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The preS/S coding region of hepatitis B virus encodes two polypeptides (preSl 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
preSl protein is preferentially localized on circulating virus particles but is not efficiently secreted from
mammalian cels in culture. To search for differences in protein processing that might relate to these
properties, we determined whether any of the hepatitis B virus 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 immunoprecipitation. While none of these proteins was
labeled with 3H-palmitate, the preSl protein but not the preS2 or S protein incorporated 3H-myristate via a
hydroxylamine-resistant amide linkage. Comparison of the N-terminal amino acid sequences of hepadnaviral
preSl proteins with those of known myristylated proteins suggests that this unusual modification may be a
common feature of all hepadnaviral preSl proteins.

Recent studies of hepatitis B surface antigen (HBsAg)
purified from the serum of infected patients or from mam-
malian cells transfected with viral DNA have identified two
HBsAg-related species, designated the preSl and preS2
proteins, in addition to the more abundant surface antigen
(S) protein (12, 14, 23, 25). The coding region for the preS
and S proteins comprises a single 1,182-base-pair open read-
ing frame with three translation initiation codons that directs
the production of three proteins with a common carboxy
terminus: the major viral S protein (226 amino acid residues),
the preS2 protein (281 amino acids), and the 380-amino-acid
preSl protein 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 HBsAg; the preSl
protein is found in higher abundance in viral particles and
filaments than in the more numerous 22-nm subviral parti-
cles, while the converse is true of the more abundant preS2
and S proteins (12). These findings suggest that preSl
determinants may be important participants in virus assem-
bly or infectivity or both.

In a previous report, we examined the expression of the S
and preSl proteins by transfection of viral DNA into cul-
tured mammalian cells and injection of synthetic mRNAs
into Xenopus oocytes (25). The findings indicated that the
preSl proteins, unlike their preS2 and S protein counter-
parts, 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 preSl
proteins are synthesized together, secretion of the S proteins
is strongly and specifically inhibited. This suggests that some
element of the preSl proteins, whether alone or in a mixed
aggregate of S and preS protomers, is inhibitory to the
secretion of HBsAg polypeptides.

In seeking differences in protein processing that might
explain the unexpected secretory properties of the preSl
proteins, we examined the preS and S proteins for the
presence of long-chain fatty acids, a known posttranslational
modification of viral envelope glycoproteins. To obtain
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expression of the S and preS proteins in mammalian cells,
we constructed plasmid pSV45H (25), which contains the
contiguous preS/S coding region downstream of the simian
virus 40 (SV40) early promoter (Fig. 1A). This plasmid was
then used to transfect COS7 cells. At 48 h following trans-
fection, the medium was removed from the transfected cells
and replaced with medium containing 3H-palmitate, 3H-
myristate, or 35S-methionine. 35S-methionine labeling was
performed in accordance with a previously described proce-
dure (25). For 3H-myristate and 3H-palmitate labeling, the
cells were labeled with 1 mCi of the appropriate fatty acid
per ml for 20 h (2), and cell extracts were then examined by
immunoprecipitation with antibody to HBsAg (25). As ex-
pected, 35S-methionine-labeled cells transfected with plas-
mid pSV45H produced, in addition to the S proteins of 24
and 27 kilodaltons (kDa), both sets of preS-encoded
polypeptides: the preSl proteins of 39 and 42 kDa and the
preS2 proteins of 31, 33, and 36 kDa (Fig. 1B, lane M). (In
each case, the most rapidly migrating band corresponds to
the unglycosylated form, and the slower species corresponds
to the glycosylated form(s) of the indicated protein.) None of
the S protein species incorporated 3H-palmitic acid; labeled
extracts from a duplicate set of transfected cells (Fig. 1B,
lanes 5 and 6) as well as cell extracts from untransfected cells
(Fig. 1B, lane 4) yielded no immunoprecipitable species.
However, when 3H-myristate was used for labeling, a dou-
blet migrating in the position of the preSl proteins was
observed (Fig. 1B, lanes 2 and 3). Despite the contempora-
neous production of the preS2 and S proteins in these cells,
only the preSl proteins became labeled in the presence of
3H-myristate.
To test whether the inability to detect a palmitate-labeled

