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ABSTRACT

Hepatitis B virus (HBV) is a small DNA virus of humans that produces acute

and chronic liver injury. One of the cardinal features of HBV infection is the

accumulation of large amounts of Hepatitis B surface antigen (HBSAg) in the

serum of infected individuals. The coding region (S) for the major polypeptides

of HBs.Ag is preceded by a large open reading frame that has been designated

presurface, or simply, pres. The preS reading frame is in-phase and contiguous

with the S reading frame; predicted protein products of the preS ORF would

consist of the domains encoded by the S region plus an additional 160 (preS1) or

55 (preS2) amino acids. We have identified and characterized the preS proteins

in a variety of experimental systems: in cultured cells transfected with cloned

HBV DNA, in ground squirrels infected with a virus related to HBV (GSHV), and in

Xenopus oocytes injected with preS-specific mRNA’s generated in vitro. These

studies have led to the following general conclusions: 1) HBs.Ag synthesis,

particle assembly and secretion in mammalian cells is not significantly affected

by a mutation that eliminates preS2 expression. However, binding to polymers of

human albumin is eliminated in particles that lack preS2. 2) preS proteins are

present in preparations of GSHV surface antigen, and antibody responses

regularly arise to preS-specific domains during the course of natural infection.

3) Unlike the S and preS2 proteins, the preS1 proteins are not secreted and can

themselves exert an inhibitory effect on the secretion of all antigen forms. 4)

The preS1 protein, but not the preS2 or S proteins, harbors an amide-linked

myristic acid residue at its N-terminus.
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Chapter 1

Introduction



Hepatitis B virus (HBV) is a small DNA-containing human pathogen that

infects an estimated 200 million individuals worldwide (1,2). Primary infection

of susceptible hosts with HBV is usually asymptomatic, but like many of the

infirmities produced by viral pathogens, the disease state varies widely in its

clinical presentation. Infection is most often self-limiting, with antibodies

arising against some viral gene products soon after infection (3,4). However, 5

to 10% of those infected do not resolve the primary infection but become chronic

HBV carriers. It is this group of infected individuals that displays the most

profound pathologic consequences of HBV infection and that is largely

responsible for its continuing global impact; chronic carriers play a major role

in maintaining the pool of infectious virus for horizontal or vertical

transmission (5,6).

One of the distinctive features of acute or chronic HBV infection is the

accumulation of large amounts of hepatitis B surface antigen (HBSAg) in the

serum (Fig.1) (7,8); typically 100-400 pig per ml serum, these levels are much

higher than can be accounted for by the number of circulating virions alone.

Instead, the vast majority of circulating particles consist of non-infectious

aggregates of excess HBSAg; the circulating virions are typically outnumbered by

the other antigen forms by a factor of 103-104. This level of subviral particle

production is quite unprecedented among other viral infections, where most

virus-associated proteins are concentrated within the infectious unit itself.

The reason for the large number of non-infectious particles is not known; an

attractive possibility is that the numerous subviral forms serve as biological

decoys to thwart early neutralizing antibody responses.



Three morphologically distinct forms of circulating HBs.Ag have been

identified: 22 nm spherical particles, filamentous forms of the same diameter

but of varying lengths, and 42 nm viral particles (7,8, Fig. 1). The 22 mm

spheres and filaments are composed almost exclusively of HBs.Ag and a small

quantity of host-derived lipid; they contain no nucleocapsid proteins or nucleic

acid and are not infectious. The 42 nm HBs.Ag particles (also called Dane

particles, after their discoverer) are transiently present in the circulation of

many infected patients; these represent the infectious virions of hepatitis B.

The fine structure of the virion is poorly understood at present; the Dane

particle has not been sufficiently purified away from the subviral forms to

perform classical X-ray diffraction or scattering techniques (15). What is

known about the virion comes from studies employing electron microscopy and/or

immunological methods (9,11-14). These studies have identified the Dane

particle as a 42-mm double-shelled spherical structure with an electron-dense

"core". The outer layer of the virion is composed of lipid and the major and

minor surface proteins, collectively termed HBs.Ag. Treatment of the virion with

non-ionic detergents (eg. NP40) releases the outer viral coat and liberates a 27

nm viral core structure (16). This particle, composed chiefly of the 21,000

Dalton core antigen (HBcAg) polypeptide, houses the viral genomic DNA and

polymerase. The viral DNA has been completely sequenced for a number of the

mammalian and avian hepatitis viruses (described below).

Animal model systems of HBV infection

Although HBV is novel among human viruses, it is not unique in nature. An

animal virus of similar architecture was first described by Summers and

colleagues in eastern woodchucks (Marmota monax) after inordinately high rates



of hepatitis and hepatocellular carcinoma were discovered in a colony of these

animals at the Philadelphia zoo (17). The woodchuck hepatitis virus (WHV) shows

several features in common with HBV: a relaxed circular partially double

stranded genomic DNA molecule that displays significant nucleotide sequence

homology with HBV, protein covalently attached to the 5’ end of the long (minus)

strand, secretion of an immunologically cross-reactive viral surface antigen

into the serum during infection, and relative hepatotropism. Like HBV, WHV

often gives rise to persistent infection and hepatocellular carcinoma.

Other mammals also harbor HBV-like agents. In 1980, Marion et.al.

described a hepatitis virus (GSHV) present in the serum of ground squirrels

(Spermophilus beecheyi) (18). Not surprisingly, this virus was found to be

closely related to WHV; comparison of the nucleotide sequences of WHV and GSHV

shows a high degree of sequence homology, with greatest homology in the open

reading frames for the viral surface and core antigens (19). Indeed, in recent

experiments in which large portions of the GSHV surface antigen coding region

were replaced by the cognate WHV fragments, productive viral infections were

established after injection of the chimeric molecules into ground squirrel

livers (20).

Other additions to the hepadnavirus family are HBV-like viruses found in

pekin ducks (21), and more recently in marsupials and tree squirrels (22,23).

Of these, DHBV is the best characterized and is remarkable for its experimental

tractability; by inoculation of virus or viral DNA into fertilized duck eggs,

productive DHBV infection can be established within 3–4 weeks (as opposed to 3-4

months for GSHV and WHV. Recently, the growth of DHBV has been demonstrated in

primary duck liver cell explants and surprisingly, in a human hepatocellular

carcinoma cell line as well (24–26).



Overview of the viral life cycle

The infectious unit of the hepadnavirus, the Dane particle, comprises a

viral core enshrouded in lipid and HBs.Ag. The viral core is composed primarily

of several components: the product of the viral C-gene (discussed in more

detail below), the virion-associated DNA polymerase, a virion-associated protein

kinase activity, and the viral DNA. The latter is a 3.2 kb relaxed circular

molecule with several distinctive features (27–29). First, the molecule

contains a large single-stranded gap varying in size from 20–60% of the total

genome length. The single strandedness appears to be due to incomplete

polymerization of the viral plus strand; the minus strand is invariably full

length. Second, the circularity of the genome is maintained by annealing of the

5’ cohesive ends of plus and minus strands. This overlapping region ranges from

220 to 300 base pairs. Third, the 5’ end of the minus strand contains a

covalently attached protein, presumably for priming of DNA synthesis. Finally,

the plus strand contains a short RNA oligonucleotide annealed to its 5’ region

that serves as a primer for minus strand synthesis.

The events leading to the production of viral replicative forms from viral

genomic DNA have been examined in infected animal livers, in primary duck

hepatocyte cultures that have been infected with DHBV and more recently in

hepatocellular carcinoma cell lines infected with HBV (24,25,30-34). The first

step in the establishment of viral infection appears to be the production of

covalently closed circular DNA. When viral nucleic acids were analyzed after

infection of duck embryos with DHBV, covalently-closed circular (CCC) DNA was

the first virus-specific nucleic acid to arise (24,25); appearance of this form

preceded the appearance of viral RNA. It is reasonable to assume that the



conversion of the genomic DNA to CCC DNA is accomplished using the host cell

machinery, as many steps in this conversion can even be carried out efficiently

in bacterial hosts after transfection with Dane particle DNA (35,37).

The next major step in viral replication is the production of viral genome

length mRNA. The production of this message seems to overcome a number of

biosynthetic hurdles; both the initiation and termination of the message appear,

at first glance, to be somewhat indecisive. The 3.5 kb genomic message is

terminally redundant, resulting from first pass read-through of a

polyadenylation signal located approximately 200 bases downstream of the

transcription initiation site; this polyadenylated signal is recognized on the

second (less frequently the third) pass. This read-through results in a message

that is terminally redundant and which therefore harbors a representation of the

entire genome for the reverse transcription steps that follow (see below).

Another feature of the viral pregenomic RNA is the presence of heterogeneous 5’

ends. The heterogeneity, seen in all of the hepadnaviral genomic messages

studied to date, allows for differential expression of the viral core and pre

core gene products because the 5’ ends bracket a potential initiation codon for

the viral pre-C ORF. This mode of RNA initiation is also seen in synthesis of

the mRNA for the major viral surface antigens (S) genes (see below).

Interestingly, the largest of the viral genomic RNA species are not efficiently

packaged into viral core particles, suggesting that only the smallest species is

needed to act as the template for reverse transcription (41).

The first evidence that hepadnaviral replication is mediated, at least in

part, by an RNA-dependent DNA polymerase was produced by Summers and Mason in

1982 (42). Since then, many of the steps involved in the synthesis of the DNA



genome from an RNA intermediate have been elucidated (30–34,43–46). The first

step in the process appears to be the synthesis of minus strand DNA initiating

within one of two direct repeats located near the ends of the viral pregenome

RNA. If initiation occurs near the 3’ end of the pregenome, in the direct

repeat called DR1, the resultant DNA molecule could be made without a template

transfer and therefore bear a short terminal redundancy. This has in fact been

demonstrated by primer extension and S1 nuclease analysis of the virion DNA

(44). (If initiation of the minus strand occured near the 5’ end of the

pregenome, an inter- or intramolecular strand transfer would need to be invoked

to complete synthesis of the minus strand. Although very short protein-linked

minus strand intermediates have been identified (45), these probably represent

products of incomplete polymerization and are not the "strong stop" species

expected to result from strand transfer because they display significant size

heterogeneity.)

The synthesis of plus strand DNA from minus strand template has also been

investigated in some detail (44,46). Unlike the minus strand, which probably

owes its initiation to a protein primer, the plus strand appears to be initiated

by a short RNA primer derived from the 5’ end of the pregenome message.

Although the sequence of this primer is clearly derived in part from DR1, the

deoxyribonucleotides incorporated into the growing plus strand are encoded by

the sequences flanking DR2 (44,46). This indicates that the DR1-specific

sequences of the RNA primer are required to base pair with DR2 sequences for

initiation of plus strand synthesis. The lower threshold for nucleotide base

pairing between DR1 and DR2 has not been defined; however, a single base change



within in DR1 does not significant affect priming on the basis of its ability to

inhibit replication (44).

Extension of the plus strands to form the longer but still incomplete

molecules found in mature viral DNA is probably facilitated by the short

terminal redundancy at the end of the nascent plus strand that is capable of

base pairing with the identical sequence found at the end of the minus strand.

It is interesting to note that in this process, the covalently linked protein at

the 5’ end of the minus strand is likely encountered by the reverse

transcriptase; whether the terminal protein plays any role in plus strand

transfer has not been examined.

The process of encapsidation and export of mature viral DNA into Dane

particles has not been well characterized. However, the process cannot be

purely random because there is considerable selectivity; whereas most of the

viral nucleic acids in intracellular cores consist of minus strand DNA in

various stages of polymerization, nucleic acids within the extracellular Dane

particle appear to be predominantly open circular and duplex. A better

understanding of the process by which the genomic message and circular DNA are

packaged will undoubtedly be facilitated by the advent of culture systems that

sustain HBV growth.

Identification of the Viral Open Reading Frames

The application of molecular cloning and DNA sequencing to the study of HBV

and several of the other members of the hepadnavirus family (GSHV, WHV and DHBV,

shown in Fig. 1) has revealed several interesting features of the viral genome

(19,47–49). It is exceedingly small; at 3.2 kilobases, it constitutes the

smallest genome of the known DNA viruses. Second, with the minor exception of
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GSHV, every nucleotide in the genome is included in one of the viral open

reading frames (ORF's). Finally, as further testimony to the organizational

efficiency of these viruses, all of the ORF's overlap to some extent; indeed,

one reading frame (the preS/S frame) is included entirely within the frame of

another (the pol ORF).

Four major open reading frames have been identified in the mammalian

viruses, shown in figure 1 : 1) the pre-core/core region, encoding the viral

core and precore polypeptides, 2) the preS/S region, encoding the major and

minor surface proteins, 3) the pol open reading frame, which is the putative

coding region for the viral polymerase, and 4) the X region, encoding a protein

of unknown function. Although these reading frames vary greatly in the degree

of nucleotide sequence conservation among the mammalian viruses, their overall

architecture and position in the viral genome is retained across considerable

evolutionary distances (19,49).

Despite considerable effort, the gene products of the pol and X regions

remain elusive (although recent reports have identified putative polymerase

products in cultured hepatocellular carcinoma lines transfected with HBV DNA

(51) ). However, expression of both of these proteins at some point in the

viral life cycle seems quite certain given the following considerations: 1) a

portion of the putative pol ORF shares homology with other known reverse

transcriptases (50); this suggests that the reverse transcriptase activity

found in viral core particles and predicted by the viral replication pathway

(see below) is expressed from at least part of this reading frame. 2) although

the product of the X open reading frame has not been identified with certainty

in virally infected cells or within intact virions, antibodies to HBV and GSHV X
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determinants arise in response to natural infection (Refs. 52–54 and chapter 3

of this thesis). This finding supports the notion that these proteins are

expressed at some stage of viral replication or maturation.

The coding region for the HBV core polypeptide was first identified by

expression of immunologically cross-reactive material from defined HBV DNA

sequences in prokaryotes (55). Since then, the core open reading frame has been

expressed in a variety of systems including COS cells (57), E. Coli (56) and S.

Cerevisiae (58). In the latter two systems, where the antigen is produced in

large amounts, it has been demonstrated that the 21 kD core polypeptide can

self-assemble into particles of similar morphology and sedimentation density to

those found in vivo. Two studies have recently described a signal peptide-like

activity of the N-terminus of the core polypeptide (57,59). The translocation

of the core polypeptide by this "pre-core" region is associated with the

appearance of a 16 kD protein in the medium with so-called "e-antigen"

reactivity; such reactivity (and antibody against this reactivity) is also found

in the serum of many viremic patients. The function of these precore products

in vivo are unknown. Interestingly, the pre-core region appears to be non

essential for duck hepatitis B virus infectivity; frameshift (59b) or

termination (59c) mutations in the pre-core region of DHBV does not eliminate

infectivity of cloned viral DNA injected into duck livers (59b). Whether this

reflects biological differences between DHBV and the mammalian viruses is

currently being investigated.

The S open reading frame (ORF-S), encoding the major viral surface protein,

was first identified by alignment of the sequence predicted by the HBV ORF's

with the information derived by N-terminal Edman degradation of the S protein
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(60). Surprisingly, it was found that the S open reading frame represents only

part of a much larger open reading frame; it is preceded by a 522 bp ORF that is

in-phase and contiguous with the S coding region. This 5’ region, termed

"preS," represents the most evolutionarily divergent viral genomic domain, yet

its overall architecture and coding capacity is preserved among all mammalian

hepatitis B viruses studied to date. This region of HBV has recently been shown

to encode several viral proteins, all of which include the downstream S. domains

(61–74). The study of these proteins is the subject of the work presented in

this thesis; a more detailed discussion and analysis of the preS proteins lies

in the text to follow.

Transcription of the preS/S open reading frames

Several groups have presented detailed analyses of the viral mRNA for the S

ORF. This transcript has been analyzed in both infected livers and in cell

lines transfected with cloned HBV DNA (75–77). The S mRNA transcript initiates

within the preS region (from a promoter lying within the preS1 coding region)

and terminates ca. 2 kb downstream within the viral core ORF. In all systems

studied to date, the 5’ end of the message is heterogeneous, with multiple start

sites spanning approximately 30 base pairs in the preS region. In HBV and GSHV,

the longest species is upstream of the second conserved ATG codon in preS; this

species could thus encode a preS-derived polypeptide of 31 kilodaltons,

consisting of 55 amino acids derived from preS plus the 226 residues encoded by

the S region. The two smaller species lack this ATG; the next available

translation start site is the ATG for the S protein approximately 150-160 bp

downstream from the 5’ end. This cluster of transcripts can encode both the

preS2 proteins as well as the S proteins; if the transcripts are translated with
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equal efficiency, the resulting gene products would be present in a 1:2 ratio of

preS2/S. In reality, however, the preS2 protein is present in much lower

abundance, representing only about 5% of the total antigen present in either the

medium of transfected cells or circulating in the serum. This latter finding

could be a function of lower translational efficiency of the longer message,

perhaps due to the proximity of the AUG codon to the 5’ end of this message

(78). Lower efficiency of assembly and secretion of preS2-containing particles

could also explain this finding; however, several groups have now succeeded in

producing secreted particles composed only of preS2 (79,80).

