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The hepatitis B virus (HBV) surface proteins not only are incorporated into the virion envelope but in addition form subviral
particles (SVP) consisting solely of surface proteins and lipids. Heterologous expression of the small HBV envelope protein S
produces secreted spherical SVP 20 nm in diameter, with approximately 100 S molecules per particle. The pathway leading from
the initial S translation product as a multispanning transmembrane protein to the final SVP is largely unknown. To investigate
the role of the four transmembrane domains (TM) of S in this process, we introduced mutations in these regions and character-
ized their effects on SVP formation in transfected Huh7 cells. We found that the insertion of one amino acid in the center of the
�-helix of TM1 or the exchange of TM1 with a heterologous TM blocked SVP release and SVP formation by coexpressed wild-
type S chains in a transdominant negative fashion. Surprisingly, this effect was partially neutralized when the mutations were
expressed in the background of the HBV surface protein M, suggesting that mutations in TM1 could partially be complemented
by the pre-S2 domain. The exchange of TM2 with heterologous TMs that form �-helices of the same lengths was also incompati-
ble with SVP formation. However, these mutants no longer blocked SVP formation by coexpressed wild-type S. We conclude
that TM2 is essential for the stable assembly of S chains by establishing intramembrane interactions.

Hepatitis B virus (HBV) causes chronic infections of the liver in
more than 350 million people worldwide and an increased

risk for the development of hepatocellular carcinoma in these in-
dividuals (1). Today’s options for the treatment of persistent HBV
infections are unsatisfying. Therefore, the prevention of HBV in-
fections is particularly important and can be achieved by active
vaccination. The most common vaccine consists of the major
HBV envelope protein S expressed in yeast. This protein is pecu-
liar as it not only is incorporated into the envelope of virions
which have a diameter of 42 nm but, together with host lipids, also
assembles into spherical or filamentous lipoprotein particles of 20
nm in diameter (2). Such subviral particles (SVP) are secreted in
great excess over virions from infected hepatocytes. Spherical SVP
containing approximately 100 protein molecules are also formed
by cells expressing the S protein in the absence of any other HBV-
encoded protein and represent the antigenic component of HBV
vaccines.

The gene encoding the S protein constitutes the 3= end of a
longer continuous open reading frame that is divided into the
regions pre-S1, pre-S2, and S. Two further HBV envelope pro-
teins, M and L, are encoded by the pre-S2 plus S and by the pre-S1
plus pre-S2 plus S sequences, respectively. Therefore, all three pro-
teins share the S domain at their C termini. Virion envelopes con-
tain the three proteins S, M, and L at a ratio of approximately 4:1:1.
Natural spherical SVP contain mainly S proteins and some M
proteins but only small amounts of L, while filamentous SVP carry
more L proteins (3).

Our knowledge of the pathway leading from S protein synthe-
sis to SVP formation is fragmentary. First, the 226-amino-acid
(aa)-long S protein is translated as a transmembrane protein at the
rough endoplasmic reticulum (ER). Its transmembrane topology
is determined by an N-terminal type I signal which is not cleaved
by signal peptidase and causes the translocation of the N terminus
across the ER membrane (Fig. 1A). The hydrophobic region of
this signal forms the first transmembrane domain (TM1, aa 8 to
23) of the S protein. In addition the protein carries a central type II

signal causing the anchorage of the peptide chain in the mem-
brane by the second transmembrane domain, TM2 (aa 80 to 98),
and the translocation of downstream parts of the protein into the
ER lumen (4). The C-terminal part of S (aa 179 to 226) is relatively
hydrophobic and is assumed to be inserted in the ER membrane in
most of the existing models, with some experiments supporting
this assumption (5). The S chain is cotranslationally modified by
partial N-linked glycosylation at asparagine residue 146 and by
disulfide bridge formation. However, neither N-glycosylation (6)
nor S-S bridge formation (7) is required for SVP formation and
release. Early disulfide bridge formation leads to covalently linked
S homodimers (7).