species was due to inefficient labeling with this fatty acid, we
examined the unprecipitated cell extracts from palmitate-
and myristate-labeled cells. In the presence of 3H-palmitate,
many labeled protein species were observed (Fig. 1C, lanes
4 to 6). By contrast, 3H-myristate efficiently labeled only a
few cellular proteins (Fig. 1C, lanes 1 to 3), in keeping with
observations in other systems (15).
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FIG. 1. (A) Expression of the HBV preS and S proteins from an SV40 vector. The construction of plasmid pSV45H has been described

elsewhere (25). Shown is the 342-base-pair PvuII (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
preS2/S promoter. The arrows indicate the probable sites of translation initiation for the preSl, preS2, and S gene products. (B)
Immunoprecipitation of 35S-methionine-, 3H-myristate-, and 3H-palmitate-labeled cell extracts from HBsAg-producing COS cells. Plates (60
mm) of COS7 cells were transfected with pSV45H in the presence ofDEAE dextran by a procedure previously described (8) and labeled with
35-methionine, 3H-myristate, or 3H-palmitate. Cell lysates were prepared and immunoprecipitated as described elsewhere (25). Im-
munoprecipitated samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% polyacryl-
amide gel. The gel was then fixed, fluorographed, dried, and exposed to film for 6 days. Shown are immunoprecipitations of 35S-methionine-
labeled transfected cells (lane M), transfected (lanes 2 and 3) and untransfected (lane 1) cells labeled with 3H-myristate, and transfected (lanes
5 and 6) and untransfected (lane 4) cells labeled with 3H-palmitate. (C) SDS-PAGE of HBsAg-producing COS cell extracts labeled with
3H-myristate or 3H-palmitate. A 4-pl quantity of each of the 3H-labeled cell extracts used in the above-described 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. The sources of the unprecipitated cell extracts shown in lanes 1 to 6 are as in panel B. The numbers between
panels B and C represent kilodaltons.

The inhibitory property of preSl protein expression on S
protein secretion has recently been documented in a variety
of experimental systems (4, 5, 25, 32). Since we and others
have observed the inhibitory effects of preSl protein expres-
sion on S protein secretion in Xenopus oocytes, we were
interested in whether myristylation of the preSl protein
occurs in this system (25, 32). Plasmids containing the S or
preS/S coding region downstream from the SP6 promoter
were constructed, and synthetic mRNAs were synthesized
from the appropriate template by in vitro transcription with
SP6 polymerase. Injection of Xenopus oocytes was carried
out as previously described (24, 25; K. Simon, E. Perrara,
and V. Lingappa, submitted for publication). Briefly, 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 was allowed to equilibrate for 12 h.
The medium was then removed and replaced with medium
containing 5 mCi of 35S-methionine or 2 mCi of 3H-myristate
per ml, followed by incubation at 18°C for 24 h. Cell
homogenates were prepared as described previously (25) and
spun in an Eppendorf centrifuge for 10 min, and the resulting
supernatants were removed for immunoprecipitation with
antibody to HBsAg (Calbiochem-Behring). As in mammalian
cells, the preSl proteins, but not the S proteins, were labeled
with 3H-myristic acid, whether or not S mRNA was
coinjected (Fig. 2, lanes 1 and 3, and data not shown).

