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Phosphorylation of cytosolic pre-S domains of the duck hepatitis B virus (DHBV) large envelope protein (L)
was identified as a regulatory modification involved in intracellular signaling. By using biochemical and mass
spectrometric analyses of phosphopeptides obtained from metabolically radiolabeled L protein, a single
phosphorylation site was identified at serine 118 as part of a PX(S/T)P motif, which is strongly preferred by
ERK-type mitogen-activated protein kinases (MAP kinases). ERK2 specifically phosphorylated L at serine 118
in vitro, and L phosphorylation was inhibited by a coexpressed MAP kinase-specific phosphatase. Further-
more, L phosphorylation and ERK activation were shown to be induced in parallel by various stimuli.
Functional analysis with transfected cells showed that DHBV L possesses the ability to activate gene expression
in trans and, by using mutations eliminating (S—A) or mimicking (S—D) serine phosphorylation, that this
function correlates with L phosphorylation. These mutations had, however, no major effects on virus produc-
tion in cell culture and in vivo, indicating that L phosphorylation and transactivation are not essential for
hepadnavirus replication and morphogenesis. Together, these data suggest a role of the L protein in intra-
cellular host-virus cross talk by varying the levels of pre-S phosphorylation in response to the state of the cell.

Hepatitis B viruses (HBVs), or hepadnaviruses, are small
enveloped DNA viruses which replicate in the livers of their
respective hosts via reverse transcription of an RNA prege-
nome (18, 37). Although causing liver damage by the host
immune response, hepadnavirus infections are per se noncy-
topathic, indicating that these viruses have optimized a strategy
aimed at establishing inapparent, productive, long-term persis-
tent infections. This is particularly well illustrated in case of the
avian viruses, such as duck HBV (DHBYV), which normally
circumvent host defense mechanisms by vertical transmission.
With the mammalian viruses, the nonpathogenic carrier state
is probably best illustrated by HBV-transgenic mice, which
produce virus titers comparable to those of chronic HBV pa-
tients without any indication of liver disease (21).

These and other indications of a well-balanced replication
strategy which avoids major pathogenic effects suggest the ex-
istence of an intimate cross talk between virus and host. Evi-
dence for such mechanisms has become apparent in a number
of recent reports demonstrating a variation in hepadnavirus
gene expression as a result of changes in the intracellular state
of the host hepatocyte in response to extracellular signals.
Perhaps most notable is the cytokine-mediated down regula-
tion of HBV expression in HBV-transgenic mice upon infec-
tion with various animal viruses (8). Another example is the
rapid termination of virus production which is observed upon
plating of hepatocytes from HBV-transgenic mice, with a sim-
ilar effect also being seen in freshly plated DHBV-infected
primary duck hepatocytes (PDHs) (41). Furthermore, estab-
lishment of DHBYV infection has been shown to be sensitive to
drugs that raise the intracellular cyclic AMP level (23). Finally,
it has long been known that DHBV covalently closed circular
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DNA is vastly overamplified in aging PDHs (56), suggesting
the existence of regulatory mechanisms compensating for the
reduced viral gene expression.

The mechanisms underlying these responses are presently
only poorly understood, and equally little is known about the
potential role of hepadnavirus gene products in these pro-
cesses. Circumstantial experimental evidence suggests that he-
padnaviruses encode proteins with regulatory functions which
help to establish and maintain infection through direct or in-
direct modulation of cellular targets. The mammalian viruses,
such as human HBV or woodchuck HBV, express low levels of
the nonstructural X protein, which has been shown to activate
gene expression from a great variety of cellular and viral pro-
moters (46). Consistent with a regulatory function, the HBx
gene product is not required for virus production from trans-
fected HBV DNA genomes (60); it appears to be essential,
however, for the establishment of infection in vivo (61). No
homolog to the HBx gene, or any other open reading frame for
nonstructural proteins, is present in the genomes of the avian
hepadnaviruses, which nevertheless respond to changes in the
state of the cell. This raises the possibility that structural pro-
teins may be used for regulatory functions, at least in the avian
hepadnaviruses.

Several observations suggest that this may indeed be the case
for products of the pre-S/S gene, which encodes the viral en-
velope proteins. The largest of these proteins (the large enve-
lope protein [L protein]) carries, in addition to the S domain,
which constitutes the small envelope protein (S protein), an
N-terminal extension, the pre-S domain, which has important
functions at different stages of the viral life cycle; it mediates
the receptor interaction during cellular virus uptake (30, 57)
and, in an alternate topology with a cytosolic pre-S domain,
presumably interacts, in a matrix-like function, with the nu-
cleocapsid during virus formation (6, 18). The cytosolic pre-S
domain has also been implicated in regulating the level of
intracellular genome replication. Mutational analysis with
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DHBV-infected cells had indicated that mature nucleocapsids
were not exported in the absence of L protein but instead were
redirected into the nuclear reimport pathway, enhancing the
level of nuclear DNA templates (33, 54). In these studies, not
all the effects of certain pre-S mutations could be explained by
this simple stoichiometric feedback model. For example, N-
terminal truncations of the L protein caused both elevated
levels of covalently closed circular DNA and enhanced virus
production (54), suggesting the existence of an additional, non-
stoichiometric regulatory role of cytosolic DHBV pre-S do-
mains. That the DHBV L protein may carry a regulatory func-
tion is also suggested by the observation that the protein is
phosphorylated to variable extents in cytosolic pre-S domains
(19), as is often observed in regulatory proteins. Finally, de-
spite its multiple functions, the pre-S region (and the under-
lying spacer region in the polymerase gene) shows by far the
highest sequence variation between the various members of
the hepadnavirus family (53); it could therefore represent a
genome segment especially apt to evolve accessory regulatory
functions.

While potential regulatory pre-S functions cannot be ana-
lyzed in experimental HBV infections, a transactivating activity
with characteristics similar to the HBx gene product has been
identified by transfection analysis of HBV pre-S variants. Ini-
tially detected in C-terminally truncated middle envelope pro-
teins with inverted topologies (25, 26), this activity has more
recently also been observed in the HBV L protein (the full-
length pre-S/S gene product) and correlated with a cytosolic
pre-S disposition (24). However, evidence for an involvement
of this transactivation function in virus-controlled regulatory
processes is lacking.

Based on the above-described observations, and in view of
the limitations of the mammalian systems, we decided to study
a possible regulatory role of pre-S phosphorylation in the
DHBYV animal model, which allows functional studies in cell
culture and in vivo. After mapping of the L phosphorylation
site and subsequent functional analysis with respect to virus
replication, we have obtained evidence for a possible interac-
tive role of L phosphorylation in cellular regulatory circuits.
We report a DHBV L transactivating activity and its correla-
tion with L phosphorylation by an ERK-type mitogen-acti-
vated protein kinase (MAP kinase) in response to extracellular
stimuli, and we propose a model where L phosphorylation
modulates viral replication in response to the host cell status.

MATERIALS AND METHODS

Nomenclature. By assigning the designations p36 to the phosphorylated form
of DHBV L (molecular mass, 36.2 kDa) and p35 to the nonphosphorylated form,
we follow Grgacic and Anderson (19) and deviate from earlier publications using
p37/p35 or p37/p36, respectively (15, 42, 49).