How the S proteins mature further on and especially how ap-
proximately 100 S proteins assemble together with lipids and bud
from the host membrane to form a soluble SVP in the luminal
compartment of the secretory pathway of the cell are unknown. In
recent years it has become more and more evident that transmem-
brane domains can serve as major initiators of protein-protein
interactions (8, 9). We investigated the role of the TMs of S in SVP
biogenesis by introducing mutations in these regions or replacing
them with foreign transmembrane domains and by characterizing
these S variants in transiently transfected cells. The aim of this
work was to clarify whether the transmembrane domains of S are
merely components of signal sequences determining the trans-
membrane topology of the peptide chain or whether they have
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additional functions during SVP morphogenesis, e.g., by estab-
lishing lateral interactions in the membrane bilayer.

MATERIALS AND METHODS
Plasmids. All plasmids for the expression of S variants were derived from
plasmid pSVBX24H (10), which contains the S gene (HBsAg subtype
adw2) of a genotype A HBV strain (11) under the transcriptional control
of the simian virus 40 early promoter. Plasmids for the expression of M
variants were derived from plasmid pSV33H (12), corresponding to plas-
mid pSVBX24H but containing in addition the pre-S2 region of the same

HBV strain in front of the S gene. For expression of variant H, 11 codons
encoding the influenza virus hemagglutinin tag YPYDVPDYASL were
inserted between the last codon of the S gene and the stop codon using
PCRs. Alanine insertions into TM1 and TM2 (Fig. 1B and C) were gener-
ated by using the Transformer site-directed mutagenesis kit (Clontech,
Saint-Germain-en-Laye, France). Substitutions of TM1 or TM2 were pro-
duced by overlapping PCR. Those parts of all constructs generated in vitro
by PCR or by primer elongation were sequenced to exclude unintentional
mutations.

Cells, transfection, Western blotting, and HBsAg assay. Huh7 cells
were transiently transfected with Fugene 6/HD/X-treme (Roche, Penz-
berg, Germany) in 6-well plates using 1 �g of plasmid DNA per well. At 2
days posttransfection, the culture supernatant was harvested and centri-
fuged for 10 min at 13,000 rpm, and 38 �l of the supernatant was reduced
and denatured with dithiothreitol and sodium dodecyl sulfate and used
for polyacrylamide gel electrophoresis. Cells were washed once with 2 ml
of phosphate-buffered saline and lysed by incubation for 10 min with 0.5
ml of 50 mM Tris-Cl (pH 7.5)–100 mM NaCl–20 mM EDTA– 0.5% (vol/
vol) Nonidet P-40 on ice. The lysate was collected and centrifuged for 10
min at 13,000 rpm, and 30 �l of the supernatant was used for polyacryl-
amide gel electrophoresis after reduction and denaturation. When sam-
ples from lysates and culture supernatants from one transfection were
loaded side by side on one gel (see Fig. 3B and 5A and B), 19 �l of lysate
and 70 �l of culture supernatant were used for comparison. After electro-
phoresis, proteins were transferred onto nitrocellulose membranes by
blotting and detected using the monoclonal antibody HB1 against S
(kindly provided by Aurelia Zvirbliene, Vilnius University, Lithuania),
which detects a linear epitope at aa 120 to 125.

HBsAg was measured using the Axsym HBsAg kit from Abbott (Wies-
baden, Germany). The signal from the mock control was subtracted from
the signals from the sample and from the wild-type control. The signal of
the sample was then expressed as percentage of that of the wild-type con-
trol. The experiments were repeated four times. Standard deviations were
calculated. The Western blots shown in the figures are representatives
from one out of the four repeated experiments.

RESULTS

All mutations (except that for mutant 2cn) were introduced in a
derivative of S, variant H, that carries 11 additional amino acids at
the C terminus (Fig. 1A). This addition did not alter the behavior
of H relative to S with respect to SVP formation and release (com-
pare, e.g., Fig. 2A, lanes H, with 2C, left lanes; see also reference
13). The increase in molecular mass of approximately 2 kDa al-
lowed distinction of the H protein with the mutation of interest
from the smaller wild-type S protein on Western blots in cotrans-
fection experiments. The S-derived proteins were detected by
Western blotting using the monoclonal antibody HB1 against a
linear epitope at aa 120 to 125. We presume that the appearance of
S mutants in the culture supernatant of transfected cells is indic-
ative of SVP formation and release, although the particulate na-
ture of the protein/lipid complex is formally not proven by West-
ern blotting of the material directly from the culture supernatant.