The failure of S and preS2 proteins to be labeled with
3H-myristate suggested that the preSl domain itself was the
site of fatty acid addition. To further examine this possibil-
ity, we constructed a fusion gene encoding a hybrid protein
consisting of the first 110 amino acids of the preSl protein
fused to the N terminus of chimpanzee a-globin, a
nonmyristylated cytoplasmic protein (22). In vitro tran-
scripts encoding this protein were injected into Xenopus
oocytes in the presence of 3H-myristate, and the labeled
translation products were immunoprecipitated with anti-
globin antiserum (Calbiochem). 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 preSl protein, including S and nearly all of
the preS2 domains, are dispensable for acylation.

It is interesting to note that the myristate-labeled hybrid
protein appeared as a doublet of 22 and 26 kDa. The reason
for the presence of the multiple species of the fusion protein
is unclear. The preSl region of the ayw hepatitis B virus
(HBV) subtype used in these experiments contains two
in-phase ATG codons separated by 10 codons; independent
initiation at each ATG is thus unlikely to account for the
observed 3-kDa difference between the two species. Alter-
natively, the bands could result from posttranslational proc-
essing events (e.g., proteolysis, glycosylation, or other mod-
ifications). The shift in molecular weight is probably not due
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to the presence of the high-mannose oligosaccharide moiety;
under conditions of endoglycosidase H digestion, in which
the glycosylated forms of the S and preS proteins are fully
sensitive, the slower-migrating form of the hybrid protein
remains resistant (D. H. Persing, unpublished observation).
Further studies are in progress to better characterize the
modifications that may account for the apparent shift in
mobility.
To be certain that the labeled moiety on the preSl protein

was not derived from the conversion of myristate to palmi-
tate or another novel metabolite, we performed acid hy-
drolysis on preparations of gel-purified proteins. Poly-
acrylamide gel slices containing 3H-labeled proteins were
obtained from immunoprecipitation of 3H-myristate-labeled
COS cells transfected with pSP45H (recovered from a total
of four immunoprecipitations), 3H-myristate-labeled oocytes
injected with synthetic preSl mRNA (two immunoprecipita-
tions), and 3H-myristate-labeled oocytes injected with syn-
thetic mRNA encoding the preSl-globin hybrid protein (one
immunoprecipitation). The slices were rehydrated, placed in
50 ml of 100% dimethyl sulfoxide for 2 h to remove the
diphenoxazole fluor, and then incubated in 50 ml of distilled
water for 1 h to remove the dimethyl sulfoxide. The slices
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FIG. 2. Production of 3H-myristate-labeled preSl proteins and
preSl-globin fusion proteins by injection of synthetic mRNAs into
Xenopus oocytes. The construction of plasmids pSP24H and
pSP45H (not shown) has been described elsewhere (25). To con-
struct plasmid pSP45GLO (also not shown), we first inserted the
2.8-kilobase BglII fragment ofHBV into the BamHI site of pSP125E
(a plasmid containing the chimpanzee a-globin coding region down-
stream of the Salmonella phage SP6 promoter) and then screened
resultant clones for orientation by restriction analysis. A clone
bearing the preSl region in the correct transcriptional orientation
was digested with NcoI and treated briefly with Bal3l to provide
blunt ends in all three possible reading frames near the 5' end of the
at-globin coding region. Next, the exonuclease-treated clone was
digested with EcoRI to remove most of the HBV sequences up-

stream of the a-globin coding region, with the exception of the
coding regions for preSl and the first few nucleotides of preS2. The
preSl region was then fused to globin sequences by the addition of
T4 DNA ligase. preS and S proteins were produced by injection of
synthetic mRNAs of each polypeptide into Xenopus oocytes (25;
Simon et al., submitted) in the presence of 35S-methionine or

3H-myristate and detected by immunoprecipitation. Shown are

immunoprecipitates of 35S-methionine-labeled oocytes coinjected
with equal amounts of S- and preSl-specific mRNAs (lane 1),
uninjected oocytes labeled with 3H-myristate (lane 2), 3H-myristate-
labeled oocytes coinjected with equal amounts of S- and preSl-
specific mRNAs (lane 3), and an anti-globin immunoprecipitate of
3H-myristate-labeled oocytes injected with RNA encoding a preSl-
globin hybrid protein (lane 4). Samples were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on a 12% poly-
acrylamide gel, which was then fixed, fluorographed, dried, and
exposed to film for 4 days. The numbers at the right represent
kilodaltons.