Plasmids and mutations. Plasmids for expression of DHBV L in tissue culture
were based on a construct, pMT-DL, which contains nucleotides (nt) 727 to 2815
of the DHBYV subtype 16 (DHBV16) genome (34), encoding the pre-S/S gene
downstream of the human metallothionine IT, promoter (55). L transcripts from
this promoter are predicted to be very similar to the pre-S transcripts produced
in vivo, which start at nt 732 and terminate at around nt 2800 (39). To facilitate
introduction of mutations at the serine 118 codon (nt 1152 to 1154), two unique
restriction sites (not affecting the pre-S open reading frame and making only
serine-to-threonine exchanges in the polymerase) were introduced by point mu-
tations, T1157A (BstXI) and A1124T (BspEI). Synthetic oligonucleotide du-
plexes between these sites were then used to change codon 118 from TCC to
GCC (coding for alanine) in plasmid pMD-L-S118A and from TCC to GAC
(coding for aspartate) in plasmid pMD-L-S118D. pMD-LA116 expresses L pro-
tein with a deletion of amino acids 11 to 126 (55).

Plasmid pSGS-CL100myc for the expression of myc-tagged CL100 (MAP
kinase phosphatase [2]) was kindly provided by S. M. Keyse.

For production of DHBV particles from transfected LMH cells, we used
pMT-D3, a plasmid containing a 10% overlength DHBV3 genome (53) driven by
the metallothionine 11, promoter to produce genomic DHBV transcripts, in
analogy to the cytomegalovirus promoter-driven plasmid pCDO (39). Codon 118
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in the L gene (TCT) was changed to GCT (for alanine) or to GAT (aspartate)
by site-directed mutagenesis. In the polymerase open reading frame, these mu-
tations change isoleucine 328 to serine or arginine, respectively. As isoleucine
328 is in the variable spacer region of the polymerase gene, these mutations are
not expected to affect the functionality of the enzyme (44).

32ZP metabolic labeling of DHBV-infected PDHs and preparation of L protein.
Primary hepatocytes from DHBV3-infected ducks were prepared and main-
tained as described previously (45, 56). At day 7 to 14 postplating, 1.2 X 107 cells
in a 10-cm-diameter plate were phosphate starved for 1 h in phosphate-free
Dulbecco’s modified Eagle’s medium (ICN) and incubated with 4 to 6 mCi of
32P; in 3.5 ml of the same medium. Incubation was for 5 h at 37°C with gentle
rocking. Cells were washed three times with phosphate-buffered saline, scraped
from the plate in 1 ml of TNE (10 mM Tris, 100 mM NaCl, 1 mM EDTA, pH
8.0), and broken by three cycles of freeze-thawing. Crude membrane fractions
were prepared as described previously (19) by centrifugation for 2 min at 10,000
rpm and 5 min at 6,500 rpm (Eppendorf Microfuge), resuspension of the mem-
brane pellet in TNE-1% Nonidet P-40 (NP-40), and centrifugation again for 2
min at 10,000 rpm and 5 min at 6,500 rpm to remove the nuclei. L protein was
immunoprecipitated from the resulting supernatant with the monoclonal anti-
body (MAb) 4F8 (recognizing pre-S amino acids 100 to 105) covalently coupled
to 20 pl of protein A-Sepharose beads (CL-4B; Pharmacia) with dimethylpime-
limidate. After repeated washing with TNE-1% NP-40, the beads were boiled in
20 pl of protein sample buffer (200 mM Tris-HCI [pH 8.8], 10% sucrose, 3%
sodium dodecyl sulfate [SDS], 5 mM EDTA, 2% 2-mercaptoethanol, 0.1% bro-
mophenol blue), and the extract was applied to a 10% gel. By this method, 6,000
to 20,000 cpm of 3?P-labeled L protein (detected as a p36 band) was obtained.
For preparing large amounts of unlabeled L protein, the procedure was upscaled
by using freshly prepared hepatocytes from a perfused DHBV-infected liver (a
30-g liver yielding approximately 10 g of hepatocytes). Crude membrane frac-
tions (30 to 40 ml from 10 g of hepatocytes) were cleared by centrifugation for
20 min at 17,000 X g. Samples were preabsorbed with protein A-Sepharose beads
for 2 h to reduce background binding and then immunoprecipitated for 3 h at 4°C
with approximately 1 mg of MAb 4F8 covalently coupled to 200 pl of protein
A-Sepharose beads. After repeated washing, L protein was recovered from the
beads by boiling in 100 pl of protein sample buffer. The beads were reextracted
twice with 100 pl of water, and pooled extracts were concentrated to 50 pl by
evaporation in a Speed-Vac and loaded onto an SDS-10% polyacrylamide gel.
The starting material for analysis of AspN peptides (see Fig. 1C and Table 1) was
p36 protein isolated from 30 g of DHBV-infected hepatocytes supplemented
with 5,000 cpm of 3?P-labeled p36.

In-gel protease digestion and extraction of peptides from gel slices. For in-gel
protease digestion, a Coomassie blue-stained L protein band (approximately 8 by
2 mm) was excised from an SDS-10% polyacrylamide gel and cut into small
cubes (approximately 2 by 2 mm). Gel pieces were destained four times with 100
ul of acetonitrile-water (1:1) and suspended in 50 .l of acetonitrile, resulting in
shrinking of the gel cubes. The supernatant was discarded, and 50 pl of 100 mM
NH,HCOj; was added. After 15 min of swelling, the gel pieces were again shrunk
in 50 pl of acetonitrile and dried briefly in a Speed-Vac. The dried pieces were
then submerged in 100 pl of protease digestion buffer containing 12.5 pg of
trypsin or AspN (Boehringer Mannheim, sequencing grade) per ml; digestion
buffer for trypsin contained 50 mM NH,HCO;, 5 mM CacCl,, and 10% acetoni-
trile, and digestion buffer for AspN contained 50 mM phosphate buffer (pH 8.0)
and 10% acetonitrile. After soaking of the gel cubes by incubation for 30 min on
ice, surplus digestion buffer was replaced by buffer without protease so that the
gel pieces were just covered, and samples were then incubated at 37°C overnight
for trypsin digestion or for 6 h for AspN digestion. The supernatants were saved
and pooled with the peptide-containing extracts described below. Peptides were
extracted from the gel pieces twice with 50 wl of 25 mM NH,HCO; and then
three times with 50 pl of 5% formic acid (or two times with 70% trifluoracetic
acid-water and two times with trifluoracetic acid-acetonitrile [1:1]), with a 50-ul
of acetonitrile shrinking after every step. All extraction steps were carried out
with gentle shaking at 30 to 37°C. Volumes were kept as small as possible to
reduce the final volume of the peptide pool. All extracts (including the acetoni-
trile from shrinking steps) were pooled and dried down in a Speed-Vac. For
high-pressure liquid chromatography (HPLC) analysis, tryptic peptides (extract-
ed with trifluoracetic acid) were resuspended in 0.1% trifluoracetic acid. For
analysis on a protein gel, AspN peptides were resuspended in 20 wl of sample
buffer (50 mM Tris-HCI [pH 6.8], 12% [wt/vol] glycerol, 4% SDS, 2% 2-mer-
captoethanol, 0.01% bromophenol blue). The described elution procedure gen-
erally resulted in recovery of about 80% of 3*P-labeled peptides.