Mutations in transmembrane domain 1. First, we introduced
single alanine residues at an N-terminal, central, or C-terminal
position of TM1 (mutants 1N, 1cn, and 1C, respectively) (Fig. 1B).
We assume that the domain most probably forms an alpha helix
and that insertions would cause a rotation of the part of the helix
upstream of the insertion and of the short N-terminal sequence
from aa 1 to 7 located in the ER lumen relative to the downstream
portion of the protein. A sequence-specific interaction of TM1
with other transmembrane domains important for SVP matura-
tion could potentially be disrupted by this manipulation. All three
mutants and the reference H were expressed at similar levels and

FIG 1 Derivatives of the S and M envelope proteins used in this work. (A)
Transmembrane topologies of the S (thick gray line) and M (thin plus thick
gray line) proteins in the ER membrane (double horizontal lines). The num-
bers denote the suggested N- and C-terminal amino acid positions of the
transmembrane domains (TM1 to -4). H, S derivative carrying a C-terminal
addition of 11 aa (hatched box). All S mutants except mutant 2cn were gener-
ated in the H background. G, N-glycosylation sites. (B) Mutations in TM1 in
the H background. The 1N (N-terminal), 1cn (central), and 1C (C-terminal)
mutants carry one additional alanine residue at the positions indicated by
arrows. 1D has a substitution of TM1 with the corresponding TM1 sequence of
the DHBV S protein. Mutant 1B bears a substitution of TM1 with the type I
secretion signal of �-lactamase. Amino acid residues identical in the TM1 of
DHBV and HBV are in boldface. (C) Mutations in TM2 in the H background
(except mutant 2cn). 2N, 2cn, and 2C carry one additional alanine residue at
the positions indicated by arrows. 2cn is in the S background. 2D contains a
substitution of TM2 with the homologous region from the DHBV S protein.
2T contains a substitution of TM2 with the type II signal of the human trans-
ferrin receptor. 2Ts is the same as 2T except that the four N- and four C-ter-
minal amino acids of the transmembrane domain have been removed, such
that the length of the replacement transmembrane domain is identical to the
length of TM2. The N-terminal half of DHBV TM2 has high homology to the
N-terminal half of HBV TM2 shifted by one amino acid (arrows). (D) Muta-
tions in TM1 in the M background. Numbers above the sequence in panels B,
C, and D indicate amino acid positions in the S protein or S domain.
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were produced as unglycosylated and N-glycosylated versions at a
ratio of approximately 1:1 (Fig. 2A, upper left panel). Apparently,
the mutations altered neither protein stability nor membrane in-
sertion as indicated by the N-glycosylation. The N-terminal inser-
tion 1N had no influence on SVP formation (compare lanes 1N
and H in Fig. 2A, upper right panel), whereas the central insertion
1cn strongly blocked and the C-terminal insertion 1C partially
blocked SVP release. The results of the Western blotting were
supported by measurements of HBsAg levels in cell lysates and
supernatants (Fig. 2A, lower panels).

To control whether the 1cn mutation, which blocked SVP re-
lease to undetectable levels, still supported the translocation func-
tion of signal I, we expressed this mutation in the context of the
HBV M protein (mutant M1). Since the pre-S2 start codon is a
weak codon for translational initiation (14), a corresponding S

derivative was coexpressed from the mRNA encoding the M pro-
tein. The N-terminal pre-S2 domain of M is translocated into the
ER lumen by signal I in its S domain (15), and during this trans-
location the N-glycosylation site at asparagine 4 of pre-S2 is mod-
ified. Therefore, a double N-glycosylated M version modified at
asparagine 4 of pre-S2 and at asparagine 146 in the S domain is
indicative of pre-S2 translocation across the ER membrane. Ex-
pression of the M protein resulted in five bands detected by the
antibody HB1 (Fig. 2B, upper left panel, lane M): the two lower
bands correspond to the coexpressed unglycosylated and N-gly-
cosylated S protein, and the three upper bands represent the un-
glycosylated, monoglycosylated, and double N-glycosylated M
protein. The mutant M1 also showed the same pattern, specifically
including a band with a mass of approximately 36 kDa, similar to
that of wild-type M protein. This band represents the double N-
glycosylated protein and indicates pre-S2 translocation. Surpris-
ingly, in the M context the central insertion in TM1 (mutant M1)
allowed reduced but well-detectable formation of SVP containing
both M and S derivatives (Fig. 2B, upper right panel), although the
protein pattern was abnormal. We have no explanation for this
behavior. Insertion of two alanines in the central position of TM1
in the M background (mutant M2), however, strongly blocked
SVP release.

