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ABSTRACT

The hepatitis B virus (HBV) particle is an icosahedral nucleocapsid surrounded by a lipid envelope containing viral surface pro-
teins. A small domain (matrix domain [MD]) in the large surface protein L and a narrow region (matrix binding domain [MBD])
including isoleucine 126 on the capsid surface have been mapped, in which point mutations such as core I126A specifically
blocked nucleocapsid envelopment. It is possible that the two domains interact with each other during virion morphogenesis. By
the systematic evolution of ligands by exponential enrichment (SELEX) method, we evolved DNA aptamers from an oligonucleo-
tide library binding to purified recombinant capsids but not binding to the corresponding I126A mutant capsids. Aptamers
bound to capsids were separated from unbound molecules by filtration. After 13 rounds of selections and amplifications, 16 dif-
ferent aptamers were found among 73 clones. The four most frequent aptamers represented more than 50% of the clones. The
main aptamer, AO-01 (13 clones, 18%), showed the lowest dissociation constant (Kd) of 180 � 82 nM for capsid binding among
the four molecules. Its Kd for I126A capsids was 1,306 � 503 nM. Cotransfection of Huh7 cells with AO-01 and an HBV genomic
construct resulted in 47% inhibition of virion production at 3 days posttransfection, but there was no inhibition by cotransfec-
tion of an aptamer with a random sequence. The half-life of AO-01 in cells was 2 h, which might explain the incomplete inhibi-
tion. The results support the importance of the MBD for nucleocapsid envelopment. Inhibiting the MD-MBD interaction with a
low-molecular-weight substance might represent a new approach for an antiviral therapy.

IMPORTANCE

Approximately 240 million people are persistently infected with HBV. To date, antiviral therapies depend on a single target, the
viral reverse transcriptase. Future additional targets could be viral protein-protein interactions. We selected a 55-base-long sin-
gle-stranded DNA molecule (aptamer) which binds with relatively high affinity to a region on the HBV capsid interacting with
viral envelope proteins during budding. This aptamer inhibits virion formation in cell culture. The results substantiate the cur-
rent model for HBV morphogenesis and show that the capsid envelope interaction is a potential antiviral target.

Hepatitis B virus (HBV) has infected more than 40% of the
living human population and causes 240 million persistent

infections (1). The treatment of chronic infections is limited to
date to use of inhibitors of the viral reverse transcriptase and stim-
ulation of the immune system by interferon. Alternative antiviral
strategies are desirable.

During HBV replication, an RNA molecule (pregenome) is
packaged together with the reverse transcriptase by 180 or 240
copies of the viral core protein. The assembled particle is an ico-
sahedron with T � 3 or T � 4 symmetry and has a diameter of
approximately 30 nm. The pregenome serves as a template for the
synthesis of the viral DNA genome by reverse transcription occur-
ring in the lumen of the capsid (2). This particle can then be
enveloped by the three viral transmembrane surface proteins S, M,
and L at an intracellular membrane, and the resulting virion is
subsequently secreted from the host cell (3). Interestingly, the im-
mature capsid containing the pregenome is not enveloped, in con-
trast to the case for the mature, DNA-containing capsid (4). Ap-
parently, a structural change of the capsid surface is coupled to the
synthesis of the viral DNA genome (5).

Heterologous expression of the core protein in eukaryotic cells
and even in bacteria leads to capsids almost indistinguishable
from authentic capsids with respect to their antigenicity and ap-
pearance by electron microscopy. The C-terminal 30-amino-acid
(aa)-long region of the core protein is very rich in arginine resi-

dues and has nucleic acid binding properties. Deletion of this do-
main is compatible with capsid formation (6).

The budding of mature capsids is supported by cellular factors
involved in multivesicular body formation (7). In addition, bud-
ding is dependent on a linear, 22-aa-long domain (matrix domain
[MD]) of the surface protein L exposed at the cytoplasmic side of
the cellular membrane and on a region on the capsid surface (ma-
trix binding domain [MBD]) comprised of a ring-like groove
around the base of the spike protruding from the capsid and a
small area close to the pores of the capsid shell (8). Numerous
single point mutations in either of the two domains block nucleo-
capsid envelopment (9, 10). It seems conceivable that the two
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domains directly interact with each other and that nucleocapsid
envelopment presupposes the interaction of the MD and MBD.
There is no strong biochemical evidence available for this inter-
play. However, the phenotypes of certain core and L protein mu-
tants support the model: the F97L mutation of the core protein
causes the envelopment of capsids containing pregenomic RNA
(11, 12), and the point mutation A119F in the MD of the L protein
can complement the core F97L change, restoring the selective en-
velopment of mature, DNA-containing capsids (13).

