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Hepatitis B virus uses e antigen (HBe), which is dispensable for virus infec-

tivity, to modulate host immune responses and achieve viral persistence in

human hepatocytes. The HBe precursor (p25) is directed to the endoplas-

mic reticulum (ER), where cleavage of the signal peptide (sp) gives rise to

the first processing product, p22. P22 can be retro-translocated back to the

cytosol or enter the secretory pathway and undergo a second cleavage

event, resulting in secreted p17 (HBe). Here, we report that translocation

of p25 to the ER is promoted by translocon-associated protein complex.

We have found that p25 is not completely translocated into the ER; a frac-

tion of p25 is phosphorylated and remains in the cytoplasm and nucleus.

Within the p25 sp sequence, we have identified three cysteine residues that

control the efficiency of sp cleavage and contribute to proper subcellular

distribution of the precore pool.

Introduction

Hepatitis B is a liver infection caused by the hepatitis

B virus (HBV), which can induce both acute and

chronic disease and is a major global health problem.

According to the World Health Organisation, an esti-

mated 296 million people worldwide are infected with

HBV. HBV, a member of the family Hepadnaviridae,

is a small enveloped DNA virus with a genome con-

taining only four open reading frames (C, P, S and X)

that largely overlap and encode multiple proteins using

different in-frame start codons [1,2]. For example, the

HBV preC-C gene gives rise to two different products

translated from distinct mRNAs – core protein (HBc)

and precore protein (HBe). Despite their high sequence

similarity, these proteins exhibit different functions

and subcellular localisations. HBc is a cytosolic protein

with a molecular weight of 21 kDa responsible for the

assembly of icosahedral viral particles and pre-

genomic RNA encapsidation. On the other hand, the

precore precursor, which includes the entire core-

protein sequence, undergoes a two-step maturation

process resulting in the production of the extracellular

immunomodulatory HBe antigen [3–6].
Precore is translated with a 29-amino-acid N-

terminal sequence that leads this 25-kDa protein (p25)
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into the endoplasmic reticulum (ER), where the signal

peptide (sp) comprising the first 19 amino acids (also

denoted as the pre-sequence) is cleaved off, producing

a 22-kDa precore protein (p22) [7]. The remaining 10-

amino-acid extension at the p22 N-terminus, termed

precore propeptide (pro-sequence), is not present in

the core protein and plays a crucial role in precore

folding. An intrasubunit disulphide bond between Cys

�7 within the propeptide sequence and Cys 61 changes

the dimerisation interface, prevents multimerisation

and holds the protein in a dimeric state [8–10]. The

majority of p22 is further processed at its C-terminus

by furin protease in the trans-Golgi network, giving

rise to mature HBe antigen (p17). The mature antigen

is secreted [11–14] and performs an immunomodula-

tory function in the establishment of persistent infec-

tion [15–18]. Interestingly, a certain portion of the

precore protein is secreted with sp still attached as

PreC protein, but the biogenesis and function of this

protein have yet to be elucidated [19–21].
However, approximately 15–20% of p22 does not

enter the secretory pathway and is retrotranslocated

back to the cytosol and transported into the nucleus

[22–25]. A certain portion of the cytosolic p22 becomes

phosphorylated (p22p) [22]. The biological function of

the precore protein in the cytoplasm and nucleus

remains poorly understood. P22 can form heterodi-

mers with the core protein and destabilise the viral

particle, which may negatively regulate viral infection

[26]. Conditional expression of the precore protein

may alter the expression profile of several host genes

in transfected hepatocytes [27]. Precore may also influ-

ence the Rab-7-dependent regulation of HBV secretion

[28], promote hepatocellular carcinogenesis by affect-

ing the stability and activity of the p53 tumour sup-

pressor [29] and influence the antiviral signalling of

IFN-a [30]. Recently, precore protein has also been

shown to affect HBsAg expression [25].

The mechanism by which p22 is distributed to dif-

ferent cellular compartments remains unclear. The

Sec61 translocon, together with associated protein

complexes, serves as a crossroad for protein transloca-

tion into the ER and in some cases also for export via

the ER-associated protein degradation (ERAD) path-

way (reviewed in Ref. [31]). This machinery with the

participation of Derlin-1 protein has already been

shown to play a role in the retrotransport of p22 from

ER to the cytosol by employing one of ERAD mem-

bers, the ER-resident chaperone GRP78/BiP [24].

GRP78/BiP participates not only in binding the pro-

teins subjected to ERAD but also in mediating trans-

locon gating [32–34]. Another factor that can support

protein translocation and Sec61 translocon channel

opening in a substrate-specific manner is the

translocon-associated protein complex (TRAP), which

consists of four subunits (a, b, c, d) and supports

Sec61 gating for proteins with weak signal sequences

[35–37].
Despite recent progress in understanding the intra-

cellular pathways of individual precore forms and

growing evidence for their specific roles, many aspects

of cytosolic p25 and p22 protein function remain

unclear. Furthermore, the mechanism that determines

the distribution of precore forms to the secretory or

retrotranslocation pathways is not understood. Here,

we reveal that conserved Cys residues in the sp

sequence are critical for the rate of p25 processing and

appear to serve as an auto-regulating factor that influ-

ences the intracellular localisation of the precore. We

also describe how the host factor TRAP promotes effi-

cient precore protein ER translocation and prevents

mislocalisation.

Results

A fraction of the cytosolic p25 precursor is

phosphorylated

To investigate in detail the process of precore matura-

tion, we performed 35S metabolic labelling of cells

transiently transfected with an HBe-producing con-

struct (pCEP HBeM1A, the resulting protein denoted

as HBe or precore wt), in which the internal ATG ini-

tiation triplet for the core protein (HBc) was mutated

(Met/Ala mutation in position 1) (Fig. 1). All experi-

ments were initially performed in HEK293T cells and

then verified in hepatoma cell lines – Huh7 or HepG2-

hNTCP cells. Metabolic labelling was mostly per-

formed in Huh7 cells because this cell line had

generally provided a higher signal of the precore pro-

tein and a lower level of the radioactive background

than transfected HepG2-hNTCP cells. In HBV-

infected hepatocytes, the lower expression level of pre-

core protein did not allow the detection of p25 precur-

sor and also the presence of core protein complicated

the HBe analysis. We performed ELISA to determine

the difference in the expression levels of HBe secreted

from pCEP-HBeM1A-transfected and HBV-infected

HepG2-NTCP cells. The amount of HBe produced by

plasmid-transfected cells within 24 h was approxi-

mately 90 times higher than that secreted from the

infected cells (data not shown).

Transfected Huh7 cells were labelled for 30 min,

lysed and HBV precore-related proteins were immuno-

precipitated with anti-core polyclonal antibody.

Although the HBe sample was dominated by p22, we
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also observed (in agreement with other groups

[22,25,38]) a significant portion of unprocessed p25

(around 30% of the total precore signal in pulse sam-

ples for wt) (Fig. 2A), indicating that either transloca-

tion to the ER or sp cleavage was not 100% efficient.

Furthermore, p25 appeared as a double band, suggest-

ing that a portion of it was post-translationally modi-

fied (Fig. 2A).