A 2.4 kb viral transcript encompassing the entire preS/S ORF has been

recently identified in infected human livers, hepatoma cell lines bearing

integrated HBV (PLC/PRF cells), and in liver tumor cell lines stably or

transiently transfected with HBV DNA (81-82,32,33). To date, this transcript

has not been conclusively identified in any cell line of non-hepatic origin; its

expression may therefore be determined by liver-specific cellular factors. This

transcript is the obvious candidate for that expressing the preS1 protein, since

it initiates upstream of the ATG for this viral protein. Expression of the

preS2 and S proteins from this message by internal initiation would also be

possible; however, in all the hepadnaviruses, the preS1 ATG codon is located in

a favorable context for translation initiation, making downstream initiation

less likely. Furthermore, in all the hepadnaviruses except WHV, multiple

translation initiation codons exist near the 5’ end of the preS ORF, lessening

the likelihood that internal initiation on this message contributes

significantly to preS2 and S expression.
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The preS and S gene products

The major component of HBs.Ag particles is the product of the viral S gene,

a protein that has been studied extensively since its discovery over 20 years

ago. The S protein consists of 226 amino acid residues and is expressed as both

nonglycosylated (p.24° ) and glycosylated (gp27°) forms of the same polypeptide

backbone (84). Computer analysis of the primary amino acid sequence of this

protein reveals several interesting features and predictions. Although

generally hydrophobic, the molecule is marked by alternating hydrophobic and

slightly hydrophilic domains; the coding region for the hydrophobic domains

contains some of the most highly conserved regions of any of the viral gene

products. Although the presence of the overlapping pol reading frame

complicates the interpretation of the significance of this homology, these

regions may correspond to sites that are functionally important for subunit

interactions during the formation of viral particles (80). Studies of virus

assembly other systems suggest that protein subunits are often aligned by

specific hydrophobic interactions in such regions between subunits (99,105).

The S molecule is very cysteine rich; the majority of the cysteine residues

are concentrated in a region of the molecule adjacent to a major hydrophobic

domain. It is known that HBs.Ag particles are extensively disulfide crosslinked

(88); the numerous clustered cysteine residues may participate in the

stabilization of particles by interchain disulfide crosslinking. However,

disulfide crosslinking seems not to be a prerequisite to particle assembly

because in recombinant yeast clones, particle assembly precedes disulfide bond

formation.
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The preS2 proteins, representing a 55 amino acid preS derived N-terminal

extension of the S domain, have been recently identified as minor components of

HBs.Ag (less than 5% the level of the S proteins, but with some concentration in

filaments and viral particles) (62,63,65,66,91). Like the S proteins, the preS

proteins are present as both glycosylated and non-glycosylated derivatives of

the same polypeptide backbone. There is no precursor-product relationship

between the preS2 and S proteins; a frameshift mutation introduced into the

preS2-specific portion of the HBV preS coding region allows synthesis of S

polypeptides and their secretion as 22nm particles of normal appearance and

buoyant density (Chapter 2, this thesis).

The HBV preS2 proteins, by virtue of their 55 amino acid N-terminal

extension, have the property of binding to albumin polymers. Binding occurs

only to albumin polymers prepared from human and chimpanzee monomeric albumins,

paralleling the host range of HBV. By further postulating the existence of

albumin receptors on the surface of hepatocytes, polyalbumin binding has been

speculated to be the mechanism behind the species specificity and/or tissue

tropism of hepadnaviruses (91). Until recently, lack of evidence to the

contrary made this model of HBV uptake quite attractive. However, several

findings now argue against the importance of polymerized albumin binding as a

mechanism for host specificity (91a,b). First, only polymerized albumin

produced by glutaraldehyde crosslinking of monomers has been demonstrated to

have significant binding activity; polyalbumin produced by carbodiimide

treatment or heat does not bind. Although polyalbumin isolated from aged serum

has demonstrable levels of binding activity, these levels are 100-fold lower

than those obtained using the glutaraldehyde-coupled form. Second, binding of
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WHV to purified woodchuck polyalbumin has not been demonstrated; under

conditions in which HBs.Ag binding to human polyalbumin occurs readily, the

cognate WHV reaction does not occur. Both of these findings argue against the

importance of polyalbumin binding as a general mechanism of hepadnavirus

host/tissue specificity.

What is the explanation for the species-specificity of human polyalbumin

binding of HBs.Ag? One argument is that polyalbumin binding mediates liver

uptake only in HBV infection. Although formally possible, this model presumes

that the human virus has evolved a virus/receptor interaction that differs from

the other mammalian viruses. This seems quite unlikely given the biologic

similarities between the mammalian hepadnaviruses. Another hypothesis is that a

protein domain embedded within the albumin molecule mimics an authentic cellular

receptor; glutaraldehyde coupling could have the effect of uncovering this

domain within the albumin molecule, providing in vitro simulation of the

authentic interaction. However, this model is subject to the same criticisms

with regard to its relevance to the WHV animal model.

The preS1 proteins, representing all of the preS region, have recently been

identified in HBV, WHV, GSHV and DHBV (71,90,92,93, and chapter 3 of this

thesis). Like the preS2 proteins, the function of these proteins is unknown.

However, even to a greater extent than the preS2 proteins, they are present in

higher concentrations in virions than in 22nm particles, suggesting possible

roles in virus uptake and/or assembly. Receptor activity of this set of

proteins has been examined to a limited extent; recent study implicates a preS1

specific protein domain (and to a lesser extent a preS2 domain) in binding to a

cell surface receptor of HepG2 cells (95). One biosynthetic property of the
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preS1 proteins that has been recently described is their inability to be

secreted from cells (96-98,100, Chapter 4, this thesis). Interestingly, co

expression of S and preS1 proteins in the same cell results in an inhibition of

secretion of all antigen forms.

Computer analysis of the amino acid sequence predicted by the HBV preS1

specific ORF suggests that the preS1 domains consist of protein segments of

alternating hydrophilic and hydrophobic disposition, with a secondary structure

that is predominantly o-helical (85). These structural features are preserved

among the mammalian hepadnaviruses despite low or absent homology at the primary

sequence level. The sequence divergence within preS1 is clustered, with some

regions more divergent than others, but it is present even within the different

subtypes of HBV. However, one conserved sequence motif among the various preS1

proteins is located at the extreme N-terminus of the molecule. In all cases,

the first two amino acids predicted by the preS1 ORF are Met-Gly, known

substrate sequence requirements for N-myristoyl CoA transferase. It has

recently shown that the HBV preS1 proteins are myristylated at their N-termini

via a hydroxylamine-sensitive amide linkage to the glycine residue (93, chapter

5, this thesis). Examination of the first eight amino acid residues of the

preS1 proteins predicted by HBV, GSHV, WHV and DHBV suggests that all of these

protein are likely to be good substrates for N-myristoyl CoA transferase (Dwight

Towler, personal communication). The functional significance of this

modification is unknown, but it may be related to the unusual secretory

properties of the preS1 proteins (see discussion below and Chapter 4, this

thesis).
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The exact disposition of the preS proteins in the virus particle is not

known. Assumptions that at least some preS domains reside on the exterior of

particles are derived from observations that the preS proteins are sensitive to

proteolytic attack (61), they are accesible to antibodies (72), they display

enhanced susceptibility to surface radioiodination (62,63,74), and they are

highly immunogenic (72,86, Chapter 3, this thesis).

The structural organization of these proteins may give further insight into

their mode of incorporation into viral particles. As mentioned above, the preS

and S proteins represent a nested set of proteins, all sharing common carboxy

terminal domains. Because the S proteins contain the information necessary for

particle assembly, this information must also be present in the preS proteins.

This suggests that the preS proteins may assemble with the S proteins via their

common S domains. This nested-set arrangement is not unique; examples of

similar architecture include the C and nu proteins of phage X, the A1 and coat

proteins of QB, and proteins VP2 and VP3 of the papovaviruses (87a,87b,87c). In

all of these examples the common protein domains have been proposed to play a

role in subunit interactions and/or virus assembly.

Biosynthesis and Assembly of HBs.Ag particles

The the biosynthesis of 22 nm HBSAg particles has been observed in a

variety of expression systems - in mammalian cells transfected with cloned HBV

DNA, in yeast cells harboring the S coding region under control of the

appropriate promoters, and recently in Xenopus oocytes injected with synthetic

mRNA's. However, the most detailed analysis of the initial steps of S protein

synthesis has come from studies of the translocation of the peptide across

membrane vesicles in vitro (101-103). The S protein has proven somewhat unique
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among secreted proteins; it contains no cleaved signal sequence and is initially

synthesized as a transmembrane protein. Studies of the transmembrane form

indicate that that the S protein spans the bilayer at least twice; membrane

insertion of the transmembrane domains is accomplished via distinct signal

sequences located near the N-terminus and within center of the chain. Pulse

chase studies of L-cells harboring the S gene indicate that the transmembrane

antigen is the precursor to the lumenal form. Together these findings suggest a

model for particle assembly: following synthesis of the transmembrane form, S

protein monomers aggregate into a cluster. Host proteins, lacking the specific

domains necessary for S protein-protein interactions, are excluded from the

aggregate. When a critical number of monomeric forms is reached, the cluster

spontaneously buds into the RER lumen, resulting in a largely uniform population

of 22 nm particles.

The ability of the S proteins to form 22 nm HBs.Ag particles in a wide

variety of experimental systems suggests that 22 nm particle assembly is a

property intrinsic to the S proteins themselves and not a function of the system

in which they are expressed. This aspect of virus assembly is not unique to the

hepadnaviruses; in other cell-free systems in which viral coat proteins are

present in high concentration, the spontaneous formation of virus-like particles

occurs readily in the absence of host factors or other viral proteins. However,

in the latter cases, efficient assembly of monomers into particles occurs

between soluble proteins in solutions of high monomer concentration. Subunits

must therefore diffuse through 3-dimensional space to interact with each other;

if subunit concentrations are sufficiently low, such interactions are too rare

to promote self assembly. The S proteins may cleverly circumvent the need for
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3-dimensional diffusion by being restricted (in their transmembrane

configuration) to the two-dimensional medium of the lipid bilayer; this might

promote concentration of the S protomers at significantly lower subunit

concentrations, thus increasing the efficiency of assembly and secretion of

empty HBs.Ag particles (104,105).

As mentioned above, the preS1 proteins, unlike the S and preS2 proteins,

are not secreted from the cell. Furthermore, when preS1 and S protein are

expressed together, secretion of all antigen forms is markedly suppressed (96-98

,100 and chapter 4 of this thesis). The precise mechanism of the inhibitory

influence of preS1 proteins is not known, but it may be related to the ability

of the preS proteins to assemble with the S proteins through their common S

domains. If subunit mixing does occur, whatever structural features of the

preS proteins that inhibit their secretion might be conferred on the aggregate

as a whole. Recent findings indicate that the preS1 proteins, like their S

protein counterparts, are initially synthesized as transmembrane proteins.

However, protease protection and endoglycosidase H sensitivity experiments

indicate that the preS1 proteins remain in a transmembrane configuration in the

ER or cis-golgi; unlike the S proteins, they do not undergo conversion to a

particulate form that is fully within the lumen.

A Summary of Topics Addressed in This Thesis

At the beginning of this thesis project in 1983, evidence for the existence

of preS-encoded molecules was just beginning to emerge. The greater part of the

following chapters focuses on the identification and characterization of these

proteins. In chapter 2 we describe the identification of a preS2-encoded

molecule whose presence is required for species-specific polyalbumin binding
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activity but is not essential for HBs.Ag particle formation or secretion. In

chapter 3 we describe the identification of preS1 proteins in purified GSHV

surface antigen preparations. Also described in this chapter is the aquisition

of anti-pres and anti-X antibodies during natural GSHV infection. Chapter 4

describes an unexpected secretory property of HBV preS1 proteins expressed in

mammalian cells or in Xenopus oocytes; not only are the preS1 proteins not

secreted, they inhibit secretion of the S proteins. The final chapter describes

an unusual protein modification, namely myristylation, that is present on the

preS1 proteins but not the preS2 or S proteins.
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Figure 1. Forms of HBs.Ag found in the serum of an infected individual. Shown is

an electron micrograph (ca. 40,000 X magnification) of the three major

forms of circulating HBs.Ag: 22nm particles, 22 nm filaments, and 42 nm

viral particles. The structure of the viral particle is illustrated

showing the viral envelope, core and nucleic acid.
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Figure 2. A model for the inhibition of S protein secretion by preS protein

expression. The preS1 proteins, like their S protein counterparts, are

initially synthesized as transmembrane proteins on the rough endoplasmic

reticulum. In this model, preS and S proteins then aggregate together

through their common S domains. If subunit mixing does occur, structural

features of the preS proteins that inhibit their secretion could

potentially be shared by the aggregate as a whole.
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Chapter 2

A Frameshift Mutation in the preS Region of the

Human Hepatitis B Virus Genome Allows Production of Surface

Antigen Particles but Eliminates Binding to Polymerized Albumin

The text of this chapter is printed as it appeared in the Proceedings of the

National Academy of Sciences USA, 1985, Vol. 82, pp. 3440–3444
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ABSTRACT

The coding region for the major polypeptide (p248) of hepatitis B surface

antigen (HBSAg) is preceded by an in-phase open reading frame termed pre-S. The

coding potential of the pre-S region was examined in mouse L cells transformed

with cloned HBV DNA. Such cells produce three HBs.Ag-related polypeptides of Mr

24,000, 27,000 and 35,000 organized into complex particles of 22 nm diameter.

These HBs.Ag particles bind to polymerized human albumin, but not to polyalbumins

of several other species. By contrast, cells transformed with HBV DNA bearing a

frameshift mutation near the 3’ end of the pre-S region secrete immunoreactive

HBs.Ag particles containing only the 24,000 and 27,000 Mr species. These mutant

particles, which lack the 35,000 Mr species, are unable to bind polymerized

human albumin. These studies indicate that the pre-S region encodes the 35,000

Mr species, that this product accounts for the known polyalbumin-binding

activity of HBs.Ag but is not required for assembly and secretion of HBs.Ag 22 nm

particles, and that the major polypeptide of HBs.Ag is not derived primarily by

cleavage of larger precursors encoded by the pre S region.
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INTRODUCTION

Human hepatitis B virus (HBV) is a small hepatotropic DNA virus that

produces acute and chronic liver injury (1,2). In addition, chronic infection

with HBV is a risk factor for the development of hepatocellular carcinoma (4).

Efforts to study the replicative cycle and transcriptional program of the virus

have been hampered by the lack of a suitable cell culture system for virus

propagation. However, much is known about the structure of HBV as a result of

biochemical studies of purified virions and, more recently, molecular cloning of

the viral genome (5,6). Present in the serum of infected individuals are three

HBV-related structures: 22 nm spherical particles, filamentous structures of

similar diameter, and 42 nm spherical structures (7,8). All three share on their

surface a common antigen, known as hepatitis B surface antigen (HBs.Ag), composed

mainly of a protein of 24,000 Mr that exists in both glycosylated and non

glycosylated forms (termed gp278 and p248, respectively). The 22 nm particles

and filaments are noninfectious aggregates of excess HBs.Ag; the 42 nm particles

represent infectious HBV virions.

Comparison of the nucleotide sequence of HBV DNA with the N-terminal amino

acid sequence of p248 (9) has allowed the identification of the coding region

for this protein in the viral genome. Interestingly, the structural gene for

HBs.Ag is only a part of a much larger open reading frame; immediately preceding

the initiation codon for HBs.Ag is a 522 bp in-phase translatable region which

has been designated "pre-surface" or simply "pre-S." The pre-S region contains

three potential translation initiation codons, raising the possibility that

HBs.Ag-related proteins larger than p24°/gp278 could be encoded by the genome,

and that p248/gp278 could be derived by proteolytic cleavage of such proteins. A
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number of investigators have identified proteins larger than p24° and gp27° in

small quantities in particulate preparations from infected serum (10,11,12).

Some of these proteins are simply oligomers of p248 or gp278, while others are

likely contaminating serum proteins. However, protein species in the 31–35,000

Mr range that are apparently related to HBs.Ag (10,13,14) display amino acid

compositions consistent with translation initiation at the most distal AUG codon

of the pre-S region (14). In addition, these polypeptides (but not p24°) were

shown to bind to polymerized human albumin but not to polymerized albumins of

animal species lacking susceptibility to HBV infection (14), such binding is

known to be characteristic of HBs.Ag isolated from serum of infected patients

(15).

An alternative approach to the study of the coding potential of the pre-S

region involves the introduction of the HBV genome into cultured mammalian

cells; for example, mouse L-cells transfected with cloned HBV DNA synthesize,

glycosylate, assemble, and secrete small amounts of apparently normal HBs.Ag

polypeptides (3,17). Using this system, we here provide independent genetic

evidence that part of the pre-S region of HBV is required for synthesis of a

protein similar in size to the 35,000 Mr species found in infected serum.

Furthermore, we demonstrate that a frameshift mutation within pre-Seliminates

this gene product and the species-specific polyalbumin binding activity, without

affecting production of HBs.Ag particles composed of p24° and gp278.
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MATERIALS AND METHODS

Enzymes and Radioisotopes.

Restriction enzymes and T4 DNA polymerase were purchased from New England

Biolabs. T4 DNA ligase was purchased from International Biotechnologies, Inc.

Bacterial alkaline phosphatase was purchased from Bethesda Research

Laboratories. 33s L-cysteine (1400 Ci/mMole) and 3°S L-methionine (1200

Ci/mMole) were purchased from Amersham Corporation.

Tissue Culture.