For high resolution of AspN peptides, separation was performed on a 16.5%
Tris-Tricine gel (48). Peptide bands (approximately 8 by 2 mm) were excised, cut
into very small cubes (1 by 1 mm), washed for 15 min in 40 ul of 50% methanol-
10% acetic acid and then for 10 min in 40 pl of 10% methanol-7.5% acetic acid,
and shrunk with 20 pl of acetonitrile. Washes were discarded, and peptides were
extracted by incubating the gel pieces for 1 h each in 30 wl of 100 mM NH,HCO;,
30 pl of 25 mM NH,HCOj3, and 30 pl of 25 mM NH,HCO;-acetonitrile (1:1),
with shrinking with 20 pl of acetonitrile after every step. Extractions were carried
out with gentle shaking at 37°C in 200-pl tubes with a tiny hole in the bottom so
that liquid could be removed into a collection tube by a short spin. Pooled
extracts were concentrated to 2 to 5 pl in a Speed-Vac and directly analyzed by
mass spectrometry.
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Mass spectrometry. Matrix-assisted laser desorption-ionization (MALDI)
mass spectra were recorded with a-cyano-4-hydroxycinnamic acid as the matrix
on a Reflex II time-of-flight instrument (Bruker-Franzen, Bremen, Germany)
equipped with a SCOUT multiprobe inlet and a 337-nm nitrogen laser. Tryptic
peptides were analyzed in the positive-ion reflector mode with an ion accelera-
tion voltage of 28.5 kV and a reflector voltage of 30 kV. AspN peptides were
recorded in the positive-ion reflector mode with delayed extraction. The ion
acceleration voltage was set to 28.5 kV, the reflector voltage was 30 kV, and the
first extraction plate was set to 18.5 kV. Mass spectra were obtained by averaging
50 to 100 individual laser shots. Calibration of the spectra was performed exter-
nally by a two-point linear fit with angiotensin I and insulin.

Phosphoamino acid analysis. The procedures used here are basically as de-
scribed by Boyle et al. (5). For total acid hydrolysis, tryptic 3°P-labeled peptides
(containing 1,500 cpm) were incubated in 300 wl of 6 M HCI with 0.1% phenol
for 4 h at 110°C under nitrogen. The sample was repeatedly frozen, lyophilized,
and resuspended in water to result in a clear pellet. Two microliters of pH 3.5
running buffer (pyridine-glacial acetic acid-water, 1:10:189 [vol/vol/vol]), 2 ul of
unlabeled phosphoaminoacid standard (phosphoserine-phosphothreonine-phos-
photyrosine, each 10 pg/pl), and 1 pl of xylene cyanol (1 mg/ml) were added. The
sample was applied to a Merck 20- by 20-cm thin-layer cellulose plate (premoist-
ened with pH 3.5 running buffer) and separated by two-dimensional electro-
phoresis in a flat-bed electrophoresis unit. Electrophoresis in the first dimension
was performed with the pH 3.5 buffer for 1.5 h at 850 V (13 W). The plate was
dried, moistened with pH 1.9 buffer (88% formic acid-glacial acetic acid-water,
25:78:897 [volvolivol]), and electrophoresis in the second dimension was per-
formed with pH 1.9 buffer for 2.5 h at 1,000 V (15 W). After drying, standard
phosphoamino acids were detected by ninhydrin staining (0.2% in ethanol;
Sigma), and labeled phosphoamino acids were detected by exposure on a Phos-
phorImager.

Transient expression and detection of L protein. LMH cells (11) or COS7 cells
were seeded at a density of 5 X 10° to 6 X 10° cells per 10-cm-diameter dish and
transfected 24 h later with 10 wg of pMT-DL by the calcium phosphate method.
Cells were lysed at 2 to 4 days posttransfection by incubation for 10 min at 4°C
in 1 ml of TNE-1% NP-40. Cell debris was removed from the lysate by centrif-
ugation at 13,000 rpm for 10 min, and L protein was immunoprecipitated from
the supernatant with polyclonal antiserum (D084) directed against the N-termi-
nal two-thirds of DHBYV pre-S. Typically, immunoprecipitates from one or half
of a 10-cm-diameter dish (COS7 or LMH cells, respectively) were analyzed for
L protein by Western blotting with MAb 4F8 (recognizing amino acids 100 to 105
in pre-S). In cotransfection experiments, 10 ug of pMT-DL and 15 pg of pSG5-
CL100myc were used per 10-cm-diameter dish. CL100myc was immunoprecipi-
tated and detected in Western blots with a myc MAb (9E10; Invitrogen). For
N\-phosphatase digestion of L protein, the immunoprecipitated L protein was
digested directly on beads with 400 U of N-phosphatase (New England Biolabs)
for 30 min at 30°C in a final volume of 50 pl of reaction buffer containing 0.5%
NP-40.

Hepatocyte lysates and cell stimulation. To determine the phosphorylation
state of L protein in lysates of DHBV-infected liver, small pieces of liver tissue
(or pelleted PDHs) were weighed and Dounce homogenized in a small volume
of protein sample buffer, and volumes were adjusted with protein sample buffer
to 25 mg of tissue per ml. Plated PDHs were lysed by applying 400 pl of protein
sample buffer per six-well plate (2 X 10° cells), resulting in lysates with approx-
imately 25 mg of protein per ml. In general, for the gels shown in Fig. 5, 250 ug
of protein was applied per lane. Comparable protein contents of the samples
were confirmed on a Coomassie blue-stained gel in parallel with the Western blot
for L protein (MADb 4F8). Antisera for detection of total ERK1/2 and active
ERK1/2 (anti-ACTIVE-MAPK) in hepatocyte lysates were obtained from Santa
Cruz Biotechnology and Promega, respectively.

PDHs from DHBV-infected ducks were subjected to different stimuli starting
4 to 6 h postplating: incubation at 20°C for 14 to 16 h or at 46°C for 15 min, UV
irradiation at 30 to 80 J/m? for 45 min, or treatment with 100 nM 12-O-tetra-
decanoylphorbol-13-acetate (TPA) for 15 min or with 10 g of anisomycin per ml
for 30 min.