Since both HBV core and p22 are known to be

phosphorylated [39,40], we have investigated the possi-

bility that the upper p25 band (denoted as p25p) repre-

sents an un-translocated version of p25 that is

phosphorylated in the cytoplasm. The treatment of the

immunoprecipitated samples of precore proteins with

k-protein phosphatase (k-PP) resulted in the disappear-

ance of the p25p form, accompanied by the enrichment

of p25 as visualised by autoradiography (Fig. 2A).

These data demonstrate that a portion of p25 is not

translocated to the ER and becomes phosphorylated

in cytosol.

To analyse the detection of individual HBV core-

related proteins, we compared their gel-mobility pat-

tern in different cell lines. We transiently transfected

HEK 293Tcells and HepG2-hNTCP cells with appro-

priate DNA constructs – pcDNA3 HBc (encoding

HBV core, p21), pCEP HBeM1A Dsp (encoding a pre-

core protein without the signal peptide and enabling

the expression of the cytosolic phosphorylated version

of the HBV precore protein, p22p) and pCEP

HBeM1A. Cells were isotopically pulse-labelled for

30 min in the presence of 35S, and core-related pro-

teins were immunoprecipitated with anti-core

polyclonal antibody. A half of each immunoprecipi-

tated sample was treated with k-PP. The specific

mobility pattern in 15% SDS/PAGE gel is shown for

each construct (Fig. 2B). In samples derived from the

HEK293T cell, we have been able to distinguish

between phosphorylated and non-phosphorylated ver-

sions of all p21, p22 and p25 proteins. The pattern

does not substantially differ between HepG2-hNTCP

and HEK293T cells except for the p25p protein,

migrating as a sharper band in the sample derived

from HEK293T cells than in the sample from HepG2-

hNTCP cells (similar to the one observed for HBe in

Huh7 cells, Fig. 2A).

Mutation of Cys residues in the signal peptide of

p25 stimulates its cleavage and enhances the

rate of p17 biogenesis

Since our experiments indicated delayed the processing

or ineffective translocation of p25, we sought to define

the factors that influence the trafficking pathway of

the HBV precore precursor. The N-terminal sp

sequence of p25, which contains three Cys residues at

positions �16, �18 and �23, directs the protein into

the ER (Fig. 1). While Cys �7 within the propeptide

sequence is known to stabilise the intrasubunit dimer

via a disulphide bond with Cys 61, the role of the

three Cys residues located within the sp sequence had

long remained unclear [9]. We first examined whether

the p25 maturation process was influenced by changes

in redox conditions. Huh7 cells transfected with pCEP

HBeM1A were labelled for 30 min with 35S in the

precore precursor - p25

precore - p22

 core 

mature HBe - p17

–29 183

1

183

183

–10

–10 154

furin cleavage site

sp cleavage site

A

B
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Fig. 1. HBV precore precursor and related protein products. (A) A sequence of the precore precursor p25. The cysteine residues at

positions �23, �18 and �16 are marked by asterisks. The initial methionine of the core protein in position 1 is labelled in bold, and the sites

of signal-peptide (sp) cleavage and p17 proteolytic maturation are indicated with arrows. (B) A schematic representation of individual preC/C

gene products.
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presence or absence of 5 mM DTT. The cells were har-

vested and lysates were subjected to immunoprecipita-

tion with anti-core antibody. In Huh7 cells cultivated

without a reducing agent, we observed all intracellular

precore forms: p25p, p25 and p22. In DTT-treated

cells, however, the sp was almost completely removed

and p22 was predominant (Fig. 2C). On the other

hand, DTT is known to induce ER stress, which may

cause some differences in the maturation pattern.

To address the contribution of the Cys residues in

the sp sequence to p25 processing, we substituted these

cysteines with alanines (the construct pCEP HBeM1A

C-16A, C-18A, C-23A; the resulting protein is denoted

as HBe3CA). The expression of this construct was per-

formed in Huh7 cells labelled for 30 min with 35S 24 h

after transfection. The autoradiographs of immunopre-

cipitated proteins (Fig. 2D) indicate that the proces-

sing of the HBe3CA unphosphorylated precursor was

more effective; we observed only phosphorylated p25p

and p22 and did not detect any p25. The treatment of

these immunoprecipitates with k-PP resulted in the dis-

appearance of the p25p band, further confirming the

presence of only the phosphorylated form of p25 in

cells transfected with the HBe3CA construct. The

fuzzy phosphorylation pattern of p25 in Huh7 cells

did not allow us to calculate the ratio of p25/p25p dur-

ing the pulse period in transfected cells. Nevertheless,

after the evaluation of the p22 and p25+p25p signal of

three independent experiments, we observed the

enrichment of p22 species in HBe3CA samples as com-

pared to the wt. On the other hand, the analysis of

samples from HEK293T cells enabled the separation

of p25 and p25p, making it possible to measure the

intensity of individual p22, p25 and p25p bands. The

decrease of the p25 signal of HBe3CA is compensated

for by a proportional increase in the p22 level

(Fig. 2E).

To analyse the contribution of the conserved sp Cys

residues to the rate of p25 processing and p17 release,

we performed pulse/chase experiments with both wt

HBe and the HBe3CA mutant. Huh7 cells were isoto-

pically pulse-labelled for 30 min in the presence of 35S

and chased at different time points. HBV precore-

related proteins were immunoprecipitated with anti-

core polyclonal antibody (Fig. 2F). In cells producing

wt HBe as well as the HBe3CA construct, the amount

of p22 appeared to be substantially reduced after

approximately 4 h of chase, which was in good agree-

ment with increased extracellular p17 concentration at

this time point. In the media, we also detected the

PreC protein, representing the p17 with unprocessed

sp. In cells producing the HBe3CA mutant, p17 secre-

tion was not impaired, demonstrating that the muta-

tion of Cys residues does not interfere with sp

function. Moreover, we observed neither the unpro-

cessed unphosphorylated p25 protein in these cells nor

the PreC protein in the medium, suggesting more effi-

cient sp cleavage than for the wt.

To explore the function of the N-terminal sequence

of the precore precursor in the context of the whole

virus, mutations of Cys �16, �18 and �23 of p25

were introduced into the HBV recombinant cccDNA

Fig. 2. An analysis of p25 protein phosphorylation and the effect of the mutation of Cys residues in the sp sequence on HBV precore-

protein processing and virus infectivity. (A) Huh7 cells expressing HBV precore precursor were metabolically labelled for 30 min with 35S,

lysed and subjected to immunoprecipitation with anti-core antibody. The immunoprecipitated samples were untreated (�) or treated (+) with

k protein phosphatase and separated by SDS/PAGE. The electrophoretic mobility of precore-related proteins was analysed by

autoradiography. The migration positions of the HBV precore forms p25p, p25 and p22 are indicated. (B) A comparison of the electrophoretic

mobility of core- and precore-related proteins. HEK293T and HepG2-hNTCP cells expressing HBV core (p21), precore Dsp (p22) and precore

precursor (p25) were metabolically labelled for 30 min with 35S, lysed and subjected to immunoprecipitation with anti-core antibody. The