The importance of TM1 for SVP formation is supported by the
behavior of mutant 1cn during coexpression with wild-type S pro-
tein (Fig. 2C). Coexpression of variant H, mutant 1N, or mutant
1C with S allowed the efficient release of all proteins, most prob-
ably as phenotypically mixed SVP. The presence of mutant 1cn,
however, had a pronounced transdominant negative effect on S
release. The most straightforward interpretation of this observa-
tion is that mutant 1cn and wild-type S form stable multimers and
that the altered TM1 domains in these complexes freeze SVP bio-
genesis at a certain step. In the case of mixed SVP formed by
mutant 1C plus coexpressed wild-type S, the efficient release of
particles did not require a complete set of fully functional TM1
domains. Rather, it was apparently sufficient that approximately
half of the TM1 domains were wild type and half carried the 1C
mutations.

Next, we replaced TM1 with the homologous sequence of the
duck hepatitis B virus (DHBV) S protein (Fig. 1B, mutant 1D) and
with the hydrophobic sequence of the type I signal of �-lactamase
(mutant 1B). Although in the DHBV-derived sequence, 7 out of
16 amino acid positions are occupied by the same amino acid in
the HBV sequence, the chimeric protein could not be detected by
Western blotting or by HBsAg enzyme-linked immunosorbent
assay (ELISA) (data not shown). Apparently this chimeric protein
was very unstable, for unknown reasons. Replacement of TM1 by
the totally unrelated signal sequence derived from the �-lactamase
(mutant 1B) generated a stable protein (Fig. 3A, left panels)
which, however, was unable to generate detectable amounts of
secreted SVP (Fig. 3A, right panels). Pre-S2 translocation by the
altered signal I was functional as demonstrated by the double N-
glycosylated version of the corresponding M derivative MB.
Again, in the M context this mutation supported the appearance
of the M and S mutants in the culture supernatant, although with
reduced levels and additional anti-HBs-reactive bands. Appar-
ently, the pre-S2 domain in the M derivative could complement a
function of TM1 required during SVP formation. For unknown
reasons, the intracellular HBsAg levels of the mutant MB were
higher than those of the wild type (approximately 150%). This,

FIG 2 Effects of insertions in TM1. Huh7 cells were transiently transfected
with the indicated constructs (Fig. 1) or mock transfected (m). HBsAg levels
from cell lysates (left panels) and culture supernatants (right panels) are indi-
cated as percentage of the S protein with hemagglutinin (HA) tag (H) (stan-
dard deviations from 4 experiments are indicated). Western blots from cell
lysates and culture supernatants from one of the four experiments are shown.
(A) Effect of insertion of one amino acid in TM1 on intracellular expression
levels and protein release into the culture supernatant. (B) Phenotypic char-
acterization of mutants M1 and M2. (C) Transdominant negative effect of the
central insertion in TM1 on the release of coexpressed S protein. Numbers at
the right indicate the positions and molecular masses of size marker proteins.
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however, was probably not the reason why mutant MB could be
detected in the culture supernatant in contrast to mutant 1B. If the
efficiency of SVP formation for mutant 1B were similar to that for
mutant MB, the level of HBsAg for mutant 1B in the culture su-
pernatant should be approximately 20% of the wild-type level.
Such a signal would be clearly detectable.

Again, coexpression of mutant 1B with wild-type S protein had
a transdominant negative effect on the levels of S released into the
culture supernatant (Fig. 3B), which is in accordance with the
behavior of mutant 1cn (Fig. 2C).