We intended to generate a DNA aptamer that binds to the
MBD on the capsid surface. The presence of such a molecule in
HBV-expressing cells was expected to block nucleocapsid envel-
opment and therefore virion formation. This would support the
current model of HBV budding and could serve as a proof of
principle that small molecules binding to the capsid surface could
inhibit virion formation.

MATERIALS AND METHODS
Plasmids. The HBV wild-type (WT) core gene was amplified by PCR
from plasmid pHBV1.5 (14) (HBV genotype A) and the core gene
point mutant I126A from plasmid pSVHBV1.1LE-I126A (9). The PCR
primers were designed to introduce an NcoI restriction site at the
initiation codon and a stop codon at triplet 149 plus a SalI restriction
site. The PCR products were cleaved with NcoI and SalI and ligated
into the T7 RNA polymerase-dependent bacterial expression vector
pETM-13, replacing the actin binding domain (ABD) stuffer gene
(vector map at http://www.helmholtz-muenchen.de/en/pepf/materials
/vector-database/bacterial-expression-vectors/index.html).

In order to produce HBV virions, Huh-7 cells were transiently trans-
fected (because of biosafety reasons) with three plasmids: (i)
pSVHBV1.1LE�, containing a genotype A HBV genome with two stop
codons in the surface protein open reading frame (ORF) (9); (ii)
pSV45-31 (15), harboring the HBV pre-S1–pre-S2–S open reading frame
for the expression of all three HBV envelope proteins (pre-S1 codons 2 to
30 were deleted in this construct because this region of the L protein is not
required for virion formation [15] but has been shown to inhibit virion
release in a dose-dependent fashion [16, 17]; and (iii) pSV24H (18), car-
rying the gene for the small HBV surface protein to optimize the ratio
between the HBV envelope proteins for higher virus production.

Protein expression. Escherichia coli BL21 Star (DE3) pRARE2 cells
were transformed with the HBV core protein expression plasmids, and
cultures were grown in 2� YT broth to an optical density at 600 nm
(OD600) of 0.7 to 1.0. For induction of core protein expression, 200 �M
isopropyl-�-D-thiogalactopyranoside was added at 20°C and left for 16 h
before harvesting by centrifugation. Cells were lysed by freeze-thawing
three times in lysis buffer (5 mM EDTA, 50 mM Tris HCl [pH 8.0], 2
mg/ml lysozyme), using 20 ml of lysis buffer per liter of cell culture, and
then 0.1 M MgCl2 and 0.2 mg/ml DNase (end concentrations) were
added, and the mixture was incubated at room temperature for 15 min
before centrifugation at 15,000 rpm for 10 min at 4°C to remove cell
debris. Capsids in the supernatant were precipitated by adding ammo-

nium sulfate to an end concentration of 50% (wt/vol). The precipitate was
sedimented by centrifugation at 19,000 rpm for 30 min at 4°C, and the
pellet was resuspended in 10 ml of Tris-buffered saline (TBS) containing
0.1% (vol/vol) NP-40.

Protein purification. The capsids were purified first by two subse-
quent steps of size exclusion chromatography using a HiPrep 26/60 Sep-
hacryl S-500 HR (GE Healthcare) column. Fractions containing capsids
were pooled, concentrated, and applied again to the column. Fractions
containing capsids were detected by Coomassie blue staining of gels after
SDS-PAGE or by native agarose gel electrophoresis and Western blotting
with a polyclonal anti-HBc antibody (H800; kindly provided by H.
Schaller, Heidelberg, Germany). Concentration of the pooled fractions
was done by using a concentrator (Millipore 30000) with a cutoff of 30
kDa and centrifugation at 2,700 � g for 20 min at 4°C. A further purifi-
cation step was performed by sucrose gradient ultracentrifugation at 10°C
and 25,000 rpm for 24 h using an SW28 rotor and 10% to 60% (wt/wt)
sucrose in TBS. Fractions containing capsids were identified, pooled, and
desalted using PD-10 columns (GE Healthcare) and elution with TBS.
The final protein concentration in the preparations was 1.4 mg/ml for
wild-type capsids and 0.12 mg/ml for mutant capsids.