electrophoretic mobility of precore-related proteins was analysed by autoradiography. (C) The ratios of individual precore-protein forms

produced in the presence (+) or absence (�) of DTT. Huh7 cells expressing the precore precursor were metabolically labelled for 30 min

with 35S under standard or reducing (5 mM DTT) conditions. HBV precore-derived proteins were immunoprecipitated from the harvested

cells with anti-core antibody, separated by SDS/PAGE, and analysed by autoradiography. (D) Precore-related forms of HBe and the HBe3CA

mutant. The experiment was performed as for A; the phosphorylation of HBe3CA p25 protein was demonstrated by k-PP treatment. (E) The

relative ratio of individual precore-protein forms detected in Huh7 cells and HEK293T cells. Protein signals were evaluated from three

independent pulse experiments. The intensity of p22 and p25 signals was quantified by QUANTIMAGE software and expressed as relative

proportions of the total intracellular precore-signal level, the error bars indicate the standard deviation. (F) Pulse-chase analysis of precore-

protein processing and secretion. Huh7 cells expressing HBe or HBe3CA proteins were metabolically labelled for 30 min with 35S, and then

chased for 0.5, 1, and 4 h. At all time points, both cells and media were harvested and subjected to immunoprecipitation with anti-core

antibody. Proteins were separated by SDS/PAGE and analysed by autoradiography. (G) A comparison of HBe secretion by cells infected with

wild-type and mutant precore rcccDNA. HepG2-hNTCP cells in 12-well plates were infected in triplicate with wild-type rcccDNA (wt

rcccDNA) and mutant precore rcccDNA (HBe3CA rcccDNA) with an equal MOI of 2000 VGE/cell. HBe secretion in the culture supernatants

was determined by ELISA on days 0, 3, 6 and 14. The data are plotted as the mean � SEM of three biological replicates, P obtained by a

two-tailed paired t test, n = 3.
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minichromosome (3CA rcccDNA). After the transfec-

tion of wt or 3CA rcccDNAs into HepG2-hNTCP

cells, the wt and C3A virions were purified from the

culture medium. Subsequently, HepG2-hNTCP cells

were infected with wt and 3CA HBV virions

(MOI = 2000 VGE/cell) and the rates of HBeAg

expression and secretion were determined by ELISA

on days 0, 3, 6 and 14 post-infection. Both wt and

3CA viruses were able to infect HepG2-hNTCP, but

the 3CA mutant virus appeared to yield higher levels

of p17 in the media than the wt virus (Fig. 2G). This

implies that 3CA mutation may lead to more efficient

maturation and secretion of the precore protein.

These results indicate a regulatory role of the N-

terminal Cys residues, that are conserved among

hepadnaviruses (Fig. 3) in HBV precore-protein matu-

ration and consequently in the rate of p17 secretion.

Cysteine residues in the sp sequence influence

subcellular localisation of the precore protein

To determine the localisation of individual precore-

protein forms, we performed crude subcellular

fractionation of HEK 293T cells, which yielded better

separation of individual fractions than Huh7 cells. The

cells were transfected with the pCEP HBeM1A or

pCEP HBeM1A 3CA construct and isotopically

labelled for 30 min with 35S. Individual cytosolic,

microsomal and nuclear fractions of the cell lysates

were isolated and verified by western blots using anti-

bodies against specific organelle markers (Fig. 4).

Precore-related proteins were immunoprecipitated with

anti-core polyclonal antibody and visualised by auto-

radiography. Autoradiographs of HBe samples showed

that not only unphosphorylated p22 but also full-

length p25 were preferentially localised in microsomes

(Fig. 4A), once again indicating inefficient and likely

post-translational sp cleavage. On the contrary, the

microsomal fraction of HBe3CA samples contained

almost no p25, demonstrating a very fast and effective

N-terminal truncation process of this mutant. To

determine whether the inefficient cleavage of wt p25

and its presence in the microsomal fraction are a con-

sequence of a translocation defect and whether the

full-length precursor is only attached to the surface of

microsomes, we subjected this fraction to proteinase K

(PK) cleavage. A sample with 1% Triton 100 added to

dissolve all membranes served as a control. After 1 h

incubation of microsomes with PK, we still detected

undigested wt p25, indicating its membrane shielding

and functional translocation (Fig. 4B). The phosphor-

ylated p25p form was present in both the cytosolic

fraction and nuclear extract (Fig. 4C). Individual cellu-

lar fractions were evaluated by western-blot analysis

using antibodies against specific markers of organelles

(Fig. 4D). Since it is difficult to immunoprecipitate

specifically isotopically labelled proteins from the

nuclear pellet because of the high background signal,

we analysed nuclear fractions (extract and pellet) by

western blot (Fig. 4E). Although the sensitivity of this

approach did not allow us to distinguish between p25

and p25p, we could clearly detect the enrichment of

Fig. 3. Alignment of signal-peptide sequences of precore proteins from different hepadnaviruses. Conserved cysteines in the signal-peptide

sequence are highlighted in red, green and blue; the initial methionine of the core protein is in bold. HBV, hepatitis B virus (GenBank:

BAJ51641.1); ASHV, arctic squirrel hepatitis virus (GenBank: Q64896); WHV, woodchuck hepatitis virus (GenBank: P0C6J2); DHBV, duck

hepatitis B virus (GenBank: P0C6J9). Sequences were aligned using CLUSTAL OMEGA tool (https://www.ebi.ac.uk/Tools/msa/clustalo).

Fig. 4. Subcellular localisation of wt HBe and HBe3CA-derived precore forms. (A) An autoradiograph of 35S-labelled proteins

immunoprecipitated with anti-core antibody. HEK 293T cells producing HBe or HBe3CA proteins were labelled for 30 min, lysed (total

lysate, TL) and subjected to subcellular fractionation. Precore-related proteins from individual fractions representing cytosol (Cyt.), nuclear

extract (Nu.Ex.) and microsomes (Mic.) were immunoprecipitated, separated by SDS/PAGE, and visualised by autoradiography. (B)

Immunoprecipitated microsomal fractions from HEK 293T cells were treated with proteinase K and analysed by autoradiography. (C)

Precore-related proteins immunoprecipitated from a nuclear extract of HEK 293T cells were treated with k-PP separated by SDS/PAGE. The

electrophoretic mobility of samples untreated (�) or treated (+) with k-PP was analysed by autoradiography. (D) The evaluation of individual

cytosolic, microsomal and nuclear fractions of the cell lysate by western-blot analysis using antibodies against specific markers of

organelles. PDI, protein disulphide isomerase A1. The dashed line indicates separated parts of the same membrane. (E) Analysis of

microsomal fraction, nuclear extract and nuclear pellet by western blot using anti-HBV core antibody and specific markers of organelles.
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the p25 precursor signal in the wt sample in compari-

son with the 3CA mutant.

