the
formation of extensively disulphide crosslinked particles in the
inter-mediate compartment from the dimers formed in the ER,
occurs with a half time of roughly 60 minutes.

6.2. Role of disulphide bonds in the assembly

The present study discloses a relationship between HBsAg particle
maturation and disulphide bond formation by showing that highly
crosslinked oligomers are an intermediate in HBsAg assembly, but it
leaves open the question of whether the crosslinking is required for
the particle formation. HBsAg purified from recombinant yeast has
been shown to contain very few intermolecular disulphides (Hitze-
man et al.,, 1983; McAleer et al., 1984; Wampler et al., 1985), There-
fore it has been claimed that disulphides play no essential role in
the particle formation. When crude yeast extract was subjected to
velocity sedimentation through a sucrose gradient, HBsAg sedi-
mented at similar density to that of human plasma HBsAg. SDS-PAGE
analysis of these yeast aggregates under nonreducing conditions re-
vealed that they were assembled of monomeric and dimeric HBsAg.
During further immunoaffinity purification highly crosslinked
particles were formed (McAleer et al.,, 1984; Wampler et al., 1985),
presumably because the method includes elution of HBsAg with a
high concentration of thiocyanate which promotes interchain di-
sulphide formation.

Although HBsAg can be purified from yeast in a form
morphologically and physically similar to HBsAg secreted by animal
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cells, the process of their formation appears to be quite different.
Particles are not secreted by yeast but must be released by lysis and
then purified. Hitzeman et al. (1983) have proposed that the
resultant particles arc formed as a consequence of cell extraction.
Yeast cells may actually be defective in initiating the budding
process and hence these results do not speak to the normal pathway
of HBsAg assembly. Further support for this conclusion comes from
the recent work of Kuroda et al. (1991), who showed that the
expression of the large protein of ORF-S (pre-S;) results in the
formation of particles in yeast cells, although the expression of this
protein in mammalian cells blocks the secretion of all forms of
HBsAg (Persing et al., 1986).

Very recent results indicate that intermolecular disulphide
bond formation is required for HBsAg assembly. Mutation of any of
the cysteines C48, C65, or C69 of HBsAg (Fig. 2) prevents the the
particle assembly and secretion (C. Mangold, personal communica-
tion). We have analysed these mutants in transfected cells using
immunofluorescence, and the results show that the mutants are not
transported out of the ER and accumulate in that compartment (A.
Huovila, S. Fuller, C. Mangold, unpublished results). These mutants
do not form disulphide linked oligomers.

The formation of covalent dimers appears to be the first
step in the maturation process. In the presence of BFA the newly
synthesized monomers are converted to a stable population of
dimers but further oligomerization via crosslinks is blocked (Article
I). The transport of dimers from the ER allows this further matura-
tion. The incubation of mature crosslinked particles in the presence
of recombinant PDI results in the conversion of multimers to dimers,
which suggests that the free energy of dimer crosslinks is lower
than that of oligomer crosslinks. Hence PDI which catalyses the
formation of the lowest energy disulphide configuration, may not
allow the oligomerization of the dimers. Thus, exclusion of PDI may
contribute to the particle assembly but also other factors, such as
the concentration of HBsAg in the membrane, are obviously
important.
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Mishiro et al. (1980) have shown that disulphide linked
dimers may serve as building blocks for mature HBsAg. When these
authors incubated purified human HBsAg particles in the presence
of 1 % SDS, dimeric HBsAg was released. During a 2 hour incubation
only 2 % of the total HBsAg was released, but this suggests that
dimers may be basic structural components of HBsAg particles.
Interestingly, these dimers were very immunogenic and antigenic,
and it was concluded that the conformation maintained by dimers is
required for the full antigenicity of the particles. The present data
support the conclusion that the dimer formation is a prerequisite for
the transport out of the ER, and hence for the particle formation.
However, it is not possible to say whether the further oligomeriza-
tion is a condition of particle formation or a consequence of it. The
expression studies in yeast also indicate that the covalent dimer
formation precedes aggregation.

6.3. Quality control and the HBsAg assembly
compartment

The results represented in this thesis have implications for the
general concept of quality control. The hypothesis of quality control
posits that only properly disulphide linked and oligomerized
proteins will be allowed to leave the ER (Hurtley & Helenius, 1989).
This has been ably demonstrated for simple oligomeric proteins but
the case of HBsAg is more complex and the concept has to be
extended. The present data show that the initial properly disulphide
linked dimers clearly meet the quality control criteria for transport
competence at the ER level, and hence they can exit from the ER. A
separate quality control which prevents the further transport of
immature assembly intermediates must be maintained in the pre-
Golgi compartment where the final particle assembly takes place.
This quality control system takes care that only HBsAg in the form
of soluble lipoprotein particles can transit the Golgi complex and be
secreted.