Mutations in transmembrane domain 2. Insertions of one
amino acid in an N-terminal (mutant 2N), central (mutant 2cn),
or C-terminal (mutant 2C) position of TM2 (Fig. 1C) allowed
stable protein expression and translocation of downstream do-
mains as indicated by N-glycosylation of asparagine 146 (Fig. 4A,
upper left panel). However, all three mutants were deficient in
SVP formation (Fig. 4A, right panels) and blocked release of co-
expressed S (or H) protein in a transdominant fashion (Fig. 4B).
In the primary translation product of these mutants, the protein
part C terminal of TM2 (aa 99 to 226) is expected to be rotated
relative to the part N terminal of TM2 (aa 1 to 79) by 100°. This
causes a relatively drastic alteration of the orientation of the cyto-
plasmic part of the protein relative to the luminal part and hydro-
phobic C terminus. Apparently, such an alteration was not com-
patible with SVP release.

Replacement of TM2 by the homologous sequence from the
DHBV S protein (mutant 2D) or by the transmembrane domain
of the type II signal derived from the human transferrin receptor
either in its original length (27 aa, mutant 2T) or shortened to the
length of TM2 (19 aa, mutant 2Ts) resulted in stable proteins and

translocation of the luminal loop, but none of the mutants were
able to form secreted SVP (Fig. 5A). During coexpression with
wild-type S protein, these mutants showed only a minor negative
effect on the formation of SVP consisting mainly of wild-type S
proteins (Fig. 5B). Apparently, the mutants did not form stable
multimers with S, which is a prerequisite for retention of wild-
type S within the cell. Rather, complexes of approximately 100
wild-type S chains could assemble, excluding the mutant proteins,
and form nearly pure wild-type SVP. We conclude that TM2 is
required as a component of the type II signal in the S protein and
as a membrane anchor and that the authentic TM2 sequence is
essential for the formation of stable multimers during SVP mor-
phogenesis.

The exchange of aa 179 to 226 containing TM3 and TM4 with
the homologous region (aa 125 to 167) of the DHBV S protein
created a chimera which was stably expressed and secreted, al-
though very inefficiently. However, this variant was cosecreted
with coexpressed wild-type S (data not shown). Previous work
showed that an S mutant lacking the hydrophobic C terminus
behaved similarly (16). Apparently, this part of S is not essential
for a stable interaction with S proteins and a complete set of these
domains is not necessary for the biogenesis of SVP. However, a

FIG 3 Effects of substitutions of TM1. (A) Substitution of TM1 with the type
I signal from �-lactamase in the H background (mutant 1B) and M back-
ground (mutant MB). (B) Marked transdominant negative effect of mutant 1B
on the release of coexpressed S protein. ly, cell lysate; cs, culture supernatant;
m, mock transfected.

FIG 4 Effects of insertions in TM2. (A) Phenotypic characterization of the
indicated mutants. (B) Transdominant negative effect on the release of coex-
pressed S protein. Mutant 2cn lacks the C-terminal 11-aa-long tag present in
mutants 2N and 2C and therefore was coexpressed with variant H instead of
wild-type S.
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certain fraction of S chains containing the correct C-terminal do-
main was required for efficient particle formation.

DISCUSSION

Direct intra- and intermolecular interactions during the folding of
transmembrane S proteins shortly after synthesis at the ER are
constrained to domains residing in the same of three separate
compartments: cytoplasm, lumen of the ER, and ER membrane.
Interactions among cytoplasmic domains of the transmembrane S
proteins have not yet been shown. However, interactions of lumi-
nal domains of the HBV S protein by intra- and intermolecular
disulfide bridges and the formation of the conformational main
“a” epitope of the hepatitis B surface antigen are well documented.
On the basis of the results in this work, we propose that the trans-
membrane domains of S also contribute to the maturation of the
protein by interactions within the membrane bilayer.