The growth of mouse LTK- cells, their cotransfection with HBV-containing

plasmids and the HSV thymidine kinase (tº) gene, and selection in HAT medium

were performed as previously described (1). TK+ foci were selected, grown to

confluence, and assayed for production of HBs.Ag polypeptides using the Ausrial I

solid phase radioimmunoassay kit (Abbott Laboratories, North Chicago, Illinois).

Cell clones producing the greatest levels of HBs.Ag were selected for further

analysis. For metabolic labeling of the HBs.Ag polypeptides, cell clones in 60mm

culture dishes were starved for 30 min. in 1 ml of Dulbecco's modified Eagle's

medium (DME) plus 5.0% dialyzed fetal calf serum, lacking methionine, cysteine,

and cystine. 0.5 mCi each of 3°s methionine and 35s cysteine were added to each

plate and the cells incubated for 24 hrs. Medium was then removed, clarified for

1 min by centrifugation in an Eppendorf centrifuge and the supernatant used for

immunoprecipitation (18) or immunoaffinity chromatography.

Plasmid construction.

The HBV genome used in our constructions was that of the adw2 subtype

cloned and sequenced by Valenzuela et al. (5). Construction of plasmid pSA90 has

been described previously (3). To prepare the deletion derivative, pSA90 delta
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B10, the plasmid pSA90 was cleaved at its unique BstEII site, subjected to Bal

31 digestion, and blunt-end ligated. The ligation mixture was then retreated

with BstEII and used to transform Escherichia coli HB101. Plasmids shorter than

pSA90 were detected by gel electrophoresis. The 500bp deletion generated by this

treatment extends into the pre-S region (Fig. 1). To prepare pSA90fs 1, pSA90,

which harbors two EcoR1 sites, was cleaved with EcoRI under conditions favoring

partial digestion. The cleavage products representing the full length linear

molecule were purified by agarose gel electrophoresis and the single-stranded

termini filled in with T4 DNA polymerase. The blunt ends were then ligated to

produce a 4 bp insertion at one of the two available EcoRI sites. In half the

plasmid population, this insertion produced a +1 frameshift in the pre-S open

reading frame, just downstream of the third pre-S translation initiation codon.

The mutation was later verified by DNA sequence analysis (26).

Binding of HBs.Ag to polymerized albumin

The in vitro production of polymerized albumins from their monomeric forms

by glutaraldehyde coupling has been described previously (14). To assay for

polymerized albumin binding activity, 200 pil of a 1 mg/ml solution of

polymerized albumin in 50mM bicarbonate buffer, pH 9.5, was added to each well

of a microtiter plate (Costar) and incubated at 20°C for 2 hrs. The albumin

coated wells were washed with distilled water and incubated with 200 pil of 20%

fetal calf serum (FCS) for 15 min to reduce non-specific binding. The FCS

solution was then removed, 200 pil of HBs.Ag-containing culture medium added to

each well, and the plates incubated overnight at 37°C. The wells were then

washed 3 times in distilled water and incubated with 12°I labelled anti-HBSAg

(Abbott Laboratories) for 2 hrs at 37°C. Wells were again washed 3 times in



distilled water and their bound contents solubilized in 2N NaOH and counted in a

gamma Counter.

Immunoaffinity chromatography of HBs.Ag

Guinea pig anti-HBs (Flow Laboratories) was covalently coupled to Affi-gel

10 (Biorad Laboratories) according to the manufacturer's instructions at a

concentration of 20 mg protein per ml of gel. Briefly, 0.5 ml of antibody

solution (40 mg protein) was added to 2 ml of washed gel in 50 mM Hepes buffer,

pH 7.4 and incubated at 4°C for 12 hrs. Under these conditions, 95% of the total

protein present was absorbed to the solid support. The gel was processed by

washing in 20 column volumes of 50mM glycine pH 2.5, 2 column volumes 4M NaSCN,

and 40 column volumes 50mM Tris HCl pH 7.5. For immunoaffinity purification of

HBs.Ag from medium, 5 ml of HBs.Ag-containing medium was added to 1 ml of gel and

the mixture incubated overnight at 4°C on a platform rocker. The material was

then transferred to a disposable column, washed with 40 ml of phosphate buffered

saline, and the bound HBs.Ag eluted in 1.0 ml 50 mM glycine pH 2.5. The eluate

was neutralized immediately with 100 mM Tris buffer pH 7.5 and after 10-fold

concentration, subjected to electron microscopy (see below) or binding to

polymerized albumin.

Electron microscopy

5 pil of immunoaffinity purified HBs.Ag was applied to charged carbon-coated

copper grids, washed, stained with 0.5% uranyl acetate, and viewed at30,000x

magnification on a Philips EM 300.
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RESULTS

Mouse L cells transfected with cloned HBV DNA synthesize and secrete HBs.Ag

polypeptides.

We have recently described three HBV-promoted mRNA species containing HBSAg

coding information in mouse L cells transfected with HBV DNA (3). The 5' ends of

all three species lie within the pre-S region (see Fig 1); two of these species

contain the translation initiation codon for the major protein, p248, and its

glycosylated derivative, gp278. A third, larger mRNA species contains a

translation initiation codon from the pre-S region and could encode a protein of

approximately 31 kD. To identify HBs.Ag polypeptides produced by HBV DNA mouse L

TKT cells were co-transfected with a cloned HSVtk gene and plasmid pSA90, which

harbors the entire 3.2 kb HBV genome permuted at the BgllI site at position 2432

so that the surface and pre-S regions are uninterrupted (Fig. 1). TK* colonies

were selected, and those which produced HBs.Ag identified by RIA. These were

grown to confluence, and then labelled with 35S cysteine and 3°S methioinine for

up to 48 hrs. Protein in the medium from these cells was immunoprecipitated with

anti-HBs and subjected to SDS-polyacrylamide gel electrophoresis (Figure 2).

Three protein species of Mr 24,000 27,000 and 35,000 Mr were detected (lane 1);

none of these species was observed in a parallel analysis of medium from control

(untransfected) L cells (lane 3).

A frameshift mutation in pre-S eliminates production of the 35,000 Mr species.

To test whether the 35,000 Mr species might be synthesized by initiation of

translation within pre-S, we constructed a +1 frameshift mutation at the unique

EcoR1 restriction site between the initiation codons for p248 and for the

putative pre-S gene product, p35pre-S. The details of the mutant construction
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are outlined in Figure 1 and in Materials and Methods. L-TKT cells cotransfected

with the mutant DNA and the HSV tk gene produce and export HBs.Ag at readily

detectable levels as judged by solid phase radioimmunoassay (data not shown).

Polyacrylamide gel electrophoresis of radiolabelled HBSAg immunoprecipitated

from the medium of these cells again demonstrates p24° and gp278, but the 35,000

Mr species is absent (Fig. 2, lane 2). Hence p35pre-S is encoded in part by

nucleotides from the pre-S region, presumably by initiation at the third ATG in

this region. The apparent molecular weight of p35Pre-S likely reflects

glycosylation of a 31,000 Mr primary product (see Discussion).

The absence of p35Pre-S does not affect the physical properties of the HBsAg

produced in vitro.

Previous studies have shown that cultured cells are capable of producing

HBs.Ag in the form of 22 nm spherical particles closely resembling those found in

the serum of infected individuals; these aggregates characteristically band at

1.20 g/ml in a cesium chloride equilibrium density gradient (17,20). We examined

the morphology and density of HBs.Ag-containing particles produced by the wild

type and mutant genomes to determine if the absence of p35pre-S significantly

affected the aggregation properties of HBs.Ag polypeptides. Figure 3A shows the

results of equililbrium centrifugation of particles in HBs.Ag-positive medium

produced by mutant and wild-type forms; no appreciable difference in the density

of mutant and wild-type HBs.Ag activities is observed. Likewise, electron

micrographs of anti-HBs-purified particles from wild type- and mutant

transfected cells show no appreciable differences in particle size or structure

(Figure 3 B, C).
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The frameshift mutation eliminates the species-specific polyalbumin binding of

HBs.Ag polypeptides.

We sought to determine whether HBs.Ag particles produced in vitro, like

their counterparts from infected serum (14,15, 16), bind to polymerized serum

albumin (pSA). HBs.Ag-containing medium from cells transfected with wild-type HBV

DNA was applied to plastic wells precoated with polymerized albumin as described

in Materials and Methods. Table 1 shows the results of experiments done with

human pSA and polymerized albumins of several other mammalian species. Only

human pSA had appreciable HBs.Ag binding activity; as reported by others (14,15),

no antigen binding to monomeric albumin was observed (data not shown). Next,

approximately equivalent amounts of HBs.Ag (judged by serial dilution and

subsequent solid phase radioimmunoassay) produced by cells transfected with the

frameshift mutant HBV DNA was tested for polyalbumin binding activity. As shown

in Table I, these HBSAg polypeptides, which lack p35Pre-S, are completely unable

to bind to human pSA.

The pre-S region is theoretically capable of directing the synthesis of

proteins initiated at two additional upstream AUG codons; these proteins would

be approximately 40–43 kd in size (13). Such proteins would contain all amino

acids present in p35Pre-S and thus might be capable of polyalbumin binding. L

cells do not contain detectable levels of HBV-promoted mRNA species which could

encode these proteins, but transcripts of the entire pre-S and surface region

can be found which originate within adjacent plasmid sequences (3). Although we

do not detect HBs.Ag-related polypeptides of this size in L cell media (Fig. 2),

we sought to exclude the possibility that trace amounts of such polypeptides

encoded by these aberrant RNA templates might be responsible for the observed
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binding activity. Accordingly, L cells were transformed with an HBV deletion

mutant (delta B10) which eliminates all pre-S ATG codons upstream of that for

p35pre-S, and antigen-positive medium from these cells was tested for poly

albumin-binding activity. The results (Table 1, line 3) show that the deletion

has little effect upon polyalbumin binding; the slight decrement observed most

likely reflects variation in the level of input antigen in the assay. Thus, only

the pre-S region that contributes to synthesis of p35pre-S appears to be

required for the polyalbumin binding activity.

p35Pre-S mediates polyalbumin binding of HBs.Ag particles of mixed polypeptide

composition

The data presented thus far are compatible with two models for the

composition of 22 nm HBs.Ag particles. In one model, particles are composed of

either p24°/gp27s or p35Pre-S, both particles would be of comparable density and

morphology, but only p35Pre-S particles can bind pSA. In the second model,

"mixed" particles containing both p35Pre-S and p248/gp27s can bind to pSA via

their p35Pre-S moiety. To differentiate between these models, we sought to

determine directly which polypeptide species are bound to pSA by gel

electrophoresis of the proteins recovered from HBs.Ag-pSA complexes. The first

model predicts that only p35Pre-S would be recovered from such complexes,

whereas binding of "mixed" particles should result in elution of p24°/gp27* as

well. Accordingly, we attempted to elute HBs.Ag activity from complexes of HBs.Ag

bound to human pSA immobilized on plastic microtiter wells. Interestingly, the

HBs.Ag/polyalbumin interaction proved refractory to many conventional means of

disrupting protein-protein interactions. The albumin-bound HBs.Ag activity is

resistant to elution with 6M NaSCN, 8M urea, pH 2.5 glycine buffer, pH 9.5
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glycine buffer, and 50 mM dithiothreitol. Bound antigen could, however, be

removed by incubation at 90°C in the presence of 0.1% SDS or by treatment with

other strongly denaturing solvents (e.g., guanidinium thiocyanate).

To determine the sizes of bound polypeptides, labelled HBs.Ag purified by

immunoaffinity chromatography from the medium of cells transfected with pSA90

(wild-type) DNA was bound to wells previously coated with human pSA. The wells

were then washed in PBS, bound material eluted with Laemmli buffer (0.1% SDS, 5%

beta-mercaptoethanol, 100 mM Tris pH 6.8, 0.01% bromphenol blue) for 5 minutes

at 90°C, and the eluate then analyzed by polyacrylamide gel electrophoresis. As

shown in Figure 4 (lane 2), p35Pre-S, p24° and gp27s are clearly represented in

the population of the bound molecules, in nearly the same proportions seen in

medium from radiolabelled cells (Fig. 4, lane 1). This indicates that the

majority of p35Pre-S containing particles also contain p248 and gp27°. As

expected, no HBs.Ag-related polypeptides were bound to wells coated with

polymerized bovine serum albumin (Fig. 4, lane 3).

DISCUSSION

Pre-S expression and HBs.Ag biosynthesis.

We have utilized mouse L cells transfected with cloned HBV DNA to identify

a 35,000 Mr HBs.Ag-related protein that is important for polyalbumin binding but

not for assembly of 22 nm particles. The co-purification of the protein with

HBs.Ag particles reactive with anti-HBs and the ablation of its production by a

frameshift mutation within pre-S argue strongly that the protein results from

expression of pre-S and S gene sequences. Given the apparent molecular weight of

this species, translation initiation most likely occurs within the pre-S region;

examination of the distribution of pre-S AUG initiator codons indicates that
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only the third AUG could direct synthesis of a polypeptide in this size range.

The predicted size of a polypeptide initiated at this site is 31 kilodaltons;

the apparent MW of the protein we observe is likely due to glycosylation of this

species; Machida et al. (14) have recently isolated from human serum an HBs.Ag

related glycoprotein of 35,000 Mr and shown it to have an amino acid composition

nearly identical to that expected for the 31 kD pre-S-encoded species. Our

analyses suggest that glycosylation of the pre-S protein species is quite

efficient in L cells; no anti-HBs-precipitable proteins migrate at the predicted

31,000 Mr of the unglycosylated species (Fig. 2). In this connection, it is

noteworthy that the predicted pre-S portion of p31pre-S includes the sequence

asn-ser-thr, a potential site for N-linked glycosylation (19) in addition to the

glycosylation sites known to exist in p24°.

Our results indicate that p35Pre-S occurs together with p24° and gp27s in

the form of extracellular 22 nm particles (Figures 3 and 5). The ability of the

frameshift mutant, which cannot synthesize p35Pre-S, to nonetheless direct the

synthesis of substantial quantities of p248 indicates that the bulk of p248

produced in this system is not derived by cleavage of pre-S-containing

precursors, but from translation initiation at the p248 AUG codon. Our data do

not allow us to determine which of the three observed mRNA species is used for

p24° initiation; in the two smaller RNA species (Fig. 1), the p248 AUG is the

first initiation codon in the message, while in the largest message, the p248

AUG is preceded by that for p35Pre-S. Although in most eukaryotic RNA's,

translation initiation occurs at the first (most 5") AUG, initiation at internal

AUG codons has been well documented (21); it is therefore conceivable that the

largest species could be used to synthesize both p31Pre-S and p24°.
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Functional roles of pre-S proteins.

Inspection of the DNA sequences of all HBV subtypes has shown that the

HBs.Ag coding region is always preceded by a pre-S open reading frame, and the

same coding arrangement is preserved in all known hepadnaviruses, including

those isolated from Eastern woodchucks, Beechey ground squirrels, and Pekin

ducks (24–26). These findings argue that the pre-S region is expressed and

serves important functional roles in vivo. Our results and the earlier studies

of Machida et al. (14) indicate that one activity attributable to pre-S gene

products includes the ability to bind polymerized albumin. Although this

activity of HBs.Ag-positive serum has been recognized for over ten years, Imai et

al. (15) were the first to point out that the species-specificity of this

interaction at least partially parallels that of the host range of the virus.

Based on this conclusion, it has been suggested that the HBs.Ag-polyalbumin

interaction may be involved in the infectivity of HBV, (14), perhaps by

mediating interactions between the virus and putative polyalbumin receptors on

hepatocytes (22,23).

Comparison of the DNA sequences of HBV and the other mammalian

hepadnaviruses reveals that while the sequences within coding regions for p248

are relatively well conserved, pre-S sequences display substantial divergence.

This divergence occurs despite the evolutionary constraint of an overlapping

reading frame for the putative viral polymerase. For instance, 61% of p24° amino

acids in HBs.Ag are identical in the surface antigen of ground squirrel hepatitis

virus (GSHV), but only 17% identity exists between the predicted pre-S

translation products of the two viruses (24). Based on these observations, it is

not unreasonable to assume that sequence divergence in the pre-S region may play
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a role in some specialized biological function, such as the determination of

host range. However, the notion that albumin binding governs or influences viral

host range still awaits direct experimental confirmation.

ACKNOWLEDGEMENTS:

The authors wish to thank Mei Lie Wong for assistance and advice concerning

the electron microscopy, and Janine Marinos and Annette Boyer for preparation of

the manuscript. This work was supported by NIH grant AI18782. D.H.P is a Medical

Scientist Training Program Trainee, award #GMO7618. H.E.V. is an American Cancer

Society Research Professor, and D.G. is a fellow of the John L. and George H.

Hartford Foundation.



–53–

10.

11.

12.

13.

14.

15.

REFERENCES

. Ganem, D. (1982) Rev. Infect. Dis. 4:1026–1047.

Tiollais, P., Charnay, P. and Vyas, G. (1981) Science 213:406-411.

. Standring, D., Rutter, W., Varmus, H. and Ganem, D. (1984) J. Virol. 50:563–

571.

Beasley, R.P., Lin, C.C., Hwang, L.-Y., and Chien, C.-S. (1981) Lancet

2:1 129-1133.