HBV preSl VSV G

FIG. 3. Confirmation of the labeled moiety as an amide-linked
myristic acid residue. (A) Thin-layer chromatographic analysis of
acid hydrolysates of preSl proteins. Gel slices containing the
electrophoretically resolved, 3H-myristate-labeled preSl proteins
produced in COS cells and Xenopus oocytes were rehydrated and
suspended in 6 N HCl. After incubation in 110°C for 24 h, the
liberated products were extracted into nonpolar solvents and ana-
lyzed by reversed-phase thin-layer chromatography. Shown are the
chromatographed acid hydrolysis products of 3H-labeled gel slices
from oocytes injected with synthetic preSl mRNA (lane 1), oocytes
injected with RNA encoding the preSl-globin fusion protein (lane 2),
and preSl proteins precipitated from HBsAg-producing COS cells
(lane 3). Lane std. contains the authentic palmitate and myristate
standards. (B) Hydroxylamine (HA) sensitivity of the preSl-
myristate linkage. Two identical polyacrylamide gels containing
3H-myristate-labeled HBV preSl proteins as well as VSV G protein
labeled with 3H-palmitate were run. One gel was fixed and
fluorographed immediately after electrophoresis, and the other was
soaked for 1 h in 1 M hydroxylamine (pH 8) fixed, and fluoro-
graphed. The gels were exposed to preflashed film for 4 days, and
the 3H-labeled protein bands were excised from the gel and counted
in a liquid scintillation counter (36). The results are shown in the
histogram as a percentage of results for the untreated control; 2
standard deviations are indicated at the top of each bar. Actual
counts per minute (+2 standard deviations) obtained from the
samples were as follows: 7,189 ± 47 for untreated preSl; 6,988 ± 44
for hydroxylamine-treated preSl; 1,102 ± 33 for untreated VSV G
protein; and 222 ± 37 for hydroxylamine-treated VSV G protein.

were then incubated in 0.3 ml of 6 N HCl at 110°C for 24 h.
Both the acid hydrolysate and the polyacrylamide pellet
were extracted three times with 0.5 ml of toluene, and
reversed-phase thin-layer chromatography was performed as
described by Buss and Sefton (2).

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 preSl proteins
produced in COS cells or oocytes are shown in Fig. 3A,
lanes 1 to 3. All of the acid cleavage products migrated with
the mobility expected for myristic acid. Small amounts of a
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faster-migrating species may have been an artifact of hydro-
lysis or a 12-carbon metabolite of the labeled myristic acid.
To assess the nature of the covalent bond between the

preSl protein and 3H-myristic acid, we examined the
hydroxylamine sensitivity of the linkage. Whereas 3H-
palmitate and other acyl groups are typically bound to
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. 3H-
myristate-labeled preSl proteins were immunoprecipitated
from HBsAg-producing COS cells as described above. For
use as a positive control, 3H-palmitate-labeled vesicular
stomatitis virus (VSV) G protein was produced by infecting
COS cells with 20 PFU of VSV Indiana (a generous gift from
Judy White) per cell. The 3H-palmitate-labeled VSV G
protein and the 3H-myristate-labeled HBV preSl proteins
were run in adjacent wells of identical 12% polyacrylamide
gels. After electrophoresis, one gel was treated for 1 h at
20°C with 1 M hydroxylamine (pH 6.8), fixed, and
fluorographed (15); the other was fixed and fluorographed
immediately for use as a control (Fig. 3B). Whereas there
was no significant decrease in the level of label associated
with the preSl proteins following hydroxylamine treatment,
the label bound to the VSV G protein decreased fourfold
following such treatment. The relative resistance of the
preSl protein to hydroxylamine treatment suggests that
3H-myristic acid is bound to this protein via a hydroxyl-
amine-resistant amide link, as found for other myristylated
proteins (15).
A small number of cellular and viral proteins are known to