The amino acid sequence of TM1 seems to be less crucial for
SVP biogenesis, as clearly demonstrated by the fact that its re-
placement by a totally unrelated TM from �-lactamase in the
background of the M protein allowed the proteins to appear in the
culture supernatant. However, mutagenesis of three hydrophobic
clusters of amino acids in TM1 demonstrated that these residues
were critical for S protein expression as well as for infectivity in the
background of the L protein (17). On the other hand, a chimera
consisting of an N-terminal hepatitis C virus E1 domain, includ-
ing its transmembrane region, fused to the portion of the HBV S
protein downstream of TM1 also was able to be cosecreted with
wild-type S protein as SVP (18). In this construct the hepatitis C
virus-derived TM replaced TM1. However, SVP formation by this

chimera without coexpression of wild-type S was not possible.
Berkower and coworkers (19) reported that an S chimera carrying
a replacement of TM1 with the transmembrane domain of gp41
from human immunodeficiency virus type 1 was able to form
SVP. However, this construct was expressed in insect cells, and
SVP are not released into the culture supernatant by these cells.
Rather, particles were harvested after cell lysis with detergent and
sonication for analysis. Therefore, a deduction of the role of TM1
in SVP formation is limited in this experimental system. TM1 of
the DHBV S protein has also been shown to play a role in SVP
maturation (20).

The elongation of TM1 by one amino acid and the induced
100° rotation of aa 1 to 8 relative to TM1 was compatible with SVP
biogenesis as demonstrated by mutant 1N. A 100° rotation of the
N-terminal half of TM1 together with aa 1 to 7 in the luminal
compartment of mutant 1cn allowed stable expression and trans-
location and also disulfide-linked dimer formation (data not
shown), but later steps in SVP maturation were blocked. This
supports the model that TM1 has further tasks during SVP mor-
phogenesis in addition to its topological function. An initial 100°
rotation of the whole transmembrane helix of TM1 relative to the
rest of the protein chain was at least partially compatible with SVP
formation as shown by mutant 1C (Fig. 2A). Possibly, a confor-
mational change in the cytoplasmic loop between TM1 and TM2
can abrogate the displacement of TM1 and adjust its location in
the membrane. In fact, the cytoplasmic loop between TM1 and
TM2 seems to be relatively flexible, since it tolerated relatively
drastic changes such as insertions of up to 40 aa without blocking
SVP formation (V. Bruss, unpublished observation).

Probably the most significant result of this study can be de-
duced from the phenotype of mutants 2D and 2Ts (Fig. 5B), which
carry a foreign transmembrane domain from the DHBV small
surface protein and from the human transferrin receptor, respec-
tively, instead of TM2. These mutants were quite strongly ex-
cluded from SVP formation by coexpressed wild-type S protein. It
is very likely that all three TMs from the human and avian viruses
and from the transferrin receptor form straight �-helices with
identical lengths, implying that folding and location of the cyto-
plasmic and luminal parts of the amino acid chains are very sim-
ilar if not identical to those of wild-type S in the initial translation
product. The fact that 2D, 2T, and 2Ts were not or were only very
inefficiently incorporated into secreted SVP when coexpressed
with wild-type S protein implies that the authentic sequence of
TM2 was essential for stable interaction of the peptide chain with
other S molecules. At least two different plausible mechanisms
could explain this behavior: (i) TM2 establishes intramolecular
interactions with other TMs of the same peptide chain and these
interactions are important, e.g., for the folding of other parts of
the molecule so that the protein can gain competence for the in-
termolecular interaction with other S chains, or (ii) the mutants
with TM2 substitution fold properly, but the wild-type TM2 is
essential for the intermolecular interaction with other S proteins.
To date, these alternatives cannot be discriminated. However, the
observations that TM1 seems to be less important and TM3 and
TM4 can even be deleted without blocking cosecretion with wild-
type S (16) favor the second alternative.

In a model for the arrangement of HBV envelope proteins in
filamentous SVP deduced from electron cryomicroscopy, the pro-
teins form tetramers and their TMs are densely packed in a middle
ring of approximately 3 nm in thickness around the helical axis of

FIG 5 Effects of substitutions of TM2. (A) Phenotypic characterization of
mutants with substitutions of TM2 with the homologous region from DHBV
(2D), with the type II translocation signal of the human transferrin receptor
(2T), or with a shortened version of this signal (2Ts). (B) No or weak trans-
dominant negative effect on the release of coexpressed S protein. ly, cell lysate;
cs, culture supernatant.
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the filament (21). This size corresponds to the thickness of a lipid
bilayer, and the fraction of 21% of low-density areas in the model
fits well to the low content of 25% (wt/wt) of lipids in SVP (22).
This tight packaging of TMs would also suggest that these do-
mains interact with each other.
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