Valenzuela, P., Quiroga, M., Zaldivar, J., Gray, P. and Rutter, W.J. (1980)

ICN-UCLA Symp. Mol. Cell. Biol. 18:57-70.

Galibert, F., Mandart, E., Fitoussi, F., Tiollais, P. and Charnay, P. (1979)

Nature (London) 281:646–650.

. Robinson, W.S. and Lutwick, L. (1976) N. Engl. J. Med. 295:1168–1175and

1232–1236.

Dane, D.S., Cameron, C.H. and Briggs, M. (1970) Lancet 1:695-698.

Peterson, D., Roberts, I. and Vyas, G. (1977) Proc. Natl. Acad. Sci. USA

74:1530–1534.

Stibbe, W. and Gerlich, W. (1983) J. Virol. 46:626–628.

Feitelson, M., Marion, P. and Robinson, W.S. (1982) J. Virol. 43:687–696.

Feitelson, M., Marion, P. and Robinson, W.S. (1982) J. Virol. 43: 741-748.

Heerman, K., Goldmann, U., Schwartz, W., Seyffarth, T., Baumgarten, H., and

Gerlich, W. (1984) J. Virol. 52 396–402

Machida, A., Kishimoto, S., Ohumura, H., Miyamoto, H., Baba, K.,03a, K.,

Nakamura, T., Miyakawa, Y. and Mayumi, M. (1983) Gastroenterol. 85:268-274.

Imai, M., Yanase, Y., Noriji, T., Miyakawa, Y. and Mayumi, M.

(1979)Gastroenterol. 76:242-247.



–54–

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

Neurath, R. and Strick, N. (1979) Intervirology 11:128-132.

Dubois, M.F., Pourcel, C., Rousset, S., Chany, C. and Tiollais, P. (1980)

Proc. Natl. Acad. Sci. USA 77:4549–4553.

Oppermann, H., Levinson, A. and Varmus, H.E. (1981) Virology 108:47–70.

Struck, D.K., Lennartz, W.J. and Brew, K. (1978) J. Biol. Chem. 253:5786–

5794.

Moriarty, A.M., Hoyer, B.H., Shih, J.W., Gerin, J.L. and Hamer, D.H.(1981)

Proc. Natl. Acad. Sci. USA 78:2606–2610.

. Kozak, M. (1983) Microbiological Reviews 47:1-45.

Weisiger, R., Gollan, J. and Ockner, R. (1981) Science 211:1048–1051.

Ockner, R.K., Weisiger, R.A. and Gollan, J.L. (1983) Am. J. Physiol.345:613–

618.

Seeger, C., Ganem, D. and Varmus, H.E. (1984) J. Virol. 51:367–375.

Kew, M.C. in Viral Hepatitis (eds Vyas, G.N., Cohen, S.N. & Schmid, R.) 439–

450 (Franklin Institute Press, Philadelphia, 1978).

Maxam, A., and Gilbert, W. in Methods in Enzymology (eds Grossman, L. &

Moldave, HDK.) 499-559 (Academic Press, New York, 1980).

Galibert, F., Chen, T. and Mandart, E. (1982) J. Virol. 41:51-65.28.

Mandart, E., Kay, A. and Galibert, F. (1984) J. Virol. 49.782–792.



–55–

Figures for Chapter 2



–56–

Figure 1.

pSA90

Surfoce I ~
R B BS? R partial EcoRi digest B B R

T4 polymerose
T4 ligase

+1 from eShift
of EcoR1 site

pSA90fs!
AUG AUG

Surface || F



–57–

Figure 1. Structure of wt and mutant HBV-containing plasmids.

pSA90 contains the complete genome of HBV (box) cloned in the Bam HI site

of pHR322 (dashed lines). The pre-S region is highlighted by stippling, and all

in-frame ATG’s are marked. The initiation sites of the HBSAg mRNA species within

the pre-S region are shown as asterisks. A 4bp insertion is present in pSA90fs 1

at the site of the +1 frameshift. B10 marks the approximate boundaries of a

500bp deletion in a mutant discussed in the text. Restriction sites: R (EcoRI) B

(BgllI) Bst (BstE2)
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Figure 2.
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Figure 2. Immunoprecipitation of labelled HBs.Ag from medium harvested from

transfected L cells.

35S-labelled proteins accumulated in the medium from untransfected L cells

(lane 3) and from L cells transfected with pSA90 (lane 1) or pSA90fs 1 (lane 2)

after 24 hours of labelling with 3°S methionine and 33S cysteine were

immunoprecipitated with anti-HBs, and precipitates electrophoresed through a 14%

polyacrylamide slab gel containing 0.1% SDS for 3–5 hours, fixed, and

autoradiographed. The arrows indicate the protein species precipitated

specifically from medium of transfected cells by anti-HBs. The positions and

molecular weights of protein size markers are indicated in the right-hand

border.
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Figure 3. Characterization of the physical properties of HBs.Ag particles

produced in L cells transfected by wild-type and mutant HBV DNA.

(A) Unlabelled medium from L cells transfected with wild-type ( – ) and

mutant DNA (pSA90fs; – ) was adjusted to a final density of 1.20 g/ml with CsCl

and centrifuged in a Beckman Ti 50 rotor at 40,000 rpm for 36 hrs. Collected

fractions were assayed for HBSAg immunoreactivity using the Ausria II

radioimmunoassay system. (B and C) Electron micrographs of purified HBs.Ag

particles from culture medium of cells transfected with pSA90 (B) and pSA90 fs 1

(C). Magnification 85,000x.
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Figure 4.
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Figure 4. Gel electrophoresis of labelled HBs.Ag polypeptides eluted from

antigen-polyalbumin complexes.

3°S methionine-labelled HBs.Ag in the medium of L cells transfected with

pSA90 was partially purified by immunoaffinity chromatography and subsequently

tested for binding to human or bovine polymerized albumin. Immunoaffinity

purified HBs.Ag (lane 1), polypeptides bound to and eluted from polymerized human

albumin (lane 2), polypeptides bound to and eluted from polymerized bovine

albumin (lane 3), and polypeptides remaining unbound after exposure to

polymerized human albumin (lane 4) were electrophoresed through a 14%

polyacrylamide slab gel containing 0.1% SDS, fixed and fluorographed. Input

antigen in the experiments of lanes 1 and 4 is 10% the input in the experiments

of lanes 2 and 3.
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TABLE 1

Table 1. Binding of HBs.Ag polypeptides produced in cultured cells to polymerized albumins

Polyalbumin binding

HBs.Ag source” Human Bovine Equine Rabbit Rat Guinea pig

pSA90 4451 + 460 107 it 10 121 + 37 99 + 15 108 + 11 106 + 19
pSA90fs1 104 + 20 NT NT NT NT NT
pSA90AB10 2955 + 320 NT NT NT NT NT
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Table 1. Polyalbumin binding is expressed as cpm of 125I-labeled anti-HBs

retained by complexes of HBs.Ag bound to solid-phase polymerized albumin of the

indicated species. Comparable amounts of immunoreactive antigen (within a

factor of two) were assayed, and tests are reported in quintuplicate; results

are expressed as mean CPM +/- 1 standard deviation. NT, not tested.
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Chapter 3

Antibodies to pre-S and X Determinants Arise

During Natural Infection with Ground Squirrel Hepatitis Virus

The text of this chapter is printed as it appeared in the Journal of Virology,

1986, Vol. 60, pp. 177-184.
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ABSTRACT

Apart from the genes for the major surface and core antigens of ground

squirrel hepatitis virus (GSHV), the viral DNA sequence predicts the existence

of additional viral proteins, including the preS proteins (related to the major

surface antigen) and the X protein, the putative product of an independent

reading frame. Using an antibody directed against a peptide predicted by the

preS reading frame, we have identified a product of the preS1 gene in

preparations of GSHV surface antigen purified from the serum of infected

animals. In addition, by immunoprecipitation of S and preS-specific in vitro

translation products with ground squirrel sera obtained following GSHV

infection, we have determined that antibodies arise to S and/or preS

determinants. The antibody response to preS includes, in some cases, reactivity

to preS1-specific domains, and is not always associated with an anti-S response.

Similarly, by production of the viral X gene product in vitro followed by

immunoprecipitation with ground squirrel sera, we have shown that antibodies to

this viral gene product also arise during infection, indicating X antigenic

determinants are synthesized during of viral infection and are recognized by the

host immune system.
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Introduction

Comparison of the nucleotide sequences for the human, woodchuck, and ground

squirrel hepadnaviruses (HBV, WHV, and GSHV) shows preservation of 4 major open

reading frames. Although these reading frames differ in the degree of

nucleotide sequence conservation, their overall architecture and placement in

the viral genome is retained across considerable evolutionary distances. The

coding regions for some of the viral gene products have been identified using a

variety of approaches: reconciliation of the nucleotide sequence with N-terminal

amino acid composition (HBV S region) (26), expression of immunologically cross

reactive material from defined HBV DNA sequences in prokaryotes (HBV core gene)

(1), and production of monoclonal antibodies against purified viral proteins

(7).

The product of HBV S region, hepatitis B surface antigen (HBSAg) has been

studied extensively since its discovery over 20 years ago (2,18,20). The S

region is situated in the 3' half of an 1182 bp open reading frame (25). The

522 bp 5' region, termed "preS," represents the most evolutionarily divergent

viral genomic domain, yet its overall architecture and coding capacity is

preserved among all mammalian hepatitis B viruses studied to date (4,22). This

region of HBV has recently been shown to encode several viral proteins, all of

which include the downstream S. domains. Like the major S proteins, the preS

proteins are present as both glycosylated and non-glycosylated derivatives of

the same polypeptide backbone. One set of such proteins, termed the preS2

proteins, represents a 55 amino acid preS derived N-terminal extension of the S

domain (10,24). There is no precursor-product relationship between the preS2

and S proteins; a frameshift mutation introduced into the preS2-specific portion
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of the HBV preS coding region allows synthesis of S polypeptides and their

secretion as 22nm particles of normal appearance and buoyant density (16).

These proteins, by virtue of the preS2-specific protein domain, have been shown

to have the property of binding to albumin polymers, an interaction that has

been speculated to be important for virus infectivity (9,10).

Another set of HBs.Ag-related proteins, representing most or all of the preS

region, has recently been identified (6,26). The function of these proteins

(collectively termed the preS1 proteins) is unknown. However, they appear to be

present in higher abundance in virions than in 22nm particles, which may

indicate a role in the morphogenesis or function of infectious virions (6).

The smallest conserved open reading frame of the mammalian hepadnaviridae,

termed region "X", consists of ca. 480 nucleotides and could encode a protein of

estimated Mr 15 kd. The function of this protein is unknown; no protein of this

size class has been identified in purified preparations of viral proteins.

Recently, however, investigators have demonstrated the presence of antibodies in

sera from HBV-infected patients against either peptides predicted by the X

region or bacterial fusion proteins containing X-specific sequences (8,12,16).

Unfortunately, the narrow host range of HBV has impeded further efforts to

understand the role of these proteins in the viral life cycle. However, the

development in recent years of animal models for hepatitis B virus infection

offers renewed opportunities for genetic and biochemical investigations of viral

genes and their products (5,11,22,23). Earlier workers (3,21) have demonstrated

that surface antigen preparations from animal hepadnaviruses of both avian and

mammalian origin contain polypeptides of higher molecular weight that are

related to the S region. In the present study, we present further
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characterization of these polypeptides in sera from ground squirrel hepatitis

virus (GSHV) infected animals. Furthermore, by immunoprecipitation of S and

preS-specific in vitro translation products with ground squirrel sera, we

demonstrate that, in addition to previously recognized anti-S antibodies,

antibodies specific to the preS region arise during natural infection. Finally,

by immunoprecipitation of in vitro translation products specified by the

complete X open reading frame, we have determined that antibodies also arise to

this viral gene product during natural infection.
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MATERIALS AND METHODS

DNA Constructions:

The GSHV genome used in our constructions was that sequenced by Seeger et

al. (22). Restriction enzymes were obtained from New England Biolabs. Plasmid

pSP24G was constructed by inserting the 1.3 kb SacI GSHV DNA fragment into the

SacI site of the pSP65 (Promega Biotech) polylinker region. The orientation of

the resultant clones was determined by restriction analysis; clones containing

the p24 coding region downstream from the SP6 promoter and in the correct

transcriptional orientation were selected. Plasmid pSP45G was constructed by

first isolating the 2.2 kb EcoR1–BamhI fragment from a GSHV genomic clone whose

only Pvu■ I site was replaced with a Bamh 1 linker. This fragment was then

inserted into the polylinker region of pSP65. Recombinants obtained were of the

proper orientation due to the location of the target restriction sites in the

polylinker region. Plasmid pSPCG was constructed by first isolating the 1.1 kb

Avr2-Pstl fragment containing the GSHV "pre-core" and core coding region. This

fragment was then cloned into the Xbal and Pstl sites in the polylinker region

of pSP65. The clones obtained were in the correct orientation for transcription

of the core gene due to the positions of the target restriction sites in the

vector. The construction of pSPXG was carried out by first isolating the 1.1 kb

Sac2-Pstl fragment containing the GSHV X and pre-core/core open reading frames.

This fragment was then inserted into the polylinker region of pSP65.

Recombinants obtained were of the proper orientation due to the positions of the

target restriction sites in the polylinker region.
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In Vitro Transcriptions and Translations

For in vitro transcription, 1 pig of SP6 promoter-containing plasmid was

incubated with 20 units of SP6 polymerase in a 50 pil reaction containing 10 mM

Tris, pH 7.5, 10 mM MgCl2, 10 mM spermidine, 50 mM NaCl, 2.5 mM each of the

ribonucleotides ATP, GTP, CTP, UTP (Pharmacia Biochemicals), 20 units RNASIN

placental ribonuclease inhibitor (Promega Biotech), and 10 mM DTT. The reaction

was allowed to proceed for 1-1.5 hours at 40°C. The large amounts of RNA

produced in this reaction typically gave rise to a milky appearance in the

reaction mixture. To produce truncated preS-specific transcripts, plasmid

pSP45G was cleaved in the preS open reading frame with either Kpnl or Fokl (New

England Biolabs). The DNA fragments were purified by phenol extraction and

ethanol precipitation before use in in vitro transcription reactions.

For in vitro translation, 1 pig of SP6-directed RNA was added to a 50 pil

rabbit reticulocyte lysate translation mix containing 35 pil nuclease treated

rabbit reticulocyte lysate (Promega Biotech), 1 mM each of amino acids minus

methionine (Promega Biotech), 10 pil 3°S-methionine (Amersham), 10 units RNASIN

and 5 ul DEPC treated distilled H20.

Production of Antipeptide Antibodies:

Peptides corresponding to GSHV nucleotide positions 1059-1098

(MGNNIKVTFDPNK-C) and 1449–1488 (PTPLTPPLRDTHP-C) were kindly synthesized an

provided by Dr. Richard Lerner. Peptides were coupled to keyhole limpet

hemocyanin carrier protein (Sigma) at a concentration of 1.25 mg peptide/mg

carrier using a previously described procedure (8). Each of three white male

New Zealand rabbits was injected multiple times with 200 pig of conjugated

peptide in Freund's complete adjuvant (Gibco). After three weeks, an equivalent



–73–

dose in Freund's incomplete adjuvant (Gibco) was administered. Serum was

harvested at two weeks following the last injection.

Antipeptide antibody titers were determined by ELISA using peptide-coated

plastic wells. Briefly, peptides were dissolved in 50 mM Na Bicarbonate buffer,

pH 9.5, to a final concentration of 100 pmole/ml. 200 pil of peptide solution

was added to each well of a 100-well Costar Serocluster plate and allowed to

remain overnight. Plates were washed extensively with distilled H20 to remove

free peptide, and serial dilutions of rabbit antipeptide antisera were added to

the wells in TBS/CS (50 mm Tris, pH 8.15, 0.85% NaCl/20% calf serum). Unbound

antibody was washed away by repeatedly immersing the plate in a bath of TBS.

100 pil of a 1:1000 dilution of protein A-B-galactosidase in TBS was added to the

wells and allowed to stand for two hours at room temperature. Wells were washed

as before and incubated with 4 mg/ml 0–nitrophenyl B-D-galactoside in TBS

containing 10 mg MgCl2 and 100 mM B-mercaptoethanol. Color was allowed to

develop for 40-60 minutes at room temperature.

To further test the reactivity of the antipeptide antisera, plasmid pSP45G

was transcribed by SP6 polymerase in the procedure described above. RNA yields

were typically in 5- to 10-fold molar excess of input template. 1 ug RNA was

transcribed per 50 pil translation mix in the procedure described above. 10 pil

aliquots of the translation mix were immunoprecipitated as described below.

For immunoaffinity purification, 1 mg of peptide was dissolved in 2 ml 50mM

Hepes buffer, pH 7.4, and added to 2 ml Affi-gel 10 (Biorad) that had been

previously prepared according to the vendor's specifications. The slurry was

incubated on a platform rocker at 4°C for 12–16 hours. Unbound peptide was

removed by washing the gel with 50 column volumes of TBS. Rabbit sera judged to
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have high antipeptide antibody titers were pooled to a final volume of 1 ml, and

incubated with the column material for 1 hour at room temperature. After

unbound material was allowed to flow through, the columns were washed with 50

column volumes of TBS. Bound material was eluted with 50 ml of 100 mM glycine

buffer, pH 2.5 , neutralized immediately with 2M Tris buffer, pH 7.5, and

concentrated to 0.5 ml in Amicon-30 microconcentrators (Amicon) before use.