The subcellular localisations of C-terminally HA-

tagged wt HBe, the HBe3CA mutant and HBc protein

(control) were evaluated by immunofluorescence anal-

ysis (IFA) using anti-HA antibody (Fig. 5) in trans-

fected HEK 293T cells. Whereas the wt precore

protein was localised exclusively in the cytoplasm and

the core protein was distributed between the cytosol

and the nucleus with predominantly nuclear localisa-

tion, the HBe3CA mutant displayed a mixed pheno-

type. We observed cells with a cytoplasmic phenotype

resembling that of wt, as well as cells exhibiting both

a nuclear and cytoplasmic distribution pattern (28%

of the total number of 200 evaluated cells). We

assume that the increased level of HBe3CA mutant in

the nucleus is related to a higher intracellular level of

p22, resulting from faster sp processing, which could

contribute to the massive retro-translocation from the

ER.

Taken together, these data indicate that precore-

protein translocation is a controlled process, in which

the delay in p25 N-terminal cleavage and thus the reg-

ulation of the p22 level prevent its mislocalisation

within cells. Cys residues in the sp sequence are likely

key factors in this sequential HBe maturation.

Fig. 5. Subcellular distribution of wt HBe and HBe3CA-derived precore forms. Representative confocal-microscopy images of C-terminally

HA-tagged HBe, HBe3CA and HBc visualised by FITC-conjugated anti-HA antibody in transfected HEK 293T cells. The ER is stained with

anti-calnexin AlexaFluor647-conjugated antibody. Calnexin (red), HBe, HBe3CA, HBc (green) and DAPI (blue). The scale bar represents 5 lm.
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The HBV precore precursor interacts with TRAP

To identify the host proteins potentially involved in

the translocation of the HBV precore protein, we per-

formed HBe interactome analysis using an LC-MS/

MS-based proteomics approach. To block HBe secre-

tion and thereby enhance its detection in cell lysates,

we added Brefeldin A, which inhibits protein transport

from the ER to the Golgi complex. HepG2-hNTCP

cells transfected with a plasmid encoding C-terminally

HA-tagged HBe or HBe3CA were cultivated for 36 h,

treated with Brefeldin A for 4 h and harvested. Cell

lysates were subjected to immunoprecipitation using

anti-HA magnetic beads, and recovered proteins were

analysed by LC-MS/MS for identification and label-

free quantification (LFQ). Triplicates of HBe (or

HBe3CA) and control cell lines allowed the applica-

tion of a Student’s t-test statistically to determine the

proteins specifically enriched in HBe positive samples.

The result of the analysis is shown in the volcano plot

(Fig. 6).

Among the proteins enriched in samples containing

HBe (or HBe3CA), we identified the previously

described precore interacting partners C1qBP, GRP78/

BiP [24,41] and protein kinase SRPK1, which mediates

HBV core phosphorylation [42]. In both HBe-HA and

HBe3CA-HA samples, we also repeatedly observed pep-

tides derived from the Sec61 translocon complex and

subunits (a, b, d) of TRAP, an accessory component

that triggers Sec61 channel opening in a substrate-

specific manner [43]. No significant differences were

observed between wt precore and the 3CA mutant with

regards to detected co-immunoprecipitated proteins.

To evaluate potential interactions between the HBV

precore protein and the TRAP complex, we co-

transfected HEK 293T cells with the C-terminally HA-

tagged HBe construct and individual C-myc-tagged

TRAP subunits a, b, c and d and performed pull-

down experiments using anti-HA magnetic beads fol-

lowed by western-blot evaluation using anti-c-myc

antibody (Fig. 7A). We detected a significant signal

corresponding to all four individual TRAP subunits

after co-immunoprecipitation with the HBe construct,

indicating a mutual interaction between the HBV pre-

core and the TRAP. In control samples transfected

with mock DNA and individual TRAP subunits, we

observed a non-specific interaction between TRAP b
and the magnetic beads; the other three subunits did

not display any nonspecific background. The
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repeatedly confirmed association between the HBV

precore protein and TRAP-complex subunits strongly

implies the involvement of TRAP in the translocon

gating of p25 protein.

The TRAP complex cooperates in the

translocation and sequential maturation of the

HBV precore protein

To investigate whether the TRAP complex is involved

in precore-protein translocation into the ER, siRNA-

mediated knockdown of either the a or d subunit was

performed in HEK 293T cells. The cells were co-

transfected with a plasmid producing HBe and siRNA

targeting one TRAP subunit (a or d). Metabolic label-

ling followed by a pulse-chase experiment (30 min pulse,

3 h chase) was performed 48 h after the transfection.

The efficiency of silencing was confirmed by western

blot using monoclonal antibodies that recognise the

TRAP a or d subunit (Fig. 7B) and evaluated by the

QUANTIMAGE software (GE Healthcare, Chicago, IL,

USA). In three independent experiments, the silencing

of TRAP a reached the average of 81% (P < 0.05), the

silencing of the TRAP d subunit 78% (P < 0.05). Cell

lysates and the collected medium were immunoprecipi-

tated using polyclonal anti-HBV core antibody. The

remarkable effect of TRAP depletion became evident at

the intracellular precore-protein level. In cells producing

wt precore protein with the silencing of either the TRAP

a or d subunits, the signals of p22 and p25 significantly

decreased as compared to nondepleted cells and were

restored after the addition of the proteasome inhibitor

MG132. The effect was stronger upon TRAP d knock-

down (Fig. 7C). In the medium of cells overexpressing

the HBV precore with TRAP silencing, we observed

slightly lower levels of mature p17 secretion, again espe-

cially in samples with TRAP-d depletion (Fig. 7D). Our

results indicate that the silencing of individual TRAP

subunits promotes the degradation of HBe wt, presum-

ably due to ineffective translocation.

Next, we analysed the effect of TRAP depletion on

the subcellular distribution of the precore protein.

HEK 293T cells were co-transfected with the HBe-HA

producing construct and either TRAP a- or d-
targeting siRNA and examined by confocal micros-

copy after immunofluorescence staining using anti-HA

antibody conjugated with FITC (Fig. 7E). In both

TRAP-silenced samples, the typical ER localisation

pattern of the precore protein was disrupted in a frac-

tion of the cells (24% for TRAP a-silenced cells, 200

cells evaluated). The protein appeared to be distributed

between the cytoplasm and the nucleus, indicating a

certain degree of malfunction in the translocation

process.

It is evident that the leader sequence of the HBe p25

precursor is too weak to mediate an autonomous

translocation into ER and that the assistance of the

TRAP complex in conducting channel gating is indis-

pensable for proper HBV precore subcellular localisa-

tion and p17 biogenesis.