In vitro kinase assays with L protein from subviral particles. DHBYV particles
were purified from sera of wild-type DHBV- or S118A-DHBV-infected duck-
lings essentially as described previously (30). Briefly, 30 ml of serum, containing
ca. 5 X 107 viral particles/ml and ca. 5 X 10'? subviral particles/ml, was layered
on a sucrose gradient and sedimented onto a cushion of 70% sucrose in 1X
phosphate-buffered saline-1 mM EDTA. Subviral particle-containing fractions
were pooled, concentrated by polyethylene glycol precipitation (see below), and
further purified by centrifugation into a second sucrose step gradient (70 to 20%
sucrose in 5% steps, 1 ml each) at 218,000 X g for 4 h at 20°C. Subviral
particle-containing fractions were directly used for in vitro kinase assays: 5 wl
(containing 100 to 200 ng of L protein) was incubated for 20 min at 30°C with 100
ng of activated mouse glutathione S-transferase (GST)-tagged ERK2 (GST-
p42MAPK; UBI) in 20 pl of kinase reaction buffer (50 mM Tris-HCI [pH 7.5],
10 mM MgCl,, 0.1 mM EDTA, 0.5% NP-40, 2 mM dithiothreitol, and 10 mM
B-glycerophosphate) containing 5 wCi of [y->*P]ATP. L protein was immuno-
precipitated with anti-pre-S antiserum D084 and subjected to SDS-10% poly-
acrylamide gel electrophoresis (SDS-10% PAGE). *?P-labeled proteins were
detected in dried gels with a PhosphorImager.
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FIG. 1. DHBV L contains a single major phosphopeptide with serine phos-
phorylation. (A) Preparative purification of phosphorylated DHBV L protein.
Membrane-associated L protein from DHBV-infected hepatocytes was enriched
by immunoadsorption and purified by SDS-10% PAGE (lane 1) (starting ma-
terial, approximately 5 g of hepatocytes). In parallel, L proteins from 3?P-labeled
hepatocytes were separated. The single *?P-labeled band (lane 3) coincided with
p36, as visualized by Coomassie blue staining (lane 2). (B) Phosphoamino acid
analysis of 3?P-labeled p36. After acid hydrolysis, the constituent amino acids
were separated by two-dimensional thin-layer chromatography. The positions of
phosphoamino acid standards detected by ninhydrin staining are indicated by
solid lines on the autoradiogram. (C) Separation of 3?P-labeled p36 AspN pep-
tides. After SDS-PAGE on a 16.5% Tris-Tricine gel (48), radiolabeled peptides
were detected by autoradiography. *, minor AspN peptide.

CAT assays. HepG2, LMH, or 293 cells were seeded at a density of 3 X 10° to
5 % 10° cells per 6-cm-diameter dish and transfected 24 h later with 2 pg of the
chloramphenicol acetyltransferase (CAT) reporter construct p3xAP1-CAT (27)
and either 6 to 8 pg of different L expression plasmids or a control plasmid
without L insert by the Lipofectin method. At 2 days posttransfection, cells were
lysed in 250 mM Tris-HCI, pH 8.0. After centrifugation to remove nuclei and cell
debris, the cytosolic fraction was used to determine CAT activities as previously
described (25).

Infection of PDHs with virus from cloned DHBV DNA. Wild-type DHBV and
S118A- and S118D-DHBV were harvested from the media at days 5 and 8
following transfection of LMH cells with 10 pg of pMT-D3-derived plasmid per
10-cm-diameter dish. To determine the yield of enveloped virions, an aliquot of
the sample was centrifuged into a CsCl step gradient (1.4, 1.3, and 1.2 g/ml and
20% sucrose), and DHBV DNA in each fraction was quantified relative to a
standard by dot blot hybridization as previously described (39). If necessary, virus
was concentrated to titers of up to 3 X 10° DNA-containing virus particles per
ml by precipitation with polyethylene glycol (final concentration, 6.5%) in 350
mM NaCl. Concentrated virus stocks were kept in phosphate-buffered saline
containing 10% glycerol at —20°C.

PDHs (2 X 10° cells in one six-well plate, 3 days postplating) were infected
overnight with 10® virus particles. Infection efficiency and virus replication were
monitored by determining the DHBV DNA by DNA dot blotting of the culture
supernatants from days 1 to 5, 5 to 9, 9 to 13. Cell lysates (lysis buffer was 0.1 M
Tris-HCI [pH 8.8], 1% SDS, 10 mM EDTA, and 0.1% 2-mercaptoethanol) were
digested with proteinase K and extracted with phenol-chloroform to increase the
sensitivity of viral DNA detection by dot blot hybridization.

RESULTS

DHBYV L protein is phosphorylated at serine 118. The non-
phosphorylated and the phosphorylated forms of the L protein
(p35 and p36, respectively) were efficiently separated by pre-
parative SDS-PAGE (Fig. 1A, lane 1) of L immunoabsorbed
from crude membrane preparations of DHBV3-infected
PDHs. In a parallel preparation from metabolically **P-labeled
cells (Fig. 1A, lanes 2 and 3), p36 was the only phospholabeled
L protein species, as reported previously (19). For further
analysis, the bands containing either p36 or p35 were excised
from the gel, and proteins were digested with endoproteinase
AspN or with trypsin as described in Materials and Methods.
The resulting mixture of peptide fragments was either used for
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TABLE 1. Mass spectrometric analysis of DHBV
L phosphopeptides

Average mass (Da)

Peptide Radioactivity (%)
Determined Calculated”

Major AspN 90 4,221.8

4,220.6
Minor ASpr 10 4,282.2
Tryptic 1 40 2,583.6

2,566.7
Tryptic 2 34 2,569.5

“ For AspN and tryptic monophosphopeptides comprising amino acid residues
93 to 127 and 103 to 123 respectively (Fig. 2).
b Marked with an asterisk in Fig. 1C.

phosphoamino acid analysis or further resolved for identifica-
tion of individual phosphopeptides by mass spectrometry.
Phosphoamino acid analysis of *?P-labeled p36, performed
with the tryptic digest eluted from the gel, showed that the
radiolabel was linked exclusively to serine residues, with no
radiolabel being detected at the positions of phosphothreonine
or phosphotyrosine (Fig. 1B). Separation of **P-labeled AspN
peptides on a 16.5% Tris-Tricine gel (Fig. 1C) revealed that
90% of the radioactivity migrated as a single band with an
apparent molecular mass of 3.5 kDa, a result demonstrating
the presence of a single major phosphopeptide in DHBV L.
After elution from the gel, a mass of 4,221.8 Da was deter-
mined for this peptide. This value corresponds closely to the
mass calculated for a singly phosphorylated AspN cleavage
product, comprising amino acid residues 93 to 127 in the pre-S
domain of DHBV L (4,220.6 Da) (Table 1 and Fig. 2), whereas
values for any other phosphoserine-containing peptide, possi-
bly arising from complete or partial AspN cleavage of DHBV
L, were calculated to be at least 372 Da lower or 92 Da higher.
In DHBV3, the subtype used in this experiment, the peptide
from amino acid 93 to 127 contains only a single serine residue
at position 118 (Fig. 2); we therefore concluded that this serine
residue was the site for DHBV L phosphorylation. This inter-
pretation was further supported by the good correlation of the
mass values determined and calculated for the corresponding
AspN peptide from the unphosphorylated L protein species,
p35, which were 4,140.0 and 4,140.6 Da, respectively (data not
shown). Moreover, a second, minor *?P-labeled AspN phos-
phopeptide, representing the remaining 10% of the radioac-
tivity and migrating at approximately 4.5 kDa (marked by an
asterisk in Fig. 1C), was found to possess a mass of 4,282.2 Da,
which is only 60.4 Da higher than the one determined for the
major AspN phosphopeptide (Table 1). As outlined above, this
value does not correspond to any other singly or doubly phos-
phorylated peptide resulting from AspN cleavage of L protein.