Ground Squirrel Hepatitis Virus Surface Antigen (GSHsAg) Preparation and

Radioiodination

2 ml of serum from a GSHV-infected ground squirrel was layered over a 3x150

cm Biogel A5M column (Biorad) and allowed to flow into the column material until

it had completely entered. The flow was then stopped, the column was filled

with 15 ml A5M column buffer (150 mM NaCl, 50 mM Tris, pH 7.5, 0.05% Aprotinin

(Sigma)), and allowed to run for 48 hours at a flow rate of 4 ml/hour. Forty 4

ml fractions were collected. GSHSAg-containing fractions were identified by the

AUSRIA radioimmunoassay (Abbott). Initial GSHsAg-positive fractions from the

column were judged to be 90% pure by SDS-PAGE followed by silver staining.

For radioiodination, 1-2 pig of column-purified GSHsAg was dissolved in 25

pil of 50 mM Borate buffer, pH 8.5. 125 ul of monoiodo derivative Bolton-Hunter

reagent (Amersham) was added and the mixture was incubated for 15 min at 4°C.

Unbound label was removed by spin dialysis in a 1 ml column of Sephadex G50–

medium (Pharmacia).

Immunoprecipitations and Western Blotting

For immunoprecipitation, 10 pil of in vitro translation mix was diluted to

150 pil in RIPA buffer (50 mM Tris, pH 8.15, 0.1 SDS, 0.5% NP40, 0.5% sodium

deoxycholate). Three pil of the appropriate antibody was added and the mixture
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was incubated for 2-12 hours at 4°C. 20 pil of a 60% (vol/vol) slurry of

protein-A sepharose (Sigma) was added and the mixture was rocked for 2 hours at

4°C. The Sepharose pellets were washed in a small column with 1 ml RIPA buffer

a total of eight times, followed by a single wash in isotonic saline. 35 pil of

sample buffer (2% SDS 50 mM Tris, pH. 6.8, 100 mM B-mercaptoethanol, 2 pig per/ml

bromophenol blue) was added to the air-dried pellets, and samples were incubated

at 90°C for five minutes. Sample buffer was then spun out into Eppendorf

centrifuge tubes for SDS-PAGE analysis.

For Western blotting, 10 pil of column-purified GSHsAg was boiled for five

minutes in electrophoresis sample buffer and then loaded into a single well of a

2 mm thick 14% SDS polyacrylamide gel. Samples were electrophoresed at 20 mA

constant current for 4 hours. The gel was removed, soaked in blotting buffer

(0.192 m glycine, 20% methanol) for 20 minutes, removed, and then overlaid with

nitrocellulose and Whatman 3MM paper. Resolved proteins were transferred to the

nitrocellulose at a constant voltage of 40 V for four hours. Transfer

efficiency was assessed by visualization of transfer of pre-stained protein

molecular weight markers. The filter was removed, soaked in TBS for five

minutes, and incubated in a solution of 5% (weight/volume) non-fat dry milk in

TBS (TBS/NFDM) for 30 minutes to reduce nonspecific adsorption. Affinity

purified antipeptide antibody was diluted to 1:300 in TBS/NFDM and incubated for

8 hours at 20°C. The blot was washed three times in 100 ml of TBS/0.5% Tween

20, then incubated with 10 puCi of 125 I-labeled affinity purified protein A

(Amersham) diluted to 15 ml in TBS/NFDM for two hours at 20°C
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RESULTS

PreS proteins are present in GSHV-infected serum.

We first sought to determine whether preS proteins originating from the

available translation initiation codons are represented in purified preparation

of GSHsAg. To do this, we carried out a single step purification of GSHSAg by

gel filtration in an A5M column. The initial GSHSAg-containing fractions were

GSHV DNA positive and essentially free of detectable contaminating serum

proteins as judged by silver staining. These proteins were pooled and

radioiodinated under non-denaturing conditions with Bolton-Hunter reagent. The

results of SDS-PAGE analysis of both silver stained and radioiodinated GSHSAg

are shown in Figure 1.B. Silver staining reveals two size classes of GSHsAg

associated proteins; the two predominant S proteins of Mr 21 and 24 and three

species in the Mr 40-49 k.d range. Upon radioiodination, however, an

intermediate class is revealed that migrates with an apparent Mr of 33–36 kd.

The latter proteins are derived from the preS2 region, based on protease mapping

with both Staphylococcus V-8 protease and proteinase K (data not shown). The

appearance of these proteins only after radioiodination is probably due to

preferential iodination of the lysine residue at position 2 of the preS2 region

(22); this allows these proteins to be disproportionately labelled relative to

their actual proportions in the sample (Figure 1B). These data are consistent

with an exposed location for the preS2 domain on 22nm subviral particles, as has

been suggested for the cognate regions of the HBV pres2 domains (6,14).

In order to examine GSHsAg preparations for products of the preS1 region,

we first generated antibodies against synthetic peptides derived from the

nucleotide sequence of the preS1 region. Peptides corresponding to GSHV
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nucleotide positions 1059-1098 and 1449–1448 (Fig. 1A) were injected into

rabbits, and antibody titers were determined by ELISA. All immunized animals

generated an anti-peptide response. In order to determine the reactivity of

these antibodies to the GSHV preS1 region, we synthesized a preS protein by in

vitro transcription followed by in vitro translation as described in Materials

and Methods. The synthesis of this protein is initiated at the first ATG within

preS, producing a principal preS1-specific translation product of Mr 43 kd; some

minor products presumed to be due to internal initiation at the second and third

preS ATG’s are also observed (Figure 2A, lane UP). The antipeptide antibodies

were then utilized to immunoprecipitate the above in vitro translation products.

Whereas the no serum and preimmune serum controls showed no reactivity against

the translation products (Fig. 2A, lanes 1 and 2, these proteins were recognized

by both antipeptide antisera (Fig. 2A, lanes 3 and 4). As expected, a

commercially available anti-HBs antibody was also capable of recognizing the

translation products (Fig. 2A, lane 5). The ability of anti-peptide2 antibody,

but not anti-peptidel antibody, to recognize a doublet suggests that the lower

band of this doublet may arise from internal initiation at the second ATG codon

of the preS region (Fig. 2A, lane 3).

These sera were then used to detect preS1 proteins in preparations of

serum-derived GSHSAg. GSHSAg partially purified by column chromatography was

concentrated and electrophoresed in a 14% polyacrylamide gel. Corresponding

column fractions from a GSHsAg-negative animal were treated in an identical

fashion and loaded into an adjacent lane. The resolved proteins were

transferred to nitrocellulose and probed with affinity purified antipeptide

antiserum followed by 12°I labelled protein A. Whereas the GSHsAg-negative
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fraction showed no reactive species (Fig. 2B, lane 2) anti-peptide2 antibody

recognized a polypeptide of Mr 43 kd (Fig. 2B, lane 1). Surprisingly, anti

peptidel antibody, while able to recognize the in vitro translation products,

did not identify a protein species when used under identical conditions (data

not shown; see discussion).

Antibodies to preS determinants arise during natural GSHV infection.

Recent studies of HBV have indicated that at least some preS-specific

protein determinants may be located on the exterior of sag-associated particles

and virions, and that preS determinants are highly immunogenic when administered

to heterologous hosts in immunization protocols (6,10,14). We sought to

determine whether antibodies arise to GSHV preS protein domains during natural

infection of susceptible hosts. To accomplish this, sera from GSHV infected

squirrels were used in immunoprecipitation assays with radiolabelled preS

proteins prepared by coupled in vitro transcription/translation. Because all

preS proteins share the S-specific domains, antibodies arising to either S or

preS would give indistinguishable results; accordingly, we synthesized preS

specific protein fragments by truncation of the preS template DNA with

appropriate restriction enzymes.

Plasmid pSP45G was cleaved with KpnI to produce a linear molecule truncated

113 nucleotides downstream of the putative translation initiation codon for the

GSHV preS2 proteins (Fig. 3A). The short messages produced by SP6-directed in

vitro transcription were translated in an in vitro rabbit reticulocyte lysate

system to produce a Mr 21 kd protein fragment representing all of the preS1

region and 33 amino acid residues of preS2. Using this antigen, convalescent

sera from a cohort of 20 animals with documented GSHV infections were tested in
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immunoprecipitation reactions. The immune precipitates were analyzed by SDS

PAGE; sera from the animals prior to resolution of infection were used as

controls. A representative group of such immunoprecipitations is shown in

Figure 3. Whereas none of the pre-resolution sera were reactive , 3 of 4 post

resolution sera were capable of recognizing GSHV preS1/preS2 determinants (Fig.

3A, animals 1,2 and 4).

In order to determine whether the presence of anti-pres antibodies

correlated with an immune response to the products of the GSHV S reading frame,

we synthesized GSHV S-specific protein in vitro using an SP6 derived vector

containing the entire coding region for GSHV gene S (see Fig. 3B).

Immunoprecipitation of the in vitro translation products directed by this

plasmid again show no reactivity among the pre-resolution sera.

Immunoprecipitation with the post-resolution sera, however, show that 2 out of 4

animals have anti-S antibodies (Fig. 3B, animals 1 and 2). Surprisingly, one

animal shown here with an anti-pres response displayed no observable anti-S

antibody (Fig. 3B, animal 4.) Table 1 summarizes the data gathered from a

similar analysis of a cohort of 19 animals that had resolved documented GSHV

infection. Of twelve anti-S-positive animals, 6 showed an anti-preS response.

Of the 7 anti-S negative animals, 2 were anti-pres positive.

Antibodies to preS1-specific determinants arise during natural infection.

We next sought to determine whether GSHV preS1 determinants elicit an

antibody response during natural infection. Plasmid pSP45G was cut with

restriction enzyme FokI. Although this enzyme cleaves pSP45G at multiple sites,

a fragment containing the SP6 promoter and 364 nucleotides of the preS1 open

reading frame is spared from cleavage. The transcripts obtained from the
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cleaved template were translated as described earlier to yield a 121 amino acid

preS1-specific protein fragment (Fig. 4A).

Figure 4B shows the result of immunoprecipitation with ground squirrel sera

that were earlier shown to be reactive to the preS1/preS2 fragment. A total of

4 out of 8 animals having detectable anti-presl/preS2 reactivity had anti-presl

reactivity (Fig. 4B, lanes 3,4,6 and 10; Table 1). Of these, 2 were anti-S

negative and two were anti-S positive. This demonstrates that GSHV preS1

domains are immunogenic in some animals and that an anti-preS response is not

necessarily associated with an anti-S response.

Antibodies to determinants specified by the Core and X genes arise during

natural GSHV infection

We were interested to know whether the above approach could be extended to

detect antibodies to putative viral proteins whose products have not yet been

directly identified. Principal among these is the product of an open reading

frame, termed X, which is predicted to be a 15 kd protein. Accordingly, we

carried out coupled in vitro transcription and translation of SP6-derived

plasmids bearing the intact X open reading frame. Sera obtained from 18 animals

following resolution of primary GSHV infection were screened for their ability

to immunoprecipitate the radiolabeled X protein. As an internal control,

radiolabelled core antigen produced in a similar fashion was included in each

precipitation mix; earlier studies in both HBV and GSHV infected hosts has

demonstrated that the majority of infected individuals produce anti-core

antibody (). As shown in Fig. 5, of the 12 anti-core positive sera, five also

recognized the X gene product. Some sera also precipitated minor translation
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products of 18–20 kd; these species may represent products of internal

translation initiation or premature termination within template GSHV RNA.

DISCUSSION

Identification of GSHV pres proteins

Our studies have revealed the presence of two classes of GSHV preS-derived

proteins; those likely originating from the preS2 AUG codon resulting in

proteins of Mr 33–36kd, and a larger class originating from the preS1 region.

Despite the presence of multiple species of Mr 40-45 kd observed after silver

staining, we observe only one strongly reactive preS1 species in immunoblots of

our preparations of GSHSAg. In both HBV and WHV, two preS1 proteins exist that

differ in the degree of glycosylation (6,21); the failure of our antipeptide

sera to recognize more than one GSHV protein may be due to a reduced affinity

for modified forms of the protein or other technical factors.

We are unable to determine with certainty whether (as seems likely) the

GSHV preS1 protein arises by translation initiation at the first AUG of the preS

region. An antibody raised against peptide l (representing the first 14 amino

acids of preS) failed to recognize a viral protein, although this antibody does

recognize an in vitro preS protein translated from the first AUG. (Fig. 2)

However, initiation of translation at the next available AUG would result in

synthesis of a protein of only 38,000 M.W., significantly smaller than that

observed by immunoblotting, although post-translational modification could

affect its apparent MW. Other evidence also suggests that the first preS1 AUG

of hepadnaviruses is utilized: the nucleotide position of the second preS1 ATG

is not conserved among HBV subtypes (25); this ATG appears to be absent in the

related woodchuck hepatitis virus (4); and whereas the nucleotide context



–82–

surrounding the first and third AUG's of GSHV preS (A--ATGG and A--ATGA,

respectively) make them potentially efficient initiators of translation, the

second ATG lies in an unfavorable context (C–-ATGA) (7). We are currently

attempting to determine whether the lack of reactivity of anti-peptide 1 against

GSHV proteins made in vivo is due to underrepresentation of these domains in the

viral protein, post-translational modification, or to other technical factors.

Synthesis of preS proteins in vivo

Our group has recently mapped the 5’ ends of the GSHV poly A* RNA’s (2).

Two size classes of mRNA's were identified; a 3.5 kb transcript initiating from

the region upstream of the core antigen open reading frame, and a 2.3 kb message

originating within the preS region. Interestingly, the 5' ends of both classes

of mRNA's are heterogeneous and in both cases bracket potential translation

initiation codons. The 2.3 transcripts most likely encode the major viral coat

proteins of the S region, and by virtue of their 5’ heterogeneity, the preS2

proteins. However, no subgenomic transcript encompassing the preS1-specific

region has been identified to date in infected liver, despite the presence of

preS-proximal element conforming to a eukaryotic promoter consensus sequence

beginning at nucleotide position 978 (81 nucleotides upstream of the 1st preS1

AT5) in the GSHV genome (R. Colgrove, unpublished observation). It is formally

possible that these proteins are synthesized from mRNA's directed by this

promoter-like region; low-level expression from such a promoter might explain

the difficulty in observing such a message in infected livers. Alternatively,

these proteins might be synthesized by internal translation initiation from the

genomic-length message whose first translatable reading frame encodes the core

antigen (see above). Our group has recently carried out in vitro translation
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of a synthetic transcript similar to the genomic-length transcripts of GSHV.

Interestingly, a major in vitro translation product of this message, in addition

to core antigen, is the product of the entire preS1 region, (a smaller preS1

specific polypeptide arising by initiation at the second ATG within preS is also

observed), (G. Enders and B. Eble, unpublished observations). However, no in

vivo data exist that allow rigorous assignment of the mRNA for the preS1

protein(s).

Naturally occurring antibodies to pres proteins

We have here demonstrated that GSHV infection in its natural host

generates, in addition to an immune response to the major viral proteins of the

S reading frame, an antibody response to preS protein determinants; this

response includes antibodies to preS1-specific protein domains. An anti-preS

response is not always associated with an anti-S response - two animals

demonstrated an anti preS1/preS2 response with no detectable anti-S antibodies.

These data are of interest in light of the recent demonstration by Milich

et al. (13) that preS2 proteins of HBV are more immunogenic in normal mice than

are the products of the S domain; in addition, inbred strains which are

genetically incapable of responding to the S domain can respond to the preS2

proteins. However, since mice are not susceptible to HBV infection, these

studies were performed by immunizing animals with large quantities of

recombinant or serum-derived antigen. Our data indicate that responses to preS

proteins can be observed in susceptible homologous hosts recovering from an

authentic viral infection; such anti-pres responses were ever demonstrable in

occasional animals lacking anti-S responses. Further studies will be required,
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however, to determine whether such responses contribute to resolution of

infection or immunity to reinfection.

Naturally occurring antibodies to other viral proteins

Nucleotide sequence comparisons of the mammalian hepadnaviruses shows

preservation of four major open reading frames. The smallest potential coding

region (termed X) a reading frame of ca. 460 nucleotides, could encode a protein

of estimated Mr 15 kd. No viral gene product of this size range has been

identified that corresponds to this region; but Moriarty et. al. have recently

identified antibodies to two peptides predicted by the HBV X coding region in

sera of patients infected with HBV (18). Furthermore, these investigators

suggested a serologic correlation between an anti-X response and the presence of

liver cirrhosis and/or hepatocellular carcinoma. Recent studies (12,8)

employing bacterial fusion proteins containing X sequences have shown that anti

X antibodies are present in sera from HBV patients.