The silencing of individual TRAP-complex

subunits in HBV-infected cells reduces the

extracellular level of HBe

To determine whether the TRAP complex mediates

the co-translational translocation of the HBe precursor

in HBV-infected hepatocytes, we examined the conse-

quences of the siRNA-mediated knockdown of TRAP

subunits in HepG2-hNTCP cells. The siRNA-treated

HBV-infected hepatocytes were cultured for 5 days

before HBe secretion was determined by ELISA. In

comparison with HBe secretion following knockdown

with non-targeting siRNA, the targeting of the a, b

Fig. 7. Co-immunoprecipitation of the HBV precore protein with individual TRAP subunits and the TRAP-depletion effect on precore stability

and translocation. (A) HEK 293T cells were co-transfected with an HA-tagged HBe-producing construct (or mock DNA) and plasmids

expressing individual c-myc-tagged TRAP subunits. The precore protein was immunoprecipitated with anti-HA magnetic beads and the

samples were analysed by western blot using anti c-myc antibody to detect interacting TRAP proteins. (B) HEK 293T cells were co-

transfected with an HBe-producing construct and siRNAs targeting either TRAP a or d genes. The silencing effect was evaluated by

western-blot analysis. The dashed line indicates separated parts of the same membrane. (C) Knockdown of TRAP decreases the efficiency

of HBe secretion. Forty-eight hours after transfection, TRAP-silenced cells were metabolically labelled for 30 min with 35S (P) and chased for

4 h (CH) with or without the addition of the proteasome inhibitor MG132. The cells and media were harvested and subjected to

immunoprecipitation with anti-core antibody. The proteins were separated by SDS/PAGE and analysed by autoradiography. (D) The signal

intensity of p17 in the medium was quantified and shown relative to the unsilenced sample. The bars represent the averages of three

independent experiments, whereas the error bars indicate the standard deviation, * denotes a significance level ≤ 0.05. (E) Representative

confocal-microscopy images of HA-tagged HBe in HEK 293T cells depleted for the TRAP a subunit visualised by FITC-conjugated anti-HA

antibody; the ER is stained with anti-calnexin AlexaFluor647-conjugated antibody. Calnexin (red), HBe, HBc (green) and DAPI (blue). The

scale bar represents 5 lm.
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and d TRAP subunits by siRNAs reduced the extracel-

lular level of HBe (Fig. 8A). In contrast, the level of

the HBs antigen secreted from TRAP-silenced cells

remained comparable to that from non-silenced cells

(Fig. 8B). These results indicate that the stability of

TRAP is dependent on the presence of all its compo-

nents and that the efficiency of HBe secretion is

reduced upon the downregulation of TRAP in HBV-

infected cells. The efficiency of silencing was monitored

by RT-qPCR 3 days after transfection (Fig. 8C).

To exclude the possible cytotoxic effect of individ-

ual knockdowns, we analysed the general effect of

TRAP silencing on cell viability. HepG2-hNTCP cells

were transfected with individual siRNAs, and we

included 5% DMSO as a positive control. After

5 days of incubation, cell viability was determined by

XTT assay in biological triplicates (Fig. 8D). Other

than slightly reduced metabolic viability in cells trea-

ted with TRAPd siRNA, no significant changes were

observed.
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Fig. 8. The depletion of TRAP subunits downregulates the extracellular level of HBe but not HBs in HBV-infected hepatocytes. Biological

triplicates of HepG2-hNTCP cells were first transfected with siRNA oligonucleotides for 24 h, then infected with HBV at a MOI of 1500

VGE/cell for another 96 h before the cells and media were harvested. Secreted HBe (A) and HBs (B) antigens in the media were quantified

by ELISA. The error bars represent standard deviations. The asterisks indicate statistically significant differences between the control

(siCTRL) and the respective depleted TRAP subunit determined by ANOVA (*P < 0.05; **P < 0.01). The data are representative of three

biological replicates. (C) Knockdown efficiency was verified by RT-qPCR following total RNA isolation from the cells harvested 3 days after

transfection. (D) The cytotoxic effect of the silencing was evaluated by XTT assay 5 days after transfection. TRAP-subunit knockdown

affects HBe secretion for both wt (E) and mutant HBe3CA (F) HBV. HepG2-hNTCP cells were simultaneously transfected with rcccDNA

plasmid coding for either WT or HBe3CA virus and siRNAs targeting individual TRAP subunits. Secreted HBe levels in the media were

quantified by ELISA after 5 days of cultivation.
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To determine possible differences between HBe and

HBe3CA regarding TRAP depletion in HBV-

producing cells, we co-transfected HepG2-hNTCP cells

with HBV rcccDNA (containing either HBe or

HBe3CA genes) and siRNAs targeting individual

TRAP subunits. The resulting level of mature p17

secretion was evaluated by ELISA after 5 days. In this

experimental setup, we observed reduced HBe levels in

the media of TRAP-depleted cells for both wt

rcccDNA (Fig. 8E) and HBe3CA rcccDNA (Fig. 8F).

Discussion

By closely examining the maturation of the HBe pre-

cursor p25, we demonstrate here that the HBV precore

protein is present in cells in different forms and is

localised to different subcellular compartments. We

identified the unprocessed p25 precursor in micro-

somes and its phosphorylated form (p25p) in the cyto-

sol and nucleus. We found that the three Cys residues

in positions �16, �18, and �23 play a coordinated

regulatory role that contributes to proper p25 proces-

sing and localisation. Furthermore, our results illus-

trate the importance of the host TRAP complex for

HBV precore-precursor ER translocation.

The phosphorylation and dephosphorylation of the

HBV core protein play a crucial role in the assembly,

disassembly and nuclear localisation of capsids [44–48].
The nuclear localisation of HBc has been associated

with two co-dependent nuclear localisation signals

within the arginine-rich domain [49,50], which by anal-

ogy are also present at the C-terminus of the precore

(p25 and p22). The nuclear localisation of phosphory-

lated p22 has been described [40,51]; our results have

revealed that the phosphorylated version of p25 also is

localised in the nuclear fraction of mammalian cells,

although its role in the nucleus has yet to be elucidated.

Locarnini et al. [27] have observed that the precore pro-

tein induces repression of many genes in transfected

hepatocytes and behaves like a tumour-suppressing pro-

tein with anti-apoptotic activity. However, this observa-

tion has been presented as a general effect of precore

expression in cells, and no particular activity has been

attributed to individual forms of the precore protein.

The factors involved in retaining a significant por-

tion of p25 in the cytoplasm or causing the retro-

translocation of p25 from the ER membrane back to

the cytosol also remain poorly understood. Our find-

ings show that the addition of a reducing agent (DTT)

into cell-culture media or mutations of three Cys resi-

dues in the sp sequence accelerate p25 processing and

lead to an almost complete conversion of p25 to p22.

Four cysteines in the N-terminal part of p25 are

conserved among hepadnaviruses, and their function

in the viral life cycle has not been established. Wase-

nauer et al. [52] have reported that these Cys residues

are dispensable for mature HBe production. In agree-

ment with their data, we found that the replacement

of three cysteines in the sp sequence with alanines did

not abolish precore maturation. The sp function of the

HBe3CA construct remained unchanged, and the

mutated protein was translocated into the ER. Single-

round infectivity assays revealed a slightly higher sig-

nal of mature p17 secreted from HepG2-hNTCP cells

infected with HBe3CA HBV particles in comparison

with cells infected with the wt HBV genome. Interest-

ingly, confocal-microscopy experiments have shown

that Cys residues in the sp are responsible for the

proper precore-localisation pattern and prevent the

spread of the precore across the cell in a core-like phe-

notype. It appears that HBV needs to regulate the

precore-precursor maturation process tightly to avoid

unfavourable p22 localisation and its possible interfer-

ence with core functions. The controlled maturation

also allows the interplay between the core and precore

proteins, which seems to be important for HBeAg

expression [25]. Additionally, the distribution of the

dual p25 population (phosphorylated in cytosol and

nucleus, nonphosphorylated in microsomes) must be

under some control mechanism. Several ER-resident

proteins, such as calreticulin, have another indepen-

dent role in cytosol, and their segregation between

compartments is influenced by the weak ability of their

signal sequences to mediate translocation [53,54]. Our

results have shown that p25 processing and localisa-

tion are regulated by the conserved Cys residues within

the sp. In the co-translational pathway, the transloca-

tion process is initiated during protein synthesis when

the sp is recognised by SRP. As long as this sequence

is sufficiently hydrophobic and helical (so-called

‘strong’), it can facilitate translocon opening. The ter-

tiary folding is delayed until the protein exits the chan-

nel and enters the ER lumen (reviewed in Ref. [55]).