be modified by myristate addition; modification usually
occurs at the N terminus of the protein (1, 2, 3, 13, 17, 27).
Comparison of the N-terminal amino acid sequences of these
proteins reveals that the N-terminal methionine residue is
invariably followed by a glycine (Fig. 4A). Following cleav-
age 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 preS open reading
frames reveals a similar sequence motif (Fig. 4B). The
conservation of this structure across considerable evolution-
ary distances suggests that preSl myristylation is likely to be
a common feature of the hepadnaviruses.
The preSl 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 transform-
ing protein pp60Osc has been shown to be important in the
subsequent affiliation of the protein with the inner (cytoplas-
mic) face of the plasma membrane (6, 7). By contrast, the
preSl proteins, like their S protein counterparts, are initially
synthesized as transmembrane glycoproteins spanning the
membrane of the endoplasmic reticulum (B. Eble, V.
Lingappa, and D. Ganem, unpublished data). 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 mem-
brane translocation of downstream protein domains, since
glycosylation of the S domain of the preSl protein (12; K.
Simon, V. Lingappa, and D. Ganem, manuscript in prepa-
ration) proceeds with normal efficiency.
What are the biological roles of the preSl proteins, and

how might myristylation influence them? Recent findings

from this (23, 24; Simon et al., in preparation) and other (12,
19, 20) laboratories have provided new insights into the
structure of the preSl proteins and their disposition in
HBsAg particles. Studies by Heerman et al. (12) indicate
that preSl polypeptides are preferentially localized on
virions. At least some preSl-specific epitopes are immuno-
genic (19, 24) and are exposed on the virion surface (12). In
addition, a role for some of these determinants in host cell
binding has recently been suggested (20). Interestingly,
however, the extreme N terminus of the protein is not
reactive with specific antipeptide antisera (20; D. Persing,
unpublished data), a finding that could result either from
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 regions of the molecule.

Like the surface glycoproteins of most enveloped viruses
but unlike the S proteins, the preSl proteins are not secreted
from the cell (4, 5, 25, 32). Like other envelope proteins,
they are only exported from cells as part of a virion (al-
though, unlike these proteins, their intracellular locale is
primarily the endoplasmic reticulum rather than the plasma
membrane). These observations are consistent with a role
for the preSl 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 compo-
nents to the appropriate membrane for morphogenesis and
perhaps in the triggering of the budding event itself (26, 31,
37). Membrane interactions mediated by N-terminal myristic
acid could be important in anchoring the N terminus of the
preSl protein in the membrane of the endoplasmic reticulum
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FIG. 4. N-terminal amino acid sequence comparisons of known
myristylated proteins (A) and hepadnavirus preSl proteins (B). The
N-terminal methionine-glycine motif, thought to be a myristylation
target sequence, is boxed. Abbreviations in panel A: MLV p159'9,
the 15-kDa gag protein of murine leukemia virus (13, 29); pp60v-src,
the transforming protein of RSV (Schmidt-Ruppin A) (2, 22); PK-A,
the catalytic subunit of cyclic AMP protein kinase (3, 30); pp56lck,
the 56-kDa tyrosine kinase found in LSTRA T-cell lymphoma cells
(17, 18); and calcineurin B, the calcium-binding B subunit of
calcineurin (1). Abbreviations in panel B: GSHV, ground squirrel
hepatitis virus (28); WHV, woodchuck hepatitis virus (10); DHBV,
duck HBV (16); HBV (ayw), the ayw subtype of human HBV (11);
and HBV (adw2), the adw2 subtype of human HBV (35).
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(thereby preventing its spontaneous secretion) or in orient-
ing the preSl 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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