AspN fragment, 4220.6 Da

91 | 101 111 ® 121 ‘ 130

EEDQKAREAF RRYQEERPPE TTTIPPTSPT QWKLQPGDDP

Tryptic fragment, 2566.7 Da

FIG. 2. DHBV L protein is phosphorylated at serine 118. Phosphopeptides
matching the mass values obtained by mass spectrometry (see Table 1 and text)
are shown in the context of the DHBV3 L protein amino acid sequence. As
phosphoserine was the only phosphoamino acid detected in p36 (Fig. 1B), serine
118 must be the DHBV L phosphorylation site.
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Furthermore, the relative fraction of this minor peptide, by **P
content, varied severalfold between experiments (not shown);
it therefore most likely represents the product of a modifica-
tion, apparently caused by unspecified variations of the exper-
imental conditions during isolation, adding 60 Da to the major
phosphopeptide.

Tryptic peptides from the p36 protein were characterized by
reverse-phase HPLC of *?P-labeled digestion products. Pep-
tides from three major peak fractions which contained similar
amounts of radiolabel (40, 34, and 26%, respectively) were
analyzed further. Mass spectrometry revealed that the first two
peptides, which were present in two directly adjacent fractions,
contained two closely related peptides with mass values deter-
mined to be 2,583.6 and 2,569.5 Da (peptide 1 and peptide 2,
respectively [Table 1]). Further mass spectrometric analysis in
the reflectron mode (3), showed a metastable fragmentation of
phosphoric acid, indicating that both peptides contained only a
single phosphate group (data not shown). The mass deter-
mined for tryptic peptide 2 corresponds well to the mass of
2,566.7 Da predicted for the tryptic cleavage product encom-
passing phosphorylated serine 118 (amino acids 103 to 123)
(Table 1 and Fig. 2), whereas mass values for other phospho-
serine-containing tryptic pre-S peptides are predicted to be at
least 100 Da higher or 1,000 Da lower. The apparent mass
increase of 14 Da in peptide 1 is therefore best explained by
the addition of a single oxygen atom (16 Da) to peptide 2,
possibly as the result of proline or tryptophan hydroxylation
(31). Mass spectrometric analysis of the third HPLC fraction,
containing 26% of the radiolabel, did not give conclusive re-
sults. Conceivably, this peptide may have also contained a
derivative of the tryptic phosphopeptide from amino acid 103
to 123, possibly carrying the modification adding 60 Da that
was observed with the phosphopeptides from the AspN digest.
Thus, the majority of the phosphorylated tryptic peptides re-
covered from metabolically labeled p36 was found to corre-
spond to phosphopeptides containing serine 118, a result con-
firming the more complete mapping of the phosphorylation
site by analysis of the AspN peptides presented above.

Confirmation of DHBV L phosphorylation at serine 118 by
mutational analysis. As phosphorylation results in reduced
migration of DHBV L in SDS-PAGE, mutations changing
serine 118 are expected to influence the electrophoretic mo-
bility of the L protein. To test this prediction, serine 118 was
replaced either by alanine, thereby eliminating phosphoryla-
tion at this site, or by aspartate, which is commonly used to
functionally mimic protein phosphorylation. Wild-type or mu-
tant DHBV16 L proteins were expressed in transfected LMH
cells (a chicken hepatoma cell line [11]) and analyzed by im-
munoblotting for changes in migration during SDS-PAGE. As
expected, replacement by alanine (S118A) resulted in the com-
plete disappearance of the slower-migrating p36 species (Fig.
3, compare lanes 2 and 3), as was observed after incubation of
phosphorylated wild-type protein with A-phosphatase (lane 1).
Replacement of serine 118 by aspartate (S118D) resulted in a
single L protein species migrating between p35 and p36 (Fig. 3,
lane 4), an observation demonstrating that the negative charge
introduced with the aspartate residue at position 118 was suf-
ficient to reduce the electrophoretic mobility of DHBV L,
although not to the same degree as the doubly charged phos-
phate. Taken together, these results demonstrate that the re-
duced mobility of the p36 L protein species in SDS-polyacryl-
amide gels correlates with its phosphorylation at serine 118;
they thus prove the conclusions drawn from the biochemical
mapping of the phosphorylation site. Moreover, as biochemical
mapping was performed with L protein from DHBV3 and
mutational analysis was performed with DHBV16, these data
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FIG. 3. Mutational analysis confirming that phosphorylation at serine 118
causes the electrophoretic mobility shift leading to the p36 L species. LMH cells
were transfected with DHBV 16 L expression constructs coding for wild-type
(lanes 1 and 2) or mutated (S118A for removing the phosphorylation site [lane
3] and S118D for mimicking phosphoserine [lane 4]) L proteins. L proteins in cell
lysates at day 8 posttransfection were immunoprecipitated, separated on an
SDS-10% polyacrylamide gel, and detected by anti-pre-S Western blotting.

demonstrate that pre-S phosphorylation at serine 118 is inde-
pendent of the DHBYV subtype.

DHBYV L protein is phosphorylated by an ERK-type MAP
kinase. The extracellular signal-regulated protein kinases
ERK1 and ERK2 (isoforms) are members of the MAP kinase
family (7). In the DHBV L protein sequence, serine 118 is part
of a PXSP sequence (Fig. 2), a motif that is recognized by
ERKs in preference to other SP sites (12, 51). There are no
basic residues in its vicinity, which argues against the possibility
that phosphorylation may alternatively involve protein kinase
C, protein kinase A, or a member of the cyclin-dependent
kinase family, the other group of SP- or TP-targeted kinases
(28, 51).

In order to test whether ERK was indeed participating in L
phosphorylation, L protein from detergent-disrupted subviral
particles was used as a substrate in an in vitro phosphorylation
assay with GST-tagged ERK2. As shown in Fig. 4A, ERK2 was
indeed capable of phosphorylating DHBV L, resulting in a
strongly radiolabeled p36 band detected by SDS-PAGE (lane
1). Phosphorylation was specific for serine 118, as mutant L
protein carrying the S118A mutation was not converted into
p36 (Fig. 4A, lane 2), even though comparable amounts of L
protein had been present in the reaction mixture (as demon-
strated by Coomassie blue staining [not shown]). Weak radio-
active signals were seen slightly above the position of p35 with
the wild-type and the mutant proteins. These were probably
due to minor L phosphorylation of (S/T)P sites outside serine
118, which do not cause a major mobility shift in SDS-PAGE
(20). In summary, these data demonstrate that highly purified
ERK2 can strongly and specifically phosphorylate the DHBV
L protein at serine 118, the site shown to be the target of
phosphorylation in vivo.