Domains folded prematurely in the cytosol inhibit

translocation [56,57]. The gating of proteins with

‘weak’ signal sequences is postponed, and their interac-

tions with additional Sec61 accessory proteins such as

TRAM, TRAP, Sec62/63 or BiP are needed (reviewed

in Ref. [58]). Apparently, the sp of the HBV precore

protein is not strong enough to open the translocon

channel, and a host chaperone is employed to mediate

successful gating or to stabilise the binary Sec61–p25
complex. This hypothesis is in agreement with the

observation that p25 displays impaired sp cleavage in

a non-mammalian model, possibly caused by a lack of

appropriate cellular partners [12,38].
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Our work establishes the TRAP complex as a novel

interacting partner participating in p25 translocation.

After the siRNA-mediated knockdown of the TRAP

complex, the translocation of wt precore-protein pre-

cursor is disrupted, and the protein is directed to pro-

teasomal degradation. In HBV-infected hepatocytes,

this is reflected in significantly decreased production of

secreted p17. Several signal sequences, including those

of the prion protein and preproinsulin, require the

TRAP complex for successful protein-conducting

channel opening [59,60]. It has been proposed that low

hydrophobicity and high GP content are common fea-

tures for most signal sequences of TRAP clients [43].

Interestingly, instead of a GP-rich patch, the primary

structure of the sp of HBV p25 contains three con-

served cysteines, which seem to be involved in the

autoregulation of HBe biogenesis. Their precise role

and possible participation in tertiary structure still

need to be elucidated, but evidently, they are not indis-

pensable for TRAP interaction and the facilitation of

translocon gating. Instead, they are more likely

responsible for the moderation of the translocation

process and thus its regulation.

In summary, we present evidence that the three con-

served Cys residues in the sp of the HBV precore pre-

cursor p25 serve as an auto-regulatory factor

controlling proper progression of the precore-

translocation process and thus preventing the misloca-

lisation of the precore. We have also identified the

TRAP complex as a host factor required for successful

translocon gating of p25 and for the support of

mature p17 biogenesis.

Materials and methods

DNA constructs

HBV precore- and core-coding sequences were derived

from the HBV genome-containing plasmid pHBV4.1 (geno-

type D, serotype adw) obtained from PhD Huiling Yang

(Gilead Sciences, Foster City, CA, USA). The HBV core

protein-coding region was amplified using the forward

primer 50-ATCATAAGCTTACCATGGACATCGACCCT

TATAAAG-30 and the reverse primer 50-TAGATGG

TACCCTAACATTGAGGTTCCCGAG-30 and subcloned

into the pcDNA3.1 vector (Clontech, Mountain View, CA,

USA) via HindIII and KpnI restriction sites, giving rise to

the construct pcDNA3 HBc. The precore-precursor gene

was amplified using the forward primer 50-ATCTAAAGCT

TACCATGCAACTTTTTCACCTCT-30 and the reverse

primer 50-TAGATGGATCCCTAACATTGAGGTTCCCG

AG-30 and introduced into the pCEP vector (Invitrogen,

Carlsbad, CA, USA) via HindIII and BamHI restriction

sites. To remove the initiating ATG codon for the HBV

core protein, an M1A mutation was introduced by site-

directed Pfu mutagenesis using the mutagenic primers 50-
TGGCTTTGGGGCGCCGACATTGACC-30 and 50-GG

TCAATGTCGGCGCCCCAAAGCCA-30, giving rise to

the construct pCEP HBeM1A.

The C-terminal HA tag was introduced into the pCEPH-

BeM1A construct using the reverse primer 50-AGCTC

GGATCCTCAAGCGTAGTCCGGGACGTCGTAAGGGT

AACATTGAGGTTCCCGAG-30. The following forward

primer was used for the mutation of three cysteines at posi-

tions �23, �18 and �16 of the precore signal-peptide

sequence to give rise to the construct pCEP HBeM1A3CA:

50-ATCTAAAGCTTACCATGCAACTTTTTCACCTCGCC

CTAATCATCTCTGCTTCAGCTCCTACTGTTCAAGC-30.
The minicircle-producing plasmid for wt HBV recombi-

nant cccDNA (wt rcccDNA) was kindly provided by P.

Chen (Shenzhen Institutes of Advanced Technology, Chi-

nese Academy of Sciences, Shenzhen, China) [61]. The

rcccDNA plasmid designated as C3A rcccDNA, which

carries a triple C-to-A mutation in the precore ORF at

positions �16, �18 and �23, was generated by site-directed

mutagenesis (QuikChange II XL Site-Directed Mutagenesis

Kit; Agilent Technologies, Santa Clara, CA, USA) with

three subsequent rounds of PCR using the following

primers: C1A-F, 50-GCGATGCAACTTTTTCCTAATCAT

CACCTCGCCTCTTGTTCATG-30; C1A-R, 50-CATGAA

CAAGAGATGATTAGGGCGAGGTGAAAAAGTTGC

ATCGC-30; C2A-F, 50-CCATGCAACTTTTTCACCTCG

CTCTAATCATCTCTGCTTCAG-30; C2A-R, 50-CTGAA

GCAGAGATGATTAGAGCGAGGTGAAAAAGTTGC

ATGG-30; C3A-F, 50-CAACTTTTTCACCTCGCCCTAAT

CATCTCTGCTTCAGCTCCTACTGTTCAAGCC-30; C3A-

R, 50-GGCTTGAACAGTAGGAGCTGAAGCAGAGAT

GATTAGGGCGAGGTGAAAAAGTTG-30.
The constructs of individual c-myc-tagged human TRAP

subunits (a, b, d) under the CMV promotor were pur-

chased from OriGene Technologies (Rockville, MD, USA;

#RC202408, #RC213580, #RC201079, # C201593).

rcccDNA production and purification

The wt and C3A mutant rcccDNA plasmids were trans-

formed into the Escherichia coli strain ZYCY10P3S2T, and

the rcccDNA was isolated using the MC-Easy minicircle

production kit (System Biosciences, Palo Alto, CA, USA)

according to the manufacturer’s recommendations.

siRNA

SiRNAs targeting individual hTRAP subunits (a, b, c, d)
were purchased from Santa Cruz Biotechnology (SCBT,

Dallas, TX, USA; # sc-63153, #sc-63147, #sc-63148, #sc-

63149).
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Antibodies

The rabbit polyclonal anti-HBV core-protein antiserum was

obtained after the immunisation of three animals with

1.4 mg�mL�1 purified denatured (boiling in 1% SDS, 0.1 M

DTT) HBV core protein produced in E. coli (Moravian

Biotech, Brno, Czech Republic). Mouse monoclonal anti-

bodies against individual human TRAP subunits were pur-

chased from SCBT (#sc-373916, #sc-517428, #sc-376706).