A similar two-stage quality control seems to function in the
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biosynthesis of vWF, which is secreted by endothelial cells and
megakaryocytes into the circulation as a series of disulphide cross-
linked homo-oligomers. The first control step occurs at the level of
the ER, from which the protein is exported only after it has di-
merized, similarly to HBsAg. The next step occurs in trans- or post-
Golgi structures from which the mature crosslinked complexes are
formed prior to secretion (Wagner, 1990). In both cases the exit
from the ER precedes the formation of oligomeric disulphide cross-
links. HBsAg is not the first secretory protein suggested to form di-
sulphide bonds outside of the ER, but the present study provides the
first demonstration of the exit from the ER as a requirement for the
assembly of extensively disulphide crosslinked protein structures

6.4. The HBsAg assembly compartment and its relation
to other exocytic compartments

The data presented above support the model schematically
represented in Figure 3. In the ER, the dimers form rapidly in the
presence of PDI. Formed dimers are transported, presumably via
vesicular transport, to an intermediate compartment (IC) where the
different lumenal environment allows the dimers to aggregate
further to higher covalent oligomers. The host membrane proteins
are excluded from these aggregates, perhaps as a result of tight and
specific interaction between the dimers. It has been suggested that a
substantial reorganization of host lipid may be associated with the
particle formation, and that the lipid in the particles may not be in a
conventional bilayer (Ganem & Varmus, 1987; Simon et al.,, 1988;
Simon et al.,, 1988). After the extrusion to the IC lumen, the particles
are transported by bulk flow rapidly through the Golgi complex and
the TGN where the HBsAg associated glycones become endo-
glycosidase H resistant. After this the particles are secreted from the
cell.
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Figure 3. A model for HBsAg assembly along the secretory pathway. Newly
synthesized HBsAg is translocated from ribosomes to the ER membrane and
begins to form dimers. In the ER, HBsAg is transported to the transitional ele-
ments corresponding to the RV EIl transport arrest site (see the text) which is
continuous with the ER (hence, in this scheme the ER and the RV E1 com-
partment are represented as ER). Here the dimers are sorted into transport
vesicles which are targeted to the intermediate compartment (IC) where they
oligomerize and assemble into HBsAg particles. This intermediate compart-
ment is not continuous with the ER. Immediately after their extrusion to the
IC lumen, the particles are rapidly transported through the Golgi complex and
secreted. BFA prevents the transport of HBsAg from the ER to the IC and from
the IC to the Golgi complex.

The observations of Bonatti et al. (1989) and Hobman et al.
(1992) indicate the existence of more than one intermediate com-
partment. Hobman et al. (1992) showed that the RV El glycoprotein
accumulated in a compartment which lies on the secretory pathway
between the ER and the 150C compartment. This compartment was
distinguishable from the ER but physical continuities were de-
monstrated between the two, and lumenal ER proteins were shown
to have access to this compartment.

The intermediate compartment in which HBsAg particles
assemble is clearly distinct from the RV El1 compartment. HBsAg
maturation compartment is not continuous with the ER, and it ex-
cludes the lumenal ER proteins, as judged by immunofluorescence
and electron microscopy. The localization of rab2 and the 72 kD
KDEL binding protein to this compartment indicate that it is the
same as the 150C compartment (Chavrier et al., 1990; Vaux et al.,
1990). Hobman et al. (1992) suggested that the traffic from RV El
compartment to the 150C compartment is mediated by vesicular
traffic.
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The transport of HBsAg from ihe ER iv ihe assembly com-
partment was blocked by BFA (Article I), which is thought to
prevent the formation of non-clathrin coated vesicles mediating the
traffic from the ER to the Golgi. The RV El1 compartment, which is
hypertrophied in E1 overexpressing cells, has been suggested to
represent the transitional elements related to the exit sites of the ER
in normal cells (Hobman et al.,, 1992). Thus, the formation of
transport vesicles at this compartment is depicted as the target of
BFA action which prevents HBsAg from reaching its maturation
compartment. Because BFA did not change the distribution HBsAg
that had already reached the compartment, the exit from there,
presumed to occur via vesicle formation, must be another target for
BFA.

The exocytic traffic from the ER to the Golgi complex may
occur via two distinct post-ER, pre-Golgi compartments. One corres-
ponds to the RV EIl compartment and is continuous with the ER,
whereas the later station, corresponding to the HBsAg assembly
compartment, is both functionally distinct and physically discon-
tinuous with the ER. Because of the physical connection and appa-
rently similar lumenal environment, the ER and the RV El compart-
ment are represented as one (the ER) in Figure 3. The HBsAg
assembly compartment is linked to the preceding (RV EIl) and to the
next compartment (cis-Golgi) via vesicular traffic.