We have demonstrated that in a cohort of 18 subjects who have recovered

from primary GSHV infection, 5 animals generated an antibody response to the

GSHV X protein and that this response is usually associated with a high anti

core titer. Meyers et. al. have recently examined HBs.Ag-positive and negative

sera obtained from patients during or after infection for the presence of

antibodies to HBV X determinants (12). An anti-X response was observed among

approximately one-third of HBs.Ag-positive sera, but only rarely among HBs.Ag

negative post-resolution sera. Our results, showing X reactivity in significant

numbers of GSHSAg-negative post-resolution sera, may be due to expression of the

X protein without adjoining bacterial protein sequences or to species-specific

features of viral infection.
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Our data provide strong circumstantial evidence for the synthesis of GSHV X

determinants at some stage of viral infection. The frequency with which this

antibody arises following uncomplicated GSHV infection suggests that it is

unlikely to be uniquely associated with persistent infection or its sequelae in

this animal model. The structure, biogenesis, and role of the X protein in the

natural history of hepadnaviral infection remains to be determined.
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Figure 1. Surface and Presurface Proteins of GSHV

A) Coding capacity of the GSHV preS region. Shown are the probable sites

of translation initiation for to the preS1, preS2, and S gene products. Also

shown are the relative locations and amino acid compositions of the peptides

used to generate antipeptide antibodies. B) Purification of GSHsAg. GSHsAg was

purified by column chromatography and then radioiodinated with Bolton-Hunter

reagent. Lane 1 shows the result of slab gel electrophoresis of unlabelled

GSHSAg in 14% polyacrylamide followed by silver staining. Lane 2 shows the same

GSHSAg fractions run in a 14% polyacrylamide slab gel after radioiodination.

The numbers at the right correspond to the positions of the indicated molecular

weight markers. Peptide 1 one consists of a 13 amino acid peptide predicted by

nucleotides 1059-1098 of the GSHV genome. (Where nucleotide position 1 is the

first base of the core open reading home.) Peptide 2 is predicted by preS1

specific nucleotides 1449–1488.
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Figures 2b. and 2C.
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Figure 2. Identification of GSHV presl proteins

A) Immunoprecipitation of a preS1 protein made in vitro. A full-length

GSHV preS1 protein was synthesized by coupled in vitro transcription of pSP45G

followed by in vitro translation. SDS-PAGE was carried out in a 14%

polyacrylamide gel. The gel was then fixed, fluorographed, dried and exposed to

Kodak XAR5 film overnight. Lane UP, unprecipitated translation mix. Lane 1,

immunoprecipitation protocol carried out without serum. Lane 2, immuno

precipitation protocol carried out with preimmune serum. Lane 4, immuno

precipitation with antibody against peptide 2. Lane 4, immunoprecipitation with

antibody against peptide 1. Lane 5, immunoprecipitation with anti-HBs. The

numbers at the right represent the positions of the molecular weight markers.

B) Western blot of GSHSAg. GSHSAg was partially purified by A5M column

chromatography and 20 pig were loaded into a single well of a 12% SDS

polyacrylamide gel (lane 1); corresponding column fractions from an antigen

negative animal were treated identically and loaded into the adjacent well (lane

2). The resolved proteins were transferred to nitrocellulose and probed with

affinity purified anti-peptide2 antibody. The filter was then washed, incubated

with 10 puCi 125I labelled protein A, and exposed to Kodak XAR5 film overnight.

The numbers at the right represent the positions of the molecular weight

markers.
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Figure 3. Antibodies to S and preS proteins in GSHV infection

A) Detection of preS-specific antibodies in sera of animals following GSHV

natural infection. A preS-specific polypeptide was synthesized by in vitro

transcription of a preS construction truncated by Kpn 1, followed by in vitro

translation in a rabbit reticulocyte lysate (shown diagramatically in the left

hand panel). The translation mix was divided into aliquots and

immunoprecipitated with sera obtained from ground squirrels before and after

resolution of viral infection as measured by GSHSAg RIA, followed by SDS-PAGE in

a 14% polyacrylamide slab gel. The gel was then fixed, fluorographed, dried and

exposed to Kodak XAR5 film overnight. The number above each pair of wells

represents immunoprecipitations with post-resolution (left lane) and pre

resolution (right lane) sera from the same animal. UP, unprecipitated

translation mix. B) Detection of S-specific antibodies in sera of animals

following natural infection. The same sera used in the above panel were used to

carry out immunoprecipitation of the GSHV S protein made in vitro (left-hand

panel) using the same procedure as in panel A. Lanes vertically aligned with

those from panel A represent data from the same animal; the left-hand well of

each set represents the post-resolution serum, the right-hand well represents

the matched pre-resolution control.
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Figure 4. Anti-pres antibodies include those against preS1-specific

determinants

A) Production of a preS1-specific polypeptide. A preS1-specific

polypeptide was produced by in vitro transcription of a preS reading frame

truncated by Fok 1, followed by in vitro translation as described. B)

Immunoprecipitation of the preS1-specific polypeptide with sera from animals

following natural infection with GSHV. Sera from animals previously

demonstrated to have anti-pres reactivity were used in immunoprecipitations of

the preS1-specific polypeptide followed by SDS-PAGE in a 14% polyacrylamide gel.

The gel was then fixed, fluorographed, dried and exposed to Kodak XAR5 film

overnight. The numbers at the right represent the positions of the molecular

weight markers. UP designates the lane containing the unprecipitated

translation mix. Lanes 7,9 and l l are pre-resolution controls. Lanes 1-6, 8

and 10 represent immunoprecipitations with post-resolution sera. A longer

exposure revealed that the serum used in lane 6 was also reactive against the

preSl-specific region.
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Figure 5. Antibodies to the product of the GSHV X region arise during natural

infection

A) Production of in vitro translation products of the GSHV core and X open

reading frames. The GSHV core and X proteins were produced by coupled in vitro

transcription and translation as described. The upper panel diagrams the

production of the GSHV core gene product. The lower panel shows production of

the GSHV X gene product. B) Immunoprecipitation of the products of the GSHV

core and X gene products with sera from animals following natural infection with

GSHV. Sera from 18 animals following documented GSHV infection were used in

immunoprecipitations of the mixed translation products of the core and X reading

frames, followed by SDS-PAGE in a 14% polyacrylamide gel. The gel was then

fixed, fluorographed, dried and exposed to Kodak XAR5 film overnight. The

numbers at the right represent the positions of the molecular weight markers.

UP designates the lane containing the unprecipitated translation mix. Lane 16

represents immunoprecipitation with a pre-resolution serum used as a negative

control. Lanes 1-15 and 17–19 represent immunoprecipitations with post

resolution sera. A longer exposure revealed that the sera used in lanes 2 and

11 were also reactive against the X-specific region.
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Table 1

# Animals anti-S anti-preS anti-preSl

2 + + +

4 + +
-

6 +
- -

2
- + +
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Table 1. Summary of anti-S and anti-pres reactivities of ground squirrel sera

following resolution of GSHV infection

Sera from 18 animals were screened for anti-S and anti-preS antibodies

using the methods outlined above. Anti-S reactivity was determined by

immunoprecipitation of an in vitro product of the entire S coding region. Anti

preS reactivity was assayed by immunoprecipitation of an in vitro translation

product from the preS reading frame prematurely truncated with KpnI; the primary

product is a preS specific polypeptide composed of the entire preS1 region and

33 amino acids of preS2. Anti-presl reactivity was determined by the ability of

sera to immunoprecipitate a preS1-specific polypeptide produced by coupled in

vitro transcription and translation of the GSHV preS coding frame truncated by

Fokl; this polypeptide contains 121 amino acids of the preS1 region. Positive

reactivity within categories listed at the top is indicated by a (+), negative

reactivity by a (-). The number of animals with the indicated combination of

reactivities is shown at the left.
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Chapter 4

Inhibition of Secretion of Hepatitis B Surface Antigen

by a Related Presurface Polypeptide

The text of this chapter is printed as it appeared in Science, Vol. 234, pp.

1388–1392.
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ABSTRACT

The presurface (preS) proteins of hepatitis B virus are recently recognized

structural components of the viral envelope which may play important roles in

virion assembly and infectivity. They are specified by a large open reading

frame that includes the coding region for the major surface (S) protein in its

3’ half; translation of the preS proteins initiates upstream of the S region,

giving rise to proteins that are composed of the the S domain plus an additional

160 (preS1) or 55 (preS2) amino acids. Little is known about the biosynthesis

and assembly of these proteins. We have examined the expression of the S and

preS1 proteins by transfection of cultured mammalian cells with viral DNA and

injection of synthetic messenger RNA’s into Xenopus oocytes. In contrast to the

proteins encoded by the S region, the preS1 proteins are not detectably secreted

into the culture medium. Furthermore, when the S and pres1 proteins are

synthesized together, secretion of the S proteins is specifically and strongly

inhibited. The results suggest a unique molecular interaction during secretion

of the S and preS proteins that may be important for virus assembly.
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A distinctive feature of acute or chronic hepatitis B virus (HBV) infection

is the accumulation in the serum of large amounts of particulate hepatitis B

surface antigen (HBs.Ag) (1). The major component of HBs.Ag particles is the

product of the viral S gene, a protein of 226 amino acids that is present in

nonglycosylated (p24°) and glycosylated (gp278) forms (2). Two sets of less

abundant HBs.Ag-related polypeptides were recently identified; these polypeptides

are specified, in part, by the presurface (preS) region, a 522-base pair open

reading frame (3) that is upstream and in phase with the S coding region. These

larger proteins, termed the preS1 and preS2 proteins, are composed of the 226

residues encoded by the S region plus an additional 163 (preS1) or 55 (preS2)

NH2-terminal amino acids derived from the preS region (Fig. 1A) (4, 5). The

function of the preS proteins is unknown, but they are present in greater

abundance in virions than in the more numerous subviral HBs.Ag particles (5),

suggesting a role for these protein domains in infectivity or virus assembly, or

both.

In order to examine HBV preS gene expression in mammalian cells, we first

constructed two plasmids containing the HBV S and contiguous preS regions

positioned downstream from the strong promoter in the long terminal repeat (LTR)

of Rous sarcoma virus (RSV). These constructs, termed pSA10 and pSA41, differ

only in the orientation of the HBV-specific insert relative to the LTR (Fig.

1A). Both plasmids are capable of directing the synthesis of the S and preS2

proteins by virtue of the HBV S gene promoter that lies within the preS1 open

reading frame (6,7); however, pSA41, unlike pSA 10, can also promote the

expression of the full preS1 reading frame from the RSV LTR. Mouse LTKT cells,

which are deficient in thymidine kinase, were transfected with these plasmids
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together with the thymidine kinase (TK) gene of herpes simplex virus, and TK*

foci from each transfection were isolated. To confirm the presence of the

predicted transcripts, we performed Northern blotting analysis of polyadenylated

[poly(A)*] RNA prepared from the two cell lines (Fig. 1B). Both cell lines

exhibited the 2.2-kb message previously demonstrated to originate from the HBV S

promoter (6,7). In addition, pSA41 transformants had an abundant additional

transcript of approximately 2.6 kb; this species originates from the RSV LTR, as

shown by its annealing to probes from U5 but not U3 sequences of RSV, as well as

to probes specific for the HBV preS1 region. We then tested the two cell lines

for HBs.Ag expression by radioimmunoassay. As expected, pSA 10 transfectants

expressed HBs.Ag in the cytoplasm and in the culture medium (Fig. 1C).

Surprisingly, however, cells transfected with pSA41, while expressing HBs.Ag in

the cytoplasm, showed no detectable secretion of immunoreactive material into

the medium.

To examine further the generality of this finding and to develop a system

in which constructions could be rapidly screened without the necessity for

selecting stable transformants, we turned to a transient expression system based

upon SV40 transcription and replication signals (8). Briefly, plasmids

containing the S (pSV24H) or the entire preS and S (pSV45H) coding regions

cloned downstream from the SV40 early promoter (and ori) sequences (Fig. 2A)

were constructed and used to transfect COS7 cells. These cells contain

integrated SV40 genomes that supply T antigen in trans, resulting in the

amplification of transfected DNA bearing the viral replication origin. Forty

eight hours after transfection of cultures with each construct, cell extracts

and media were assayed for HBSAg by quantitative radioimmunoassay. As expected,
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cells transfected with pSV24H produced abundant quantities of HBs.Ag, which was

readily demonstrable in both medium and cytoplasm (Fig. 2B). Parallel cultures

similarly transfected with pSV45H synthesized comparable quantities of

cytoplasmic antigen, but the levels of extracellular antigen were 1/12 to 1/10

those of the intracellular fraction.

These studies suggest that the preS1 antigen is not efficiently exported

from cells; further, since both pSA41 and pSV45H have the potential to produce

secretory S proteins from the HBV S promoter, they suggest that the production

of preS1 polypeptides might inhibit the export of S polypeptides.

Alternatively, the abundant transcription of preS1 sequences in pSA41 and pSV45H

could interfere in cis with S gene transcription from the internal S promoter.

Several lines of evidence indicate that the observed effect is not the result of

transcriptional interference. First, direct analysis of mRNA species in stable

L cell transformants bearing pSA10 or pSA41 reveals comparable levels of the 2.2

kb S message (Fig. 1B)(6). Second, the effect is relieved by mutations that

specifically affect the translation of preS1 sequences. To demonstrate this, we

introduced a frameshift mutation into the preS1-specific portion of the preS

reading frame in plasmid pSV45H (Fig 2A); this plasmid (pSV45FS), although

identical to pSV45 in the organization of its SV40 and HBV promoters, is

incapable of producing a full-length preS1 protein. When introduced into COS7

cells, pSV45FS directs synthesis of HBs.Ag that is secreted into the medium with

normal efficiency. These results indicate that the preS1 proteins themselves

are responsible for the phenotype and argue against transcriptional

interference, a conclusion that is further substantiated by direct mRNA

injection experiments in Xenopus oocytes (see below).
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To demonstrate which HBs.Ag-related polypeptides are synthesized and

secreted in COS7 cells, we performed a pulse-chase analysis of cells transfected

with pSV24H or pSV45.H. Transfected cells were labeled for 1 hour with

[35S]methionine and either harvested directly or incubated with excess unlabeled

methionine for an additional 24 hours; medium and cells from each time point

were examined by precipitation with antibody to HBs.Ag (Fig. 3). After 1 hour of

labeling with [35S]methionine, the cytoplasm of cells transfected with pSV24H

shows the expected products of the HBV S gene, p24S and gp27S (Fig. 3A). After

24 hours of "chase" in unlabeled methionine, there is a slight decrement in the

intracellular level of these proteins and corresponding amounts of both products

appear in the medium (Fig. 3, B and C).

As expected, cells transfected with plasmid pSV45H produce, in addition to

the S proteins, both sets of preS-encoded polypeptides: the preS1 proteins of 39

and 42 kD and the preS2 proteins of 33 and 36 kD (Fig. 3A, lane 3). After a 24

hour incubation with unlabeled methionine, there is little decrement in the

concentrations of these proteins in the cytoplasm of transfected cells and near

complete suppression of S protein export into the culture medium. These results

indicate that the effect is on antigen export rather than on synthesis or

stability (Fig. 3, B and fourth lane in C). The low level of secretion (less

than 7% of that seen in the absence of preS1 expression) is consistent with the

levels observed by radioimmunoassay (Fig. 2B).

Because the HBV S promoter is embedded within the presl open reading frame,

preS1 expression exclusive of S expression is not possible in vectors of the

type we have described above. In order to examine the secretory phenotype of

preS1 proteins alone, we obtained the separate expression of preS and S proteins
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by injection of synthetic mRNA's for each polypeptide into Xenopus oocytes (9).

Plasmids capable of directing synthesis of either S or preS1 mRNA's in vitro

were constructed by inserting the HBV S coding region (pSP24H) or preS and S

open reading frames (pSP45H) downstream from the Salmonella phage SP-6 promoter

(Fig. 4, legend). Capped messages produced by transcription in vitro were

injected into Xenopus oocytes, resulting in cytoplasmic synthesis of S proteins

from pSP24H and preS1 proteins from pSP45H (Fig. 4). Inspection of the medium

of oocytes 3 days after injection shows that while oocytes injected with S mRNA

are capable of secreting immunoprecipitable S proteins, the oocytes injected

with preS1 RNA do not export the preS1 polypeptide. Injection of equimolar

quantities of each mRNA resulted in the synthesis of both sets of viral

proteins; again, as in mammalian cells, the secretion of all antigen forms in

co-injected oocytes was inhibited by the presence of the preS1 polypeptides.

The inhibitory effect of preS1 expression on export was not the result of a

global inhibition of protein secretion in injected eggs; analysis of

unprecipitated medium from oocytes injected with S or preS1 RNA's revealed

identical quantities and species of secreted cellular proteins (data not shown).

Although these studies have been carried out in nonhepatic cells, it is

likely that similar interactions occur in infected hepatocytes, since the

effect is observed in cells of widely differing tissues and species (Figs. 1, 2,

and 4). Standring et al. (10) have independently observed the effect of preSl

expression on S export in Xenopus oocytes. Likewise, using vaccinia virus

vectors engineered for the separate expression of preS1 and S proteins, Cheng et

al. (11) showed that cells infected with both vectors display reduced S

secretion compared to cells infected with the S recombinant alone. Similar
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interactions have been observed in intact animals; in transgenic mice whose

cells contain a preS-S coding region in which preS1 expression is controlled by

a metallothionein promoter, induction of preS1 expression results in a marked

decrease in serum levels of HBs.Ag (12).