Antibodies for IFA include anti-HA antibody conjugated

with FITC (Sigma-Aldrich, St. Louis, MO, USA; #H7411)

and anti-calnexin conjugated with AlexaFluor647 (Abcam,

Cambridge, Great Britain; #ab225062).

Cells

HEK 293T (human embryonic kidney cell line; ATCC,

Manassas, VA, USA) and Huh7 cells (differentiated

hepatocyte-derived carcinoma cell line, Japanese Collection

of Research Bioresources Cell Bank, Ibaraki, Osaka,

Japan) were cultured in Dulbecco’s Modified Eagle

Medium (DMEM) supplemented with 10% FBS (VWR,

Radnor, PA, USA) and an antibiotic mixture [penicillin/

streptomycin (PenStrep); Sigma-Aldrich] at 37 °C in a 5%

CO2 atmosphere.

HepG2-hNTCP, a HepG2 human liver cancer cell line

stably transfected with the human HBV entry receptor

(sodium taurocholate co-transporting polypeptide, NTCP),

was obtained from S. Urban (Heidelberg University Hospi-

tal, Heidelberg, Germany). The cells were cultured in

DMEM supplemented with 10% FBS, the antibiotic mix-

ture (PenStrep), and puromycin (0.05 mg�mL�1; Sigma-

Aldrich) at 37 °C in a 5% CO2 atmosphere.

Cell-proliferation assay

The labelling reagents XTT (sodium 30-[1-
(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy6-

nitro) benzene sulfonic acid hydrate) and PMS (N-methyl

dibenzopyrazine methyl sulphate) were purchased from

Sigma-Aldrich. The assay was performed according to the

protocol in Cell Proliferation Kit II (XTT) (Roche, Basel,

Switzerland; #11 465 015 001).

Transfection

According to the respective manufacturer’s instructions,

plasmid DNA was introduced into HepG2-hNTCP cells

using the LipofectamineTM 3000 Transfection Reagent

(ThermoFisher Scientific, Waltham, MA, USA), Huh7 cells

were transfected with GenJetTM (SignaGen Laboratories,

Rockville, MD, USA), and HEK 293T cells were trans-

fected with a 1 : 3 ratio of DNA : polyethylenimine (PEI,

25 kDa linear; Sigma-Aldrich). The transfection of siRNA

was performed using the X-tremeGENE siRNA

Transfection Reagent (Roche) for HEK 293T cells and

Lipofectamine RNAiMAX Transfection Reagent (Thermo-

Fisher Scientific) for HepG2-hNTCP cells, according to the

manufacturers’ protocols.

RT-qPCR

The intracellular levels of mRNA for TRAP-complex sub-

units were estimated by RT-qPCR using the Luna Univer-

sal One-Step RT-qPCR Kit (NEB, Ipswich, MA, USA)

following total RNA isolation with the RNeasy Mini Kit

(Qiagen, Hilden, Germany). Primers targeting TRAPa, b
and d mRNAs were purchased from SCBT (#sc-63153-PR,

#sc-63147-PR, #sc-63148-PR). The samples were analysed

as technical duplicates.

Metabolic labelling and pulse/chase analysis

Confluent Huh7 or HEK 293T cells grown on 60-mm

dishes were starved 18 h after transfection with DMEM

lacking cysteine and methionine for 15 min, pulsed for

30 min with 10 µCi [35S]-labelling mix (Trans35S-LabelTM

MP Biomedicals, Irvine, CA, USA) and subsequently

chased with the complete DMEM medium for the desired

time periods. The harvested cells were lysed in lysis buffer

A (1% Triton X-100, 50 mM of NaCl, 1% deoxycholate,

25 mM of Tris, pH 8) containing 1 mM of PMSF and Com-

pleteTM EDTA-free protease-inhibitor cocktail (Roche). The

nuclei were removed by centrifugation for 1 min at 3000 g,

and immunoprecipitation of the precleared lysate was per-

formed using polyclonal anti-core antibody and protein A

sepharose beads (Invitrogen). The immunoprecipitated

complexes were washed twice in buffer B (1% Triton X-

100, 50 mM of NaCl, 1% deoxycholate, 0.1% SDS, 25 mM

of Tris, pH 8) and once in 20 mM of Tris, pH 8. Sepharose

beads were resuspended in SDS/PAGE loading buffer and

boiled for 5 min. Proteins were separated on 15% SDS/

PAGE and subjected to phosphorimager analysis. Signal

intensity was evaluated using QUANTIMAGE software (GE

Healthcare, Chicago, IL, USA).

Immunofluorescence analysis

Transiently transfected HEK 293T cells were grown on 22-

mm glass coverslips for 24 h, briefly washed with PBS and

fixed with 4% paraformaldehyde in PBS at room tempera-

ture for 30 min. The fixed cells were washed with PBS and

permeabilised with 0.2% Triton X-100 in PBS for 30 min.

The permeabilised cells were immunostained in PBS, 0.2%

Triton X-100, 10% FBS for 1 h using anti-HA and anti-

calnexin antibodies. The cells were washed three times for

10 min with 0.2% Triton X-100 in PBS. The immunos-

tained coverslips were mounted on slides in ProLong Dia-

mond Antifade Mountant with DAPI (ThermoFisher

Scientific). Images were acquired with a three-dimensional
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Zeiss LSM 780 microscopy system (Carl Zeiss, Oberko-

chen, Germany) using a 639 oil objective with a numerical

aperture of 1.4. The images were collected with a pinhole

of 0.7 lm in diameter (1 Airy unit), averaged four times

and processed with ZEN 2011 software (Carl Zeiss).