The stereological data presented here provides the first
quantitation of an intermediate compartment. The HBsAg matura-
tion occupies approximately one tenth of the total cell volume in
SV24 cells, about twice as much as the ER. This presumably reflects
the hypertrophy due to expression of HBsAg and its accumulation in
this compartment, which would be reminiscent of RV El compart-
ment in the El overexpressing cells. By its lower surface to volume
ratio and structure, this compartment resembles endosomal com-
partments also operating in protein traffic and sorting. These
characteristics reflect the dynamic nature of this compartment, and
the high level of membrane traffic through it.
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7. CONCLUSIONS

The classical HBsAg biosynthesis model left open the possi-
bility that the assembly takes place after the ER and before medial
Golgi. The recent developments in the biology of intracellular dyna-
mics have opened new views, both of organization and function of
the eukaryotic secretory pathway, providing circumstantial evidence
for post-ER assembly. In this context, the localization of the stages in
HBsAg maturation demanded reinvestigation. The results presented
in this thesis demonstrate that the later stages of the process in fact
occur after the exit from the ER, in an intermediate compartment
located between the ER and the Golgi complex. This work further
defines the model for HBsAg biosynthesis.

My main conclusions are:

1. HBsAg particles assemble after the exit from the ER, in an
intermediate compartment between, and distinct from, the ER and
the Golgi complex;

2. HBsAg particles do not mature in the ER, and hence the
transport from the ER is a requirement for the assembly;

3. the exclusion of PDI, which is retained in the ER, is required
for HBsAg maturation;

4. HBsAg assembly occurs in two stages: a rapid formation of
disulphide linked dimers in the ER, and a slower formation of higher
oligomeric crosslinks in the intermediate compartment;
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5. HBsAg assembly compartment is a functionally distinct
compartment which is connected to the preceding and to the
subsequent exocytic compartments via vesicle traffic;

6. "the" intermediate compartment is heterogeneous con-
taining at least one component in which HBsAg assembles, and
which is not continuous with either the ER or the Golgi.
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SELOSTUS

Hepatiitti B virus-infektoituneet maksasolut erittdvdt verenkiertoon
infektiivisten virusten lisdksi ei-infektiivisid partikkeleita, jotka
koostuvat viruksen pddasiallisesta vaippaproteiinista, hepatiitti B
pinta-antigeenista (HBsAg) ja isdntdsoluperdisestd lipidistd. Niiden
partikkelien rakenne on voimakkaasti stabiloitu disulfidi-ristisi-
doksilla. HBsAg-geenilld transfektoidut viljelmédsolut tuottavat ja
erittivit HBsAg-partikkeleita, jotka ovat identtisid potilassee-
rumeista eristettyjen partikkeleiden kanssa.

HBsAg-partikkeleiden on uskottu rakentuvan solun endo-
plasmakalvostossa (ER). Tdmid rakentumismalli osoittautui kyseen-
alaiseksi muun muassa siksi, etti ER sisdltdid runsaasti proteiini-
disulfidi-isomeraasia (PDI), jonka ldsndollessa voimakkaasti ristisi-
dottujen proteiinikompleksien muodostuminen vaikutti epidtoden-
ndkoiseltd.

Tdssd tyossi HBsAg:n biosynteesid tutkittiin transfektoidun
solulinjan avulla. Kineettinen analyysi osoitti, ettd disulfidisidottuja
dimeerejd alkoi muodostua polypeptiditranslaation kuluessa tai vi-
littomdsti sen jdlkeen. Dimeerit lisddntyivdt nopeasti, kunnes niiden
pitoisuus saavutti maksiminsa noin tunnin kuluttua polypeptidisyn-
teesistd, minkd jdlkeen niiden pitoisuus aleni tasaisesti korkeam-
pien oligomeerien muodostumisen myo6td. Useat immunohistoke-
mialliset ja biokemialliset kokeet osoittivat, etti dimeerinen HBsAg
kuljetetaan morfologisesti ja toiminnallisesti erilliseen solun osaan,
sekretorisella reitilli ER'n ja Golgin laitteen vilissd sijaitsevaan "vili-
osastoon". Tdmid osasto ei sisdlld ER:lle tai Golgille tyypillisid proteii-
neja, eividtkd sitd rajoittavat kalvot ole jatkuvia ER:n kalvojen
kanssa. Kahden viliosastoproteiinin paikantaminen tédhdn samaan
osastoon vahvisti edelld mainitut tulokset.

HBsAg:n poistuminen ER:std osoittautui partikkelien raken-
tumisen edellytykseksi. Lisdksi PDI hajoitti disulfidisidotut multi-
meerit dimeereiksi, osoittaen ettd PDI:n poissaolo HBsAg:n rakentu-
mispaikalta saattaa olla tidrked edellytys partikkelien muodostumi-
selle.

Elektronimikroskooppikuvien stereologinen analyysi osoitti
timdn osaston olevan kooltaan merkittivin ja dynaamisen sekre-
torisen reitin osan.
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