To confirm an involvement of a MAP kinase in DHBV L
phosphorylation, we investigated whether CL100, a phospha-
tase specifically inactivating MAP kinases by returning them to
the dephosphorylated inactive state (reviewed in reference 29),
had an inhibitory effect on L phosphorylation in transfected
COS7 cells. As shown in Fig. 4B, L protein phosphorylation
(lane 1) was indeed reduced strongly upon cotransfection of a
construct expression CL100 (lane 2), confirming that an acti-
vated MAP kinase was most likely responsible for L phosphor-
ylation. Direct dephosphorylation of L by CL100 is improbable
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FIG. 4. DHBV L is phosphorylated by an ERK-type MAP kinase. (A) In
vitro kinase assay. Wild-type (wt) or SI1I8A-DHBYV particles were incubated with
GST-tagged ERK2 and [y**P]ATP in a reaction buffer which contained 0.5%
NP-40 to disrupt the particles. L proteins were immunoprecipitated and sepa-
rated by electrophoresis on an SDS-10% polyacrylamide gel, and radiolabeled
proteins were detected by autoradiography. (B) Inhibition of phosphorylation at
serine 118 by CL100, a phosphatase which specifically inactivates MAP kinases.
COS7 cells were transfected with an L expression plasmid (pMT-DL) and a
myc-tagged CL100 expression construct (pSG5-CL100myc) as indicated. Cells
were lysed at day 2 posttransfection, and L proteins were immunoprecipitated
and detected by Western blotting after separation on an SDS-10% polyacryl-
amide gel (lanes 1 and 2). To check for this presence, CL100myc protein was also
immunoprecipitated from the lysate of cells cotransfected with L and CL100 and
detected on the same Western blot (lane 3) (double stained with anti-pre-S and
anti-myc). *, signals from mouse immunoglobulin G used for precipitating
CL100myc.

because of the high specificity of this phosphatase for MAP
kinases (2). Taken together, the results from kinase assays
performed in vitro and with transfected cells strongly suggest
that an ERK-type MAP kinase is responsible for L protein
phosphorylation at serine 118.

L protein phosphorylation induced by extracellular stimuli
correlates with activation of ERK 1/2. In our initial experi-
ments, major variations in the extent of L protein phosphory-
lation were observed between DHBV-infected duck livers and
PDH cultures that had been maintained for different time
periods. In a more systematic follow-up, liver samples and
cultured hepatocytes from the same DHBV-infected donor
duck were analyzed before and during the course of liver
perfusion, as well as over extended time periods after plating.
Changes in L protein phosphorylation, indicated by the p35/
p36 ratio, were monitored by anti-pre-S Western blots (Fig.
SA, lanes 2 to 11), with L protein from serum DHBYV particles
(known to be only marginally phosphorylated) being included
as a reference (Fig. 5A, lane 1). As shown in Fig. 5A (lane 2),
the phosphorylated form of the L protein (p36) was barely
detectable in the liver. It increased progressively, however, as
the liver cells were liberated by perfusion and suspended in the
maintenance medium, as is demonstrated in Fig. SA (lane 3) by
L protein obtained from suspended cells taken 30 min after the
start of perfusion. Samples taken at earlier time points during
collagenase treatment showed intermediate p36 levels which
increased with time. In PDH cell cultures, p36/p35 ratios ini-
tially stayed constant and decreased slowly after day 6 (Fig. SA,
lanes 7 to 9). It should be noted that the increase in L phos-
phorylation in response to perfusion and plating varied be-
tween PDH cultures from different test animals (compare Fig.
SA, lanes 2 and 4, to Fig. 5B, upper panel, lanes 1 and 2), as did
the decrease of p36 levels after day 6 (data not shown).
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FIG. 5. L phosphorylation induced by extracellular stimuli correlates with ERK activation. (A) Time course of preparation and cell culture of hepatocytes from a
DHBV-infected duck. Total proteins from hepatocyte lysates (lanes 2 to 11) were separated by SDS-10% PAGE, and L protein was detected by Western blotting. In
lane 6, 1.3 times more lysate was applied to compensate for a reduction of DHBV proteins reproducibly observed at around day 6 postplating. Cold treatment (lanes
10 and 11) was performed for 12 h starting at 6 h postplating. Two microliters of a DHBV-positive serum, containing approximately 5 X 10'° subviral particles, was
applied as a reference (lane 1). susp. hep., suspended hepatocytes. (B) Effects of various stimuli on PDHs from a second DHBV-infected duck. Hepatocyte lysates were
separated by SDS-10% PAGE, and L protein (upper panel) and active ERK1/2 (lower panel) were detected by Western blotting.

The levels of phosphorylated L protein could be enhanced
further, particularly in freshly plated PDHs, in response to
various extracellular stimuli. Strong increases were observed
after exposure to low temperature (overnight at 20°C [Fig. 5A,
lane 11, and B upper panel, lane 3]), UV irradiation (Fig. 5B,
upper panel, lane 7), or a mitogenic phorbolester (TPA) (Fig.
5B, upper panel, lane 4). A stimulatory response was also
obtained with anisomycin, an inhibitor of translation (Fig. 5B,
upper panel, lane 6), while no change in p36 levels was ob-
served after heat shock at 46°C (lane 5) (the avian body tem-
perature is 42°C). Except for the effect of anisomycin, which is
known to stimulate stress-activated MAP kinases and not
ERKSs, these observations are again in keeping with an involve-
ment in L phosphorylation of mitogen-activated ERK-type
MAP kinases. In contrast, there was little correlation with the
activation profile of stress-activated MAP kinases, such as JINK
and p38, which are typically stimulated by heat shock (32). UV
irradiation, which enhanced L protein phosphorylation, is
known to stimulate primarily JNKs but also ERKs (43); the
strong activation in response to cold treatment observed here
has, to our knowledge, not yet been noticed in any other
system.

Taken together, the data presented so far suggested that L
phosphorylation correlated with ERK activation. To test
whether this correlation was also observed during the changes
in L phosphorylation in freshly plated hepatocytes, Western
blots of PDH lysates from the above-described experiments
were probed with an antiserum recognizing only the active
form of ERK1/2 (Fig. 5B, lower panel) and, as a control, with
an antiserum recognizing both inactive and active ERK1/2 (not
shown). In this analysis, the amounts of activated ERK varied
in close correlation with induction of L phosphorylation (Fig.
5B, compare upper and lower panels), while the total ERK
protein content was found to be comparable in all samples.
These observations again support the hypothesis that an ERK-

type MAP kinase is responsible for phosphorylation of the
DHBV L protein.