Crude subcellular fractionation

Fractionation was performed according to the protocol

described by Holden and Horton [62] with slight modifica-

tions. Transfected cells grown in 100-mm plates were

labelled for 30 min with 35S and subsequently washed with

PBS and detached with 1 mL of trypsin. Trypsin was

quenched by the addition of 2 mL of ice-cold complete

DMEM media with 10% FBS. Cells were centrifuged for

1 min at 4 °C and 200 g. The supernatant was aspirated

and the cells were washed with ice-cold PBS. The collected

cells were resuspended in 5 mL of ice-cold lysis buffer 1

[150 mM of NaCl, 50 mM of HEPES, pH 7.4, 25 µg�mL�1

of digitonin (Sigma-Aldrich)], incubated for 10 min at 4 °C,
and centrifuged for 10 min at 10 000 g (step 1). The super-

natant was mixed with 500 µL of Triton X-114, kept on ice

for 1 h, heated at 37 °C for 3 min and centrifuged at 3000 g

at room temperature for 3 min. The upper aqueous phase

contained the purified cytosolic fraction. The pellet from

step 1 was washed in cold PBS, resuspended in 5 mL of

buffer 2 (150 mM of NaCl, 50 mM of HEPES, pH 7.4, 1%

NP40), incubated on ice for 30 min and centrifuged at

2000 g for 10 min. The resulting supernatant contained the

microsomal fraction. The pellet was resuspended in 2 mL of

buffer 3 [150 mM of NaCl, 50 mM of HEPES, pH 7.4, 0.1%

SDS, 0.5% sodium deoxycholate, 1 U�mL�1 of benzonase

(Sigma-Aldrich)], kept for 30 min on ice and centrifuged at

3000 g for 1 min. The supernatant from this step contained

the nuclear fraction. All fractions were examined on western

blots using polyclonal antibodies against individual organelle

markers: for the cytosolic fraction, anti-a tubulin antibody

(Sigma-Aldrich; #SAB3501071); for the microsomal fraction,

anti-PDI antibody (Sigma-Aldrich; #P7496); and for the

nuclear fraction, anti-histone H3 antibody (Merck Millipore,

Burlington, MA, USA; #07-690). HBV proteins were immu-

noprecipitated as described above.

Co-immunoprecipitation and pull-down

experiments

Cells co-transfected with either HBe-HA or HBe3CA-HA

constructs and DNA encoding individual TRAP c-myc-

tagged subunits were lysed 48 h after transfection for 1 h

in Co-IP buffer (50 mM of HEPES, 100 mM of NaCl, 10%

glycerol, 0.5% DOC, pH 7.9) supplemented with Comple-

teTM EDTA-free protease-inhibitor cocktail (Roche). The

lysates were cleared by centrifugation at 15 000 g for

10 min and subjected to immunoprecipitation using anti-

HA magnetic beads at 4 °C for 2 h. The collected beads

were washed by Co-IP buffer without DOC. The samples

were boiled in 29 sample buffer for 5 min to elute the pro-

teins and analysed by SDS/PAGE followed by western blot

using anti-c-myc antibody (Sigma-Aldrich; #C3956).

Liquid chromatography-tandem mass

spectrometry analysis (LC-MS/MS)

Sample preparation has been described in detail previously

[63]. Briefly, HBe-HA-producing cells were treated for 4 h

with Brefeldin A (5 µg�mL�1; Sigma-Aldrich) and harvested

in lysis buffer containing 50 mM of Hepes, 100 mM of NaCl,

10% glycerol, and 0.5% Nonidet P40, pH 7.9. HA-tagged

proteins were immunoprecipitated using anti-HA beads,

washed, eluted by HA peptide (0.5 mg�mL�1) and fragmen-

ted using chymotrypsin. The resulting peptides were sepa-

rated on an UltiMate 3000 RSLCnano system (Thermo

Fisher Scientific) coupled to an Orbitrap Fusion Lumos

mass spectrometer (Thermo Fisher Scientific). The peptides

were trapped and desalted with 2% acetonitrile in 0.1% for-

mic acid at a flow rate of 30 lL�min�1 on an Acclaim Pep-

Map100 column [5 lm, 5 mm by 300-lm internal diameter

(ID); Thermo Fisher Scientific]. The eluted peptides were

separated using an Acclaim PepMap100 analytical column

(2 lm, 50 cm by 75 lm ID; ThermoFisher Scientific). The

125-min elution gradient at a constant flow rate of

300 nL�min�1 was set to 5% of phase B (0.1% of formic

acid in 99.9% of acetonitrile) and 95% of phase A (0.1% of

formic acid) for 1 min, after which the content of acetoni-

trile was gradually increased. The Orbitrap mass range was

set from m/z 350 to 2000 in the MS mode, and the instru-

ment acquired fragmentation spectra for ions of m/z 100–
2000. A PROTEOME DISCOVERER 2.4 (ThermoFisher Scientific)

was utilised for peptide and protein identification using

Sequest and Amanda as search engines as well as databases

of the sequences of HA-tagged HBe or HBe3CA, Swiss-Prot

human proteins (downloaded on 15 February 2016), and

common contaminants. The data were also searched with

MAXQUANT (version 1.6.3.4; Max-Planck-Institute of Bio-

chemistry, Planegg, Germany) and the same set of protein

databases was applied to obtain peptide and protein intensi-

ties applied at the LFQ step. PERSEUS software (version

1.650; Max-Planck-Institute of Biochemistry) was used to

perform LFQ comparison of three biological replicates of

HA-tagged HBe (or HBe3CA) cells and three biological rep-

licates of cells transfected with an empty vector. The data

were processed to compare the abundance of individual pro-

teins by statistical tests in the form of student’s t-test and

resulted in a volcano plot comparing the statistical signifi-

cance and protein-abundance difference (fold change).

HBV-particle purification

HBV virions were produced in HepG2-hNTCP cells trans-

fected with wt and C3A rcccDNA, as previously described
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[64]. Briefly, rcccDNA for wt and mutant precore were trans-

fected in triplicate into HepG2-hNTCP cells using Lipofecta-

mine 3000 (ThermoFisher Scientific). The culture medium of

transfected cells was collected every 3–4 days for the duration

of 30 days. HBV particles were precipitated from clarified

cell supernatants by overnight incubation in 6% polyethylene

glycol 8000 (PEG 8000) and were then concentrated by cen-

trifugation at 4 °C at 14 000 g for 90 min. The precipitated

virions were re-suspended in complete DMEM supplemented

with 10% FBS. HBV titres were determined by quantitative

PCR (qPCR) using primers specific for HBV DNA: HBV-F,

50-AGAGGACTCTTGGACTCTCTGC-30; HBV-R, 50-
CTCCCAGTCTTTAAACAAACAGTC-30; and the probe

pHBV 50-[FAM]TCAACGACCGACCTT[BHQ1]-30. The

qPCR reactions were performed with gb Elite PCR Master

Mix (Generi Biotech, Hradec Kralove, Czech Republic) and

a TaqMan probe.

HBV infection and the analysis of HBeAg and

HBsAg by ELISA

HepG2-hNTCP cells were infected with wt and C3A mutant

HBV in a 12-well plate format. The MOI was 2000 viral-

genome equivalents per cell. The infection was performed

overnight in the presence of 4% PEG8000, 2.5% DMSO

and 3% FBS. The following day, the cells were washed three

times with PBS and supplemented with fresh DMEM con-

taining 2.5% DMSO and 3% FBS. The progress of HBV

replication was checked by evaluating the titres of HBe and

HBs antigens in culture supernatants using a commercial

ELISA kit (Bioneovan, Beijing, China). Day 0 was defined

as the time point when the viral inoculum was washed away

and the fresh medium was added to the cells.

Statistical analysis

The numerical data of the evaluated intensity of the radio-

active signal were analysed using two-tailed t-test (https://

www.graphpad.com/quickcalcs/ttest1/), n = 3, significance

level a = 0.05. To compare the differences between experi-

mental groups and control (ELISA), we performed an anal-

ysis of variance test (ANOVA) using GRAPHPAD PRISM

v.6.05 (GraphPad Software, San Diego, CA, USA).
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