How might the ability of preS1 proteins to inhibit the secretion of the

related S antigen be explained? In other systems, trans-dominant phenotypes

caused by mutations in otherwise identical polypeptides typically result from

subunit mixing in multimeric assemblies (13). The secretory form of HBs.Ag is

such an assembly, composed primarily of multiple S promoters organized into a

lipoprotein particle. The initial product of S biosynthesis is an integral

transmembrane protein (14); HBs.Ag particles are believed to be generated by

aggregation of these monomers in the endoplasmic reticulum (ER) membrane,

followed by budding into the ER lumen. This model is consistent with electron

micrographs of antigen-producing cells (15) and is supported by recent pulse

chase experiments demonstrating that transmembrane S antigen is the precursor to

the lumenal particulate form (16). We have also previously shown that cells

producing both preS2 and S polypeptides can synthesize and secrete particles of

mixed subunit composition (17). We propose that the inhibition of S secretion

in cells expressing both preS1 and S polypeptides is due to similar formation of

mixed aggregates in which the block to export that is specific to preS1 (Fig. 4)

is conferred upon the mixed assembly. The degree of this inhibition should be

proportional to the relative quantities of preS1 and S subunits in the assembly.

Consistent with this is the fact that in HBV infection in vivo, in which large

quantities of S antigen particles are secreted, preS polypeptides generally

constitute only 1% to 10% of the total antigen pool (5).
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The precise nature and site of action of the inhibitory influence of preSl

proteins are not known. The proteins clearly enter the secretory pathway, since

they are glycosylated as efficiently as the S proteins (Figs. 3 and 4). Recent

findings indicate that the preS1 proteins, like their S protein counterparts,

are initially synthesized as transmembrane proteins. However, protease

protection and endoglycosidase H sensitivity experiments indicate that the preS1

proteins remain in a transmembrane configuration in the ER or cis-golgi, unlike

the S proteins, they do not undergo conversion to a particulate form that is

fully within the lumen (16). The structural features of the preS1 domain that

are responsible for this behavior are currently being investigated. Recently we

discovered that the N-terminus of the preS1 proteins is post-translationally

modified by the addition of myristic acid (18); this modification could help to

anchor the protein in the ER and might contribute to the phenotype described

here. Additional experiments, however, will be necessary to determine whether

this or some other feature of the protein accounts for its secretory behavior.

Does the secretory behavior of preS1 proteins reported here play a role in

authentic viral replication? At present, no simple answer can be given to this

question since the function of preS1 proteins in vivo is unknown. However, it

is clear that, unlike S proteins, these polypeptides are preferentially

localized in virions rather than in the more numerous subviral particles (5).

In this respect they resemble the traditional surface proteins of other

enveloped animal viruses (for example, the G protein of vesicular stomatitis

virus or influenza virus hemagglutinin). Such proteins do not undergo the

spontaneous budding process proposed for the S antigen of HBV; rather, the

initiation of budding is triggered by interaction with nucleocapsid or matrix
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components of the virus (19, 20). The intracellular retention of preS1

polypeptides (and coaggregated S proteins) may be a reflection of a similar

requirement for such interactions with other HBW proteins; if so, this property

of the preS1 region may be important for virion assembly.
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Fig. 1. HBs.Ag production by L cell transformants bearing preS sequences. (A)

Maps of plasmids pSA 10 and pSA41. Construction of plasmid pSA 10 has been

described (6). Plasmid pSA41 was prepared by repairing the termini of a BstEII

permuted unit-length HBV genome with AMV polymerase followed by blunt-end

ligation to a similarly treated BstEII(Bst)-cleaved plasmid (paV2) bearing the

RSV LTR. (B) HBs.Ag transcripts in transfected cells. Poly(A)* RNA (4 pig) from

each of the clones presented was subjected to electrophoresis in parallel

through 1% agarose-2.2M formaldehyde, transferred to nitrocellulose, and probed

with 32P-labeled HBV DNA. Size estimates (in kilobases) are shown at the right,

derived from reference to 18S and 28S ribosomal RNA bands detected by ethidium

bromide staining of the same lanes. The top band in the pSA 10 lane also anneals

to pHR322 and arises by promotion from or readthrough into DNA flanking the

viral insert. (C) HBs.Ag production by L cell transformants. LTKT cells were

co-transfected with HSV tº DNA and pSA10 or pSA41 and TK+ foci were selected in

hypoxanthine-aminopterin-thymidine medium (6); DNA from selected foci was

screened by Southern blotting with HBV probes to identify cotransfected

colonies. Colonies were grown to saturation in 60 mm plates in 0.6 ml of

medium. After 3 days at confluence, medium and cells were harvested. Cells

were lysed in 0.6 ml of 0.4% NP40 and then 0.2 ml of medium, and extracts were

assayed by solid-phase radioimmunoassay (Ausria-II, Abbott Laboratories).

Results are expressed as P/N [the ratio of bound 125I-labeled sample (counts per

minute) to bound negative control]; values greater than 2.1 are considered

positive. One set of data from a typical experiment is shown.
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Fig. 2. HBs.Ag production by COS7 cells after short-term transfection with SV40–

based vectors containing S and preS sequences. (A) The target plasmid used in

all of the above constructs (pSV65) was constructed by inserting the origin

containing 342-bp Pvu II-Hind III fragment of SV40 into pSP65 (Promega Biotech).

Plasmid pSV24H was constructed by inserting the 2.3 kb Pst I-Bgl II fragment of

HBV DNA into the Pst I and Bam HI sites of pSV65. Plasmid pSV45H (Fig. 1) was

constructed by first converting the unique Bst E2 site of the HBV genome into a

Bgl II (Bg) site by Bgl II linker addition. The resulting genome was then

cleaved with Bgl II to liberate a 2.3 kb Bgl II fragment containing the entire

preS-S region and the HBV polyadenylation signal embedded in the core gene.

This fragment was then inserted into the Bam HI site in the polylinker region of

pSV65, and clones of the proper orientation were identified by restriction

analysis. Plasmid pSV45FS was constructed by inserting an 8-bp Bgl II linker

into the Bal I site of the preS1 region. (B) COS7 cells were grown to 80%

confluence in 60 mm culture dishes and transfected with the indicated plasmids

in the presence of DEAE-dextran (8). After 6 to 8 hours of transfection, the

DNA-containing medium was removed, the cells were washed once in isotonic tris

buffer, pH 7.4 (TBS), and 1.5 ml of fresh medium was added. At 48 hours after

transfection, the medium was collected and the cell monolayer was washed three

times in chilled TBS and harvested. Harvested cells were then subjected to

sonication for 15 seconds at maximum power in a sonicator (Contes Micro

ultrasonic); serial 1:5 dilutions of portions of the medium and cytoplasm from

each set of transfections were assayed for HBs.Ag by radioimmunoassay (Ausria

II). Values for HBs.Ag concentration within the linear range of the assay were

quantitated with reference to a standard of serum-derived HBs.Ag of known
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concentration. HBSAg concentrations for the cytoplasmic sonicates (left column)

and medium (middle column) are expressed in nanograms per milliliter; the right

column expresses the concentrations of HBs.Ag in the medium (M) and cytoplasm (C)

as a simple ratio, C/M. One set of data from a typical experiment is shown.
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Fig. 3. Pulse-chase analysis of S and preS1 polypeptides produced in

transfected COS7 cells. (A) Immunoprecipitation from cytoplasmic extracts; (B)

immunoprecipitation from the medium. P. designates the 1-hour pulse with the

labeled sample, C indicates the 24-hour chase sample. Transfected plasmids are

indicated above each lane. (C) 72-hour exposure of data in (B). Lane M

contains the molecular weight standards. Sets of two plates of COS7 cells were

transfected with either pSV24H (24) or pSV45H (45) as described in the Fig. 2

legend. At 48 hours after transfection, the cells were washed three times in

TBS and incubated in 1.0 ml of methionine-free medium for 1.5 hours. 3°S

methionine (150 puCi) was then added to the contents of each dish and the plated

cells were allowed to incubate for 1 hour. At the end of the hour, the medium

and cytoplasm from a plate of cells transfected with each plasmid was harvested;

cell lysates were obtained by incubation of cell monolayers at 4°C with 1.0 ml

of radioimmunoprecipitation assay buffer (50 mM tris, pH 8.15, 0.1% SDS, 0.5%

NP40, and 0.5% sodium deoxycholate) followed by centrifugation of the

supernatants in a centrifuge (Eppendorf). The two remaining plates were

incubated with medium containing unlabeled methionine (30 pg/liter) for 24

hours, then harvested as above. Portions (400 pul) aliquots of both medium and

cytoplasmic extracts from each plate were taken for immunoprecipitation with

antiserum to HBs (Calbiochem) as previously described (17). Immunoprecipitated

samples were subjected to SDS-PAGE on a 14% polyacrylamide gel. The gel was

then fixed, fluorographed, dried and exposed to film for 18 hours (A) and (B) or

72 hours (C).



–127–

Figure 4.

24 45 45 24 45 45

-

Med.



-128–

Figure 4. Synthesis of S and preS1 proteins by injection of synthetic mRNA's

into Xenopus oocytes. (a) Immunoprecipitates of oocytes injected with S

specific mRNA (lane 24), oocytes injected with preS1-specific mRNA (lane 45),

and oocytes injected with both S- and preS1-specific mRNA's (lane 24+45). (B)

Immunoprecipitates of medium of oocytes injected with S-specific mRNA (lane 24),

medium after injection with preS1-specific mRNA (lane 45), and medium after

injection with both S- and preS1-specific mRNA's (lane 24+45). The numbers to

the left indicate the positions of the molecular weight standards (in kD).

Plasmid pSP24H was constructed by ligating the 2.3-kb Pst I-Bgl II HBV-specific

fragment into the Pst I and Bam HI sites of pSP65 (Promega Biotech). Plasmid

pSP45H was constructed by inserting the 2.8-kb Bgl II fragment of HBV into the

Bam HI site of pSP65 and screening the resultant clones for orientation by

restriction analysis. Next, a clone bearing an insert in the correct

transcriptional orientation was digested with Sma I and Bst E2 to liberate most

of the HBV sequences upstream from the preS1 AUG. The single-stranded termini

were repaired with the Klenow fragment of E. Coli Pol I followed by blunt-end

ligation. For transcription in vitro, 1 pig of SP6 promoter-containing plasmid

that had been previously linearized with Pvu II was incubated with 20 units of

SP6 polymerase in a 50 pil reaction containing 10 mM tris (pH 7.5) 10 mM MgCl2,

10 mM spermidine, 50 mM NaCl, 1.0 mM each of the ribonucleotides ATP, GTP, CTP,

UTP, and the 5’me 7GpppG3’ cap analog (Pharmacia Biochemicals), 2 units of RNASIN

placental ribonuclease inhibitor (Promega Biotech), and 10 mM dithiothreitol.

The reaction was allowed to proceed for 1 to 1.5 hours at 40°C. Injection of

Xenopus oocytes was carried out by the procedure of Gurdon et al. (8). A 40 nl

volume containing 60 to 120 ng of transcript in transcription buffer was

injected into each of 15 freshly dissected oocytes, after which the transcript
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was allowed to equilibrate for 12 hours. The medium was then removed and

replaced with medium containing [35S]methionine and [35S]cysteine (each at

5mCi/ml), followed by incubation at 18°C for 72 hours. The labeled medium was

removed, and the oocytes were washed in chilled TBS, resuspended in chilled RIPA

buffer, and then homogenized with a glass pestle. Both medium and cell

homogenates were centrifuged for 10 minutes, and the resulting supernatants were

taken for immunoprecipitation with antibody to HBs. Samples were subjected to

SDS-PAGE on a 10% to 14% continuous gradient gel, which was then fixed,

fluorographed, dried and exposed to film for 8 hours (A) or 36 hours (B).
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Chapter 5

The preS1 Proteins of Hepatitis B Virus are

N-terminally Acylated with Myristic Acid

The text of this chapter is printed as it appeared in the Journal of Virology,

198, Vol. 61, pp. 1672–1677
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ABSTRACT

The preS/S coding region of hepatitis B virus (HBV) encodes two polypeptides

(preS1 and preS2) that are larger in size but less abundant than the major viral

surface antigen (S) protein. Unlike the preS2 and S proteins, the preS1 protein

is preferentially localized on circulating virus particles but is not

efficiently secreted from mammalian cells in culture. To search for differences

in protein processing that might relate to these properties, we asked if any of

the HBV surface proteins are acylated with long-chain fatty acids. Transfected

COS cells expressing all three proteins were incubated with 3H-palmitate or 3H

myristate and the cell extracts were examined by immune precipitation. While

none of these proteins was labelled with 3H-palmitate, the preS1 protein, but

not the preS2 or S proteins, incorporated 3H-myristate via a hydroxylamine

resistant amide linkage. Comparison of the N-terminal amino acid sequences of

hepadnaviral preS1 proteins with those of known myristylated proteins suggests

that this unusual modification may be a common feature of all hepadnaviral preSl

proteins.
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Recent studies of hepatitis B surface antigen (HBSAg) purified from serum

of infected patients or from mammalian cells transfected with viral DNA have

identified two HBs.Ag-related species, designated the preS1 and preS2 proteins,

in addition to the more abundant surface antigen (S) proteins (10,12,21,23).

The coding region for the preS and S proteins is comprised of a single 1182 bp

open reading frame with three translation initiation codons that directs

production of 3 proteins with a common carboxy terminus: the major viral S

antigen (226 amino acid residues), the preS2 protein (281 amino acids), and the

380 amino acid preS1 polypeptide that is the product of the entire open reading

frame (Fig. 1). The distribution of these polypeptides is not equivalent among

the circulating forms of HBs.Ag; the preS1 protein is found in higher abundance

in viral particles and filaments than in the more numerous 22nm subviral

particles, while the converse is true of the more abundant preS2 and S proteins

(10). These findings suggest that preS1 determinants may be important

participants in virus assembly and/or infectivity.

In a previous report, we examined the expression of the S and preS1

proteins by transfection of viral DNA into cultured mammalian cells and

injection of synthetic mRNA's into Xenopus oocytes (23). The findings indicated

that the preS1 proteins, unlike their preS2 and S protein counterparts, are not

secreted into the culture medium despite the presence of the secretory

information contained in the S-specific domains. Furthermore, when the S and

preS1 proteins are synthesized together, secretion of the S proteins is strongly

and specifically inhibited. This suggests that some element of the preSl

protein, whether alone or in a mixed aggregate of S and preS protomers, is

inhibitory to the secretion of HBs.Ag polypeptides.

In seeking differences in protein processing that might explain the
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unexpected secretory properties of the preS1 proteins, we examined the preS and

S proteins for the presence of long-chain fatty acids, a known post

translational modification of viral envelope glycoproteins. In order to obtain

expression of the S and preS proteins in mammalian cells, we constructed a

plasmid (pSV45H) containing the contiguous preS and S coding region downstream

of the SV40 early promoter (Fig. 1A). This construct was then used to transfect

COS7 cells. Forty-eight hours following transfection, the medium was removed

from the transfected cells and replaced with medium containing 3H-palmitate, 3H

myristate, or 3°S-methionine. The cells were labelled for 20 hours, and cell

extracts were then examined by immune precipitation with anti-HBs antibody. As

expected, 3°S-methionine labelled cells transfected with plasmid pSV45 produced,

in addition to the S proteins of Mr 24 and 27, both sets of preS-encoded
-

polypeptides: the preS1 proteins of 39 and 42 kd, and the preS2 proteins of 31,

33 and 36 Kd (Fig. 1B, Lane M). (In each case, the most rapidly migrating band

corresponds to the unglycosylated form, and the slower species the glycosylated

form(s) of the indicated protein.) None of the surface antigen species

incorporated 3H-palmitic acid; labelled extracts from a duplicate set of

transfected cells (Fig 1B, Lanes 4 and 5) as well as cell extracts from

untransfected cells (Fig 1B, Lane 6) yielded no immunoprecipitable species.

However, when 3H-myristate was used for labelling, a doublet migrating in the

position of the preS1 proteins was observed (Fig. 1B, Lanes 1 and 2). Despite

the contemporaneous production of the preS2 and S proteins in these cells, only

the preS1 proteins became labelled in the presence of tritiated myristate.

To test whether the inability to detect a palmitate-labelled species was

due to inefficient labelling with this fatty acid, we examined the

unprecipitated cell extracts from palmitate- and myristate-labelled cells. In
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the presence of 3H-palmitate, many labeled protein species were observed (Fig.

1C, lanes 4-6). By contrast, 3H-myristic acid efficiently labeled only a few

cellular proteins (Fig. 1C, lanes 1-3), in keeping with observations in other

systems (13).

Since we have also observed the inhibitory effects of preS1 protein

expression on S secretion in Xenopus oocytes (23), we were interested in whether

myristylation of the preS1 protein also occurs in this system. preS and S

proteins were produced by injection of synthetic mRNA's for each polypeptide

into Xenopus oocytes (23,29) in the presence of 3°S-methionine or 3H-myristate

and detected by immunoprecipitation (Fig. 2). As in mammalian cells, the preSl

proteins, but not the S proteins, are labelled with 3H-myristic acid, whether or

not the preS mRNA was coinjected with S mRNA (Fig. 2 lanes 1 and 3 and data not

shown).

The failure of S and preS2 proteins to be labelled with 3H-myristate

suggested that the preS1 domain itself was the site of fatty acid addition. To

further examine this possibility, we constructed a fusion gene encoding a hybrid

protein consisting of the first 110 amino acids of preS fused to the N-terminus

of chimpanzee o-globin, a non-myristylated cytoplasmic protein (20). In vitro

transcripts encoding this protein were injected into Xenopus oocytes in the

presence of 3H-myristate, and the labelled translation products were

immunoprecipitated with anti-globin antiserum. As predicted, the hybrid protein

was labeled efficiently with 3H-myristate (Fig. 2, lane 4). This result

indicates that the C-terminal 278 amino acid residues of the preS1 protein,

which includes S and nearly all of the preS2 domains, are dispensable for

acylation.