Phosphorylation at serine 118 mediates activation of gene
expression in frans. Pre-S transactivation has been extensively
studied in HBV, and a segment essentially corresponding to
the pre-S2 subdomain has been identified in transient-trans-
fection experiments as the minimal transactivating unit (24,
25). To test whether the L protein of DHBYV carried a similar
transactivator activity, HepG2 cells, a human hepatoma cell
line, were transfected with plasmids expressing different L pro-
tein variants (Fig. 6A) or a control plasmid without L insert,
together with a CAT reporter construct used previously in
transactivation assays with the HBV L protein (p3xAP1-CAT
[24]). At 2 days posttransfection, cells were lysed and the
cytosolic fraction was used to determine CAT activities. Wild-
type DHBV L protein was found to activate expression of the
reporter gene up to sevenfold (Fig. 6A, lane 1) relative to a
DHBYV L deletion mutant lacking two-thirds of the pre-S do-
main (LA116) (Fig. 6A, lane 4), indicating that an intact pre-S
domain is a prerequisite for a transactivation function of
DHBYV L. In other CAT assays with transfected LMH cells, up
to 10-fold transactivation was observed relative to the vector
plasmid without DHBV insert (not shown). To examine
whether L transactivation was linked to a cytosolic orientation
of the pre-S domain, we included a construct which results in
cotranslational translocation of the pre-S domain into the lu-
men of the endoplasmic reticulum through an N-terminally
fused signal sequence (sigL1 [55]). As expected, the lack of
cytosolic pre-S domains resulted in complete loss of transacti-
vating activity (data not shown).

We next examined whether the L transactivation function
was related to phosphorylation at serine 118 by testing L pro-
tein mutations abolishing and functionally mimicking phos-
phorylation (S118A and S118D, respectively) in the transacti-
vation assay. Transactivation was completely lost with the
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FIG. 6. Serine 118 is essential for transactivating function of the DHBV L
protein. (A) CAT assays. HepG2 cells were cotransfected with expression plas-
mids for DHBV16 L proteins and a 3xAP 1-driven CAT reporter construct. CAT
activity was measured in cell lysates prepared at 2 days posttransfection. Bars
represent mean values with standard deviations from four transfections. Fold
inductions were calculated relative to the value for the pre-S deletion mutant
LA116. (B) Comparable expression of the different L proteins was confirmed by
Western blotting of immunoprecipitated L proteins. LA116, 22 kDa; *, glycosy-
lated LA116 protein (55).

S118A mutant (Fig. 6A, lane 2), whereas the transactivation
potential of L was conserved after replacement of serine 118
with aspartate (Fig. 6A, lane 3).

To exclude the possibility that the changes observed were
related to potential differences in L protein expression and/or
protein stability, the L proteins were visualized by Western
blotting and were found to be expressed at comparable levels
(Fig. 6B). The transactivating activity of L thus appears to
depend on the presence of a negative charge at position 118
(provided by either phosphoserine or the substituting aspar-
tate). The low level of phospho-L in the wild-type protein (Fig.
6B, lane 1, p36) does not contradict this interpretation if we
assume that a lower transactivation potential of L-S118D was
compensated for by the higher number of transactivating pro-
tein molecules. This hypothesis is supported by observations
with other phosphoproteins (for example, MAP kinase ki-
nase-1 [1]) indicating that comparable substitutions may only
partially mimic the activating effect of a phosphorylated amino
acid. Furthermore, the amounts of transactivating proteins and
the levels of their transactivating activities do not necessarily
correlate directly (14). Nevertheless, although not quantita-
tively interpretable, the apparent equivalence of transactiva-
tion by wild-type DHBV L and L-S118D is an important com-
plement to the loss of transactivation function by the alanine
substitution.

Mutations in DHBV L that eliminate or mimic phosphory-
lation at serine 118 do not significantly influence viral repli-
cation. To test whether mutational changes at serine 118 which
affect L protein phosphorylation and transactivation corre-
sponded to a phenotype in virus replication, we introduced the
S118A and the S118D mutations into a cloned replication-
competent, overlength DHBV genome. These constructs were
then transfected into LMH cells to produce DHBYV particles,
which were subsequently assayed for their competence to ini-
tiate the complete viral replication cycle in PDHs or in infected
ducklings. In these experiments, transfected LMH cells pro-
duced virions from S118A-DHBYV or from S118D-DHBYV with
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FIG. 7. Mutations at serine 118 do not significantly influence viral replica-
tion. Primary duck hepatocytes were infected with wild-type (wt) DHBV or
variant viruses (carrying L-S118A or L-S118D) produced from LMH cells. The
viral DNA contents in tissue culture supernatants collected at the indicated time
intervals were determined by dot blot analysis relative to a DHBV DNA standard
by using a PhosphorImager. Each point is the average of values from two wells.

yields comparable to those obtained with wild-type DHBYV,
thus demonstrating that phosphorylation was not of central
importance for virus formation and maturation or any other
late step in the viral life cycle. In DHBV-infected PDHs, again
no differences in infection competence were observed between
wild-type virus and either of the mutant viruses as judged from
the amounts of DHBV DNA secreted into the tissue culture
medium (Fig. 7) or by virus cell-to-cell spread as visualized by
immunofluorescence staining at day 4 or 9 post infection (data
not shown). Replication kinetics were also tested by quantify-
ing total intracellular virus DNA in PDH lysates (between days
1 and 17 post infection), and again no differences exceeding a
factor of 2 were observed (data not shown). We therefore
conclude that mutations affecting phosphorylation at serine
118 have no significant effects on viral infection and replication
in the cell culture system.

To test the situation in vivo, ducklings were infected 1 day
after hatching with wild-type or mutant virus produced from
LMH cells. As judged from serum DHBV DNA titers deter-
mined before and at several time points after infection, all
animals developed titers of between 2 X 10° and 5 X 10
DNA-containing virus particles per ml at 1 to 2 weeks after
infection. Serum viremia varied substantially between individ-
ual test animals, but these differences in virus titer and kinetics
were not reproducibly related to the genotype of the infecting
virus. These results, like those from the infection studies with
PDHs presented above, thus indicate that phosphorylation at
serine 118 is not of critical importance for viral replication.

DISCUSSION

In this study we show that a hepadnavirus envelope protein
with functions in virus morphogenesis and cellular entry can
serve an additional regulatory function through phosphoryla-
tion-mediated cross talk influencing gene expression. The re-
sults reported here for the DHBV L protein support and ex-
tend earlier observations with HBV envelope proteins
indicating that cytosolically exposed pre-S domains possessed
the potential to activate gene expression from cellular pro-
moter elements in trans (24, 25); this further suggests that this
unconventional property is evolutionarily conserved despite
the fact that there is only fragmentary amino acid sequence
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FIG. 8. DHBV L phosphorylation occurs at a MAP kinase recognition motif
which is conserved in the pre-S domains of avian and mammalian hepadnavi-
ruses. The motif is boxed. Phosphorylation target sites within the PX(S/T)P motif
are indicated in boldface. The experimentally determined phosphorylation site of
DHBYV L is marked with an asterisk. RGHV, Ross’s goose hepatitis B virus (38);
SGHYV, snow goose hepatitis B virus (59); GSHV, ground squirrel hepatitis B
virus (50); WHV, woodchuck hepatitis B virus (16). The HBV sequence shown
is derived from subtype ayw (17). The MAP kinase motif is not conserved in the
homologous sequence of heron hepatitis B virus, another avian hepadnavirus
(52).

identity between the pre-S domains of avian and mammalian
hepadnaviruses (53).

Other known examples of transactivation activities of struc-
tural viral proteins are the influenza virus hemagglutinin (40)
and the large hepatitis delta antigen (58). In contrast to DHBV
L, however, there is no evidence that these transactivating
activities can be modulated in response to extracellular stimuli.
Our studies on DHBV L further indicate that this modulation
is mediated by phosphorylation at a unique serine residue: L
protein with the mutation S118A completely lost transactiva-
tion activity, whereas the protein with the S118D mutation
transactivated an AP1 promoter-linked indicator gene compa-
rably to the (partly phosphorylated) wild-type protein (Fig. 6).
These results strongly suggest that a negative charge in posi-
tion 118 (provided by either phosphoserine or the substituting
aspartate) is essential for the transactivating activity of DHBV
pre-S.

Phosphorylation at serine 118 results in altered migration in
SDS-PAGE (Fig. 3). As noted by others, this was not the case
for several additional, minor pre-S phosphorylation sites,
which were detectable only after **P labeling of mutants and
two-dimensional gel electrophoresis (20). Therefore, serine
118 appears to be situated at a structurally distinguished posi-
tion in the DHBYV pre-S sequence. A high density of proline
residues, as well as a substantial variability (including amino
acid insertions and deletions in closely related avian viruses
[Fig. 8] and, particularly, a 7-amino-acid insertion in the more
distantly related heron hepatitis B virus [52]), is characteristic
of the amino acid sequence surrounding this site in the L
proteins of avian hepadnaviruses. This suggests that serine 118
may be part of a hinge element separating the receptor-binding
domain (mapped to pre-S amino acids 30 to 115 [57]) from the
C-terminal part of DHBV pre-S, for which mutational analysis
and peptide scanning data indicate that it is required for in-
teraction with the cytosolic nucleocapsid during morphogene-
sis (22, 33). Thus, phosphorylation at serine 118 may conceiv-
ably trigger structural alterations which directly or indirectly
modulate structural and nonstructural pre-S functions (such as
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transactivation), possibly through homomeric or heteromeric
pre-S interactions, as is known to be the case in other regula-
tory proteins.

Of particular interest is the novel finding that L phosphor-
ylation, and therefore most likely also L-mediated transactiva-
tion, is modulated in response to intra- or extracellular signals.
The levels of the phosphorylated species, while barely detect-
able under physiological conditions in the liver, increased rap-
idly when the hepatocytes were liberated during liver perfu-
sion, and L phosphorylation was further enhanced by a variety
of specific stimuli (Fig. 5). Several lines of evidence indicate
that this modulation of L phosphorylation, and of phospho-L-
mediated signaling, involves MAP kinases of the ERK-type (7,
35): (i) the phosphorylation site, serine 118, is part of the ERK
consensus target sequence PX(S/T)P (Fig. 8); (ii) recombinant
ERK?2 phosphorylated wild-type L protein but not the mutant
S118A in vitro; (iii) L protein phosphorylation was inhibited in
transfected cells by coexpression of CL100, a phosphatase spe-
cifically inactivating MAP kinases; (iv) the induction pattern
observed for phospho-L (p36) in DHBV-infected PDHs
matched that of ERK-type MAP kinases with respect to the
positive response to proliferative stimuli such as treatment
with TPA or liberation of the hepatocytes from the liver tissue;
and (v) induction of L phosphorylation was closely correlated
with ERK activation in DHBV-infected PDHs (Fig. 5B). Al-
though predominantly in the cell nucleus, activated ERK pro-
tein kinases are initially cytosolic (10), and therefore, even
membrane-associated pre-S should be accessible for this type
of kinase. Our data thus support a model in which L-mediated
modulation of gene expression varies in response to specific
extracellular stimuli through serine 118 phosphorylation by
ERK-type MAP kinases.

The enhancement of gene expression observed in cotrans-
fection with an AP-1-driven reporter construct (up to 10-fold
induction) was in a range similar to that observed in analogous
experiments characterizing the transactivation activity of the
HBYV L protein (24) or of the HBV X protein (46). It is thus
conceivable that DHBV L initiates signaling via the Ras-Raf-
MAP kinase cascade from a cytoplasmic location, as has been
proposed for activation of gene expression by HBV X and
HBV L (see, e.g., references 13 and 24). Two other mecha-
nisms also discussed for the HBV transactivators appear to be
less likely: nuclear localization and direct promoter activation,
as proposed for the X protein (9, 13), would require the release
of the L transactivator protein from its membrane-anchored
state. Alternatively, a mechanism involving oxidative stress due
to accumulation of overexpressed viral membrane proteins in
the endoplasmic reticulum of transfected cells, as postulated to
explain the transactivation potential of truncated HBV enve-
lope proteins and of the influenza virus hemagglutinin (36, 40),
is highly unlikely for DHBYV pre-S in view of our finding that
transactivation was abolished by a single amino acid exchange
without L protein expression levels being affected.

In the context of this discussion, it may be recalled that there
is, despite extensive efforts, still no conclusive model reconcil-
ing rather conflicting data on the mechanisms involved in HBV
X transactivation and on the primary targets of this apparently
pleiotropically acting protein. In addition to experimental dif-
ficulties, this probably relates to the fact that research on HBV
X (as well as HBV L) function has so far been mainly aimed at
finding a potential link to HBV-associated carcinogenesis,
while no major studies have been undertaken to elucidate the
role by which the HBV transactivators contribute to the estab-
lishment and/or maintenance of infection by mammalian hep-
adnaviruses. As exemplified by this study, DHBV offers better
opportunities to investigate hepadnavirus transactivator func-
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tion also in infection experiments, and furthermore, it encodes,
to our present knowledge, only a single transactivator protein.
Information gained from this avian system may therefore also
contribute to a better understanding of analogous mechanisms
in HBV: for example, it will be of interest to determine
whether the HBV L protein is phosphorylated in the pre-S
domain at a MAP kinase recognition motif analogous to the
one analyzed here for DHBV and conserved between mam-
malian hepadnaviruses; this predicted target site (serine 98 in
the HBV ayw subtype [Fig. 8]), however, lies outside the HBV
pre-S region determined previously to specify transactivation
(essentially the pre-S2 subdomain starting at amino acid resi-
due 109 [25]).

L phosphorylation and the associated transactivation func-
tion are apparently not essential for the basic viral life cycle.
Cell culture and in vivo experiments showed no significant
influence on virus replication of the mutation inactivating the
phosphorylation site (S118A) (Fig. 7), in agreement with data
from two other studies identifying this site by mutational anal-
ysis (4, 20). Furthermore, no revertants to the wild-type pre-S
sequence were detected upon serial passage in test animals.
Likewise, no significant effects of the S118D mutation on virus
replication were observed, except for a selective disadvantage
of S118D-DHBYV in direct competition with wild-type virus in
mixed infections in vivo (47). This lack of major effects with
respect to virus replication is, however, in contrast to the ap-
pearance of a distinct pathogenic phenotype with severe
growth retardation and pathologic liver histology in S118D-
DHBV-infected animals (47). Given the low level of L phos-
phorylation in the steady-state liver, such a change to a patho-
genic phenotype caused by a mutation mimicking constitutive
phosphorylation supports the hypothesis that L phosphoryla-
tion and transactivation provide a subtle regulatory device
mediating intracellular host-virus cross talk in response to an
unbalanced state of the cell.
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