It is interesting to note that the myristate-labeled hybrid protein appears
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as a doublet of Mr 22 and 26 kD. The reason for the presence of the multiple

species of the fusion protein is unclear. The presl region contains two in

phase ATG codons separated by 14 codons; independent initiation at each ATG

could account for the two observed species. Alternatively, the bands could

result from post-translational processing events (e.g. proteolysis,

glycosylation, or other modifications). The presence of N-linked

oligosaccharides would be particularly important since this would imply the

existence of signal sequence(s) within the preS1 domain. Further studies are in

progress to characterize these species.

To be certain that the labelled moiety on the presl protein was not

converted to palmitate or another novel metabolite, we performed acid hydrolysis

on preparations of gel-purified proteins. Gel slices containing the

electrophoretically-resolved, 3H-myristate labeled preS1 proteins produced in

COS Cells and Xenopus oocytes were rehydrated and suspended in 6N HC1. After

incubation at 110°C for 24 hours, the liberated products were extracted into

non-polar solvents and analyzed by reversed-phase thin-layer chromatography.

Figure 3 shows the results of this analysis. Authentic myristic acid runs ahead

of palmitic acid on thin layer chromatograms because of its shorter carbon

chain-length. The acid hydrolysis products from purified preS1 proteins

produced in COS cells or oocytes are shown in the top 3 lanes. All of the acid

cleavage products migrate with the mobility expected for myristic acid. Small

amounts of a faster migrating species may be an artifact of hydrolysis or a 12

carbon metabolite of the labelled myristic acid.

In order to assess the nature of the covalent bond between the preS1

protein and 3H-myristic acid, we examined the hydroxylamine sensitivity of the

linkage. Whereas 3H-palmitate and other acyl groups are typically bound to
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polypeptide backbones via an ester linkage, 3H-myristate is usually bound via an

amide bond. Because hydroxylamine efficiently cleaves ester and thioester

linkages but leaves amide bonds intact, treatment with this agent distinguishes

between the two chemically distinct types of linkages. Two identical

polyacrylamide gels were run containing 3H-myristate labelled HBV preS1 proteins

as well as VSV G protein labelled with 3H-palmitate. One gel was fixed and

fluorographed immediately after electrophoresis, the other was soaked for 1 hour

in 1M hydroxylamine, pH 8, then fixed and fluorographed. The bands in the gel

corresponding to each protein species were then cut out and counted (Fig. 3B).

Whereas there is no significant decrement in the level of label associated with

the preS1 proteins following HA treatment, the label bound to VSV G protein

decreased four-fold following such treatment. The relative resistance of the

preS1 protein to hydroxylamine treatment suggests that the 3H-myristic acid is

bound to this protein via a hydroxylamine-resistant amide link, as found for

other myristylated proteins (13).

A small number of cellular and viral proteins are known to be modified by

myristate addition; modification occurs at the N-terminus of the protein

(1,2,3,11,15,25). Comparison of the N-terminal amino acid sequences of these

proteins shows that the N-terminal methionine residue is invariably followed by

a glycine (Fig 4A). Following cleavage of the methionine, an amide linkage is

formed between the COOH group of myristic acid and the exposed amino group of

the glycine. Examination of the N-terminal residues predicted by the mammalian

and avian preS1 open reading frames shows a similar sequence motif (Fig. 4B).

The conservation of this structure across considerable evolutionary distances

suggests that preS1 myristylation is likely to be a common feature of the

hepadnaviruses.
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The preS1 proteins differ from previously described myristylated proteins

in one important respect. Other myristylated proteins are thought to be

synthesized on free polyribosomes in the cytoplasm; in one well-studied case,

myristate addition to the N-terminus of the viral transforming protein pp.60%

has been shown to be important in the subsequent affiliation of the protein with

the inner (cytoplasmic) face of the plasma membrane (4,5). By contrast, the

preS1 proteins, like their S protein counterparts, are initially synthesized as

transmembrane glycoproteins spanning the membrane of the endoplasmic reticulum

(ER) (unpublished data of B. Eble, V. Lingappa, and D.G.). We presume that, as

in other cases, myristylation occurs while the growing polypeptide is in the

cytoplasm. The presence of N-terminal myristate does not appear to prevent the

membrane translocation of downstream protein domains, since glycosylation of the

S domain of the preS1 protein (10,30) proceeds with normal efficiency.

What are the biological roles of the preS1 proteins, and how might

myristylation influence them? Recent findings from this (21,22,30) and other

(10,17, 18) laboratories have provided new insights into the structure of the

preS1 proteins and their disposition in HBs.Ag particles. Studies by Heerman

et. al. (10) indicate that preS1 polypeptides are preferentially localized on

virions. At least some presl-specific epitopes are immunogenic (17,22) and are

exposed on the virion surface (10). In addition, a role for some of these

determinants in host cell binding has recently been suggested (18).

Interestingly, however, the extreme N terminus of the protein is not reactive

with specific antipeptide antisera (ref. 18 and D.P., unpublished data), a

finding that could result from either interference by the acyl group itself or

from a resulting insertion of the N-terminus into the lipid of the envelope.

Such insertion could be important for the correct disposition of the exposed



– 138–

regions of the molecule.

Like the surface glycoproteins of most enveloped viruses, but unlike the

S protein, the preS1 proteins are not secreted from the cell. Like other

envelope proteins, they are only exported from cells as part of a virion

(although, unlike these proteins, their intracellular locale is primarily in the

ER rather than the plasma membrane). These observation are consistent with a

role for the preS1 proteins in virion assembly. For most budding viruses,

interactions between the cytoplasmic domains of envelope proteins and their

nucleocapsid or matrix proteins are believed to play a role in the targeting of

virion components to the appropriate membrane for morphogenesis and perhaps in

the triggering of the budding event itself (24,31,36). Membrane interactions

mediated by N-terminal myristic acid could be important in anchoring the N

terminus of the preS1 protein in the ER (thereby preventing its spontaneous

secretion) or in orienting the preS1 domain to allow interactions with other

viral components. Further studies will be necessary to explore the role of this

modification in the structure, assembly, and infectivity of hepadnaviruses.
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Figures for Chapter 5
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Figure 1.

A) Expression of the HBV pres and S proteins from an SV40 vector. Shown is the

342 bp Pvu■ I (P)- HindIII (H) fragment of SV40, containing the SV40 replication

origin and the SV40 early promoter inserted upstream of the HBV preS/S coding

region. The asterisks indicate the approximate transcription initiation sites

of the HBV S gene promoter. The arrows indicate the probable sites of

translation initiation for to the preS1, preS2, and S gene products. Plasmid

constructions: The target plasmid used in all of the above constructs (pSV65,

not shown) (23) was constructed by inserting the 342 bp Pvull-HindIII fragment

of SV40, containing the replication origin, into pSP65 (Promega Biotech).

Plasmid pSV45H (Fig. 1) was constructed by first converting the unique BstE2

site of the HBV genome into a BgllI (Bg) site by BgllI linker addition. The

resulting genome was then cleaved with Bgll I to liberate a 2.3 kb BgllI fragment

containing the entire preS/S region and the HBV polyadenylation signal resident

in the core gene. This fragment was then inserted into the Bamh 1 site in the

polylinker region of pSV65, and clones of the proper orientation were identified

by restriction analysis.

B) Immunoprecipitation of 35S-methionine, 3H-myristate and 3H-palmitate-labeled

cell extracts from HBs.Ag-producing COS cells. 60mm plates of COS7 cells were

transfected with pSV45H in the presence of DEAE dextran according to a procedure

previously described (6) and labeled with either 3°S-methionine, 3H-myristate,

or 3H-palmitate. Shown are immunoprecipitations of: lane M, 3°S-methionine

labeled transfected cells, transfected (lanes 1 and 2) and untransfected (lane

3) cells labeled with 3H-myristate, and transfected (lanes 4 and 5) and

untransfected (lane 6) cells labeled with 3H-palmitate. Methods: For 33S

methionine labeling, at 48 hours after transfection the cells were washed 3X in
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TBS and incubated in 1.0 ml of methionine-free medium for 1.5 hours. 150 puCi of

3°S-methionine was then added and the plate was allowed to incubate for 1 hour.

Cell lysates were obtained by incubation of the cell monolayer at 4°C with 1.0

ml RIPA buffer (50 mM Tris, pH 8.15, 0.1% SDS, 0.5% NP40, 0.5% sodium

deoxycholate) followed by centrifugation of the supernatants in an eppendorf

centrifuge. For 3H-myristate and 3H-palmitate labeling, 1 mCi of each labelled

fatty acid (Amersham) was dried down under vacuum and then resuspended in 20 pil

of DMSO. The resuspended label was then added to duplicate plates containing 1

ml of culture medium and the plates were incubated for 20 hours. Cell lysates

were prepared and immunoprecipitated as above. Immunoprecipitated samples were

subjected to SDS-PAGE on a 12% polyacrylamide gel. The gel was then fixed,

fluorographed, dried and exposed to film for 6 days.

C) SDS-PAGE analysis of HBs.Ag-producing COS cell extracts labeled with 3H

myristate or 3H-palmitate. 4 pil of each of the 3H-labeled cell extracts used in

the above immunoprecipitations (0.8% of the immunoprecipitated volume) was

subjected to SDS-PAGE on a 12% polyacrylamide gel. The gel was then fixed,

fluorographed, dried and exposed to film for 3 days. Sources of the

unprecipitated cell extracts shown in lanes 1-6 as in panel B.
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Figure 2. Production of 3H-myristate labeled preS1 proteins and preS1-globin

fusion proteins by injection of synthetic mRNA's into Xenopus oocytes. Shown

are anti-HBs immunoprecipitates of: 3°S-methionine-labeled oocytes coinjected

with equal amounts of S- and preS1-specific mRNA's (lane 1), Uninjected oocytes

labelled with 3H-myristate (lane 2), 3H-myristate labeled oocytes coinjected

with equal amounts of S- and preS1-specific mRNA's (lane 3), and an anti-globin

immunoprecipitate of 3H-myristate labeled oocytes injected with RNA encoding a

preS1-globin hybrid protein (lane 4). Methods: Plasmids pSP24H and pSP45H (not

shown) were constructed and synthetic mRNA’s were synthesized from these

templates as previously described (22,23,29). To construct plasmid pSP45GLO

(also not shown), the 2.8 kb BgllI fragment of HBV was first inserted into the

Bamh 1 site of pSP125E (a plasmid containing the chimpanzee o-globin coding

region downstream of the Salmonella phage SP6 promoter) and resultant clones

were screened for orientation by restriction analysis. A clone bearing the

preS1 region in the correct transcriptional orientation was digested with Ncol

and treated briefly with Bal:31 to randomize the phases near the o-globin N

terminus. Next, the exonuclease treated clone was digested with EcoR1 to

liberate most of the HBV sequences upstream of the globin coding region, with

the exception of the coding regions for preS1 and the first few nucleotides of

preS2. The preS1 region was then fused to globin sequences by addition of T5

DNA ligase. Injection of Xenopus oocytes was carried out according to the

procedure of Simon et. al. (29). Briefly, a 40 n1 volume containing 60-120 ng

of transcript in transcription buffer was injected into each of 15 freshly

dissected oocytes, after which the transcript was allowed to equilibrate for 12

hours. The medium was then removed and replaced with medium containing 5 moi/ml
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of 3°S-methionine or 2 mCi/ml 3H-myristate, followed by incubation at 18°C for

24 hours. The labelled medium was removed, the oocytes washed in chilled TBS,

resuspended in chilled RIPA buffer, and then homogenized with a glass pestle.

The cell homogenates were spun in an Eppendorf centrifuge for 10 minutes and the

resulting supernatants were taken for immunoprecipitation with either anti-HBS

(Calbiochem) (lanes 1-3) or anti-human globin (Calbiochem) (lane 4). Samples

were subjected to SDS-PAGE on a 12% gel, which was then fixed, fluorographed,

dried and exposed to film for 4 days.
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Figure 3.
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Figure 3. Confirmation of the labeled moiety as an amide-linked myristic acid

residue.

A) Thin-layer chromatographic analysis of acid hydrolysates of preS1 proteins.

Shown are the chromatographed acid hydrolysis products of 3H-labeled gel slices

from: oocytes injected with synthetic preS1 mRNA (lane 1), oocytes injected with

RNA encoding the preS1-globin fusion protein (lane 2), and preS1 proteins

precipitated from HBs.Ag-producing Cos cells (lane 3). The lane marked "M"

contains the authentic palmitate and myristate standards. Methods:

Polyacrylamide gel slices containing 3H-labeled proteins were obtained from

immunoprecipitates of: 3H-myristate-labeled Cos cells transfected with pSP45H

(recovered from a total of four immunoprecipitations), 3H myristate-labeled

oocytes injected with synthetic preS1 mRNA (two immunoprecipitations), and 3H

myristate-labeled oocytes injected with synthetic mRNA encoding the preS1-globin

hybrid protein (one immunoprecipitation). The slices were rehydrated with

distilled H20, placed in 50 ml 100% DMSO for 2 hours to remove the diphenoxazole

fluor, and finally incubated in 50 ml distilled water for 1 hour to remove the

DMSO. The slices were then placed into the bottom of a soft-glass Pasteur pipet

that had been flame-sealed at the narrow end and 0.3 ml of 6N HCl was added.

The wide end of the pipet was then heat-sealed and the closed tubes were

incubated at 110°C for 24 hours. Both the acid hydrolysate and the

polyacrylamide pellet were then extracted 3 times with 0.5 ml toluene. The

toluene extracts were combined, dried in a Speed-Vac concentrator under vacuum,

resuspended in 15 ul diethyl ether, then dotted onto 10cm x 10cm. Analtech RP18

high performance thin-layer chromatography plates. Chromatography was carried

out in acetic acid:acetonitrile (1:1) until the solvent reached the end of the
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plate, and the plates were dried, sprayed with EnHance (NEN), and exposed to

pre-flashed Kodak XAR5 film for 6 days (2).

B) Hydroxylamine sensitivity of the presl—myristate linkage. The results above

are shown in the histogram as percentage of untreated control; 2 standard

deviations are indicated at the top of each bar. Actual CPM (# 2 standard

deviations) obtained from the samples were: 7189 +47, untreated preS1; 6988

#44, HA-treated presl; 1102 #33, untreated VSV-G protein; and 222 #37 for

the HA-treated VSV-G protein. Methods: 3H- myristate-labeled preS1 proteins

were immunoprecipitated from HBs.Ag-producing Cos cells as described above. For

use as a positive control, 3H palmitate-labeled VSV-G protein was produced by

infecting Cos cells with 20 PFU/cell of VSV/ndiana (a generous gift from Judy

White). Four hours after infection, the medium was removed and replaced with

medium containing 1 mCi/ml of 3H-palmitate (Amersham) and the cells were

incubated at 37°C for 12 hours. SDS-PAGE analysis of the cell lysate from these

cells indicated that the only detectable labeled protein produced under these

conditions was VSV-G protein; therefore no immunoprecipitation was performed.

The 3H-palmitate-labeled VSV-G protein and the 3H-myristate-labeled HBV preS1

proteins were run in identical 12% polyacrylamide gels. After electrophoresis,

one gel was incubated for 1 hour at 20°C in 1M hydroxylamine, pH 6.8 (13); the

other was fixed immediately for use as a control. The gels were exposed to pre

flashed film for 4 days, and the 3H-labeled protein bands were excised from the

gel and counted in a liquid scintillation counter (35).
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Figure 4.

A. Known myristylated proteins

MLV p1599 [MGQTVTTPLSLTLGHW

pp30's■ o |MGSSKSKPKDPSORRR

PK-A |MGNAAAKKGSEQSVK

pp.56% |MGCVCSSNPEDDWME

CALCINEURIN B |MGNEASYPLE

B. Hepadnavirus pres■ proteins

GSHV (MGNNIKVTFDPNK

WHV (MGNNIKVTFNPDK

DHBV MGOHPALSMDVR

HBV (ayw) |MGONLSTSNPLG

HBV (adw2) MGGTSSLPALG|MGTNL
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Figure 4. N-terminal amino acid sequence comparisons of: (A) known myristylated

proteins, (B) hepadnavirus presl proteins. The N-terminal methionine-glycine

motif, thought to be a myristylation target sequence, is shown boxed.

Abbreviations: (A) MLV plS848 , the Mr 15 Kd GAG protein of murine leukemia virus

(11,27); pp60” , the transforming protein of Rous sarcoma virus, (Schmidt

Ruppin A) (2,20); PK-A, the catalytic subunit of cAMP protein kinase (3,28);

p56!ck the Mr 56 Kd tyrosine kinase found in LSTRA T cell lymphoma cells

(15,16); calcineurin B, the calcium binding B subunit of calcineurin (1). (B)

GSHV, ground squirrel hepatitis virus (26); WSHV, woodchuck hepatitis virus (9);

DHBV, duck hepatitis B virus (14); HBV (adw2), the adw2 subtype of human

hepatitis B virus (34); HBV (ayw), the ayw subtype of human hepatitis B virus

(8).
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