Aptamer library. The library was obtained from Purimex (Göttingen,
Germany). The oligonucleotides carried a fixed, 15-nucleotide (nt)-long
sequence at both ends flanking a random sequence of 25 nt in length
(5=GCGGGTCGACGTTTGN25CACATCCATGGGCGG3=). The posi-
tions of the random sequence were synthesized in the presence of an
equimolar concentration of all four nucleotides A, G, C, and T. Prior to
the in vitro selection, the aptamer library (10 nmol) was incubated at 85°C
for 15 min, then snap-cooled on ice for 15 min, and finally equilibrated at
room temperature (RT) for 15 min to induce folding of the aptamers to
their 3-dimensional structures. In addition, an initial step of aptamer
preselection was done by filtering the pre-snap-cooled aptamers through
an alkali-pretreated Amicon Ultra 2-ml centrifugal filter (100 K) to re-
move aptamers binding to the matrix of the filter. Pretreatment was done
with 0.5 M KOH for 20 min at room temperature followed by washing 3
times with distilled water and equilibration with binding buffer (phos-
phate-buffered saline [PBS]) at room temperature to reduce unspecific
binding of aptamers.

In vitro selection with counterselection. Thirteen rounds of consec-
utive positive and negative selections were performed. Targets of the pos-
itive in vitro selection were HBV WT capsids, while the countertargets for
negative selection were the I126A mutant capsids. For binding, the aptam-
ers and capsids were mixed in PBS (pH 7.0) and incubated at RT for
various periods of time in a total volume of 100 �l. The selection of
aptamers was performed by filtration using KOH-pretreated Amicon Ul-
tra 2-ml centrifugal filters (100 K) in a swinging-bucket rotor and spin-
ning at 4,000 � g and 25°C for 30 min. The aptamers bound to WT capsids
in the positive selections, and the unbound aptamers in the negative se-
lections were extracted with phenol-chloroform (1:1) and concentrated
by using the Qiaex II kit (Qiagen). To induce selective pressure, the con-
centrations of aptamers, WT capsids, and mutant capsids as well as the
incubation times and volumes of PBS for washing steps were adjusted
during the selection process (Table 1).

TABLE 1 Conditions during the aptamer selection processa

Rounds
Aptamer concn
(�M)

Capsid concn (nM) Incubation time (min) Vol of washing buffer (ml)

WT
capsids

Mutant
capsids WT capsids

Mutant
capsids

Positive
selection

Negative
selection

1–3 110 14 6 60 30 1 1
4–6 110 6 10 60 30 1 1
7–9 55 6 10 30 60 2 0.4
10–13 27 0.2 14 15 60 2 0.4
a The volume of the binding reaction mixture was 100 �l.
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Streptavidin-induced electrophoretic mobility shift for ssDNA
preparation. After each positive and negative selection step, the aptamer
mixture was amplified by PCR. The PCR volume was 50 �l and contained
aptamers, 50 �M (each) forward primer 5=GCGGGTCGACGTTTG3=
and reverse primer biotinylated 5=CCGCCCATGGATGTG3=, 1 mM each
deoxynucleoside triphosphate, and 5 U Taq DNA polymerase (Promega)
in Taq DNA polymerase buffer supplied by the manufacturer. After initial
denaturation at 95°C for 5 min, 15 amplification cycles (denaturation at
95°C for 20 s, annealing at 51°C for 15 s, and extension at 72°C for 10 s)
were performed. Afterwards, single-stranded DNA (ssDNA) plus-strand
molecules were isolated from the double-stranded PCR products by using
a streptavidin-induced electrophoretic mobility shift (19). The purified
PCR product was suspended in streptavidin buffer and incubated with
streptavidin (Thermo Scientific) at RT for 30 min (1:4 molar ratio of
biotinylated strands to streptavidin). The binding mixture was then heat
denatured and electrophoresed in a 10% polyacrylamide– 6 M urea gel.
The plus-strand ssDNA running faster in the gel than the streptavidin-
bound biotinylated minus strands was then purified by passive elution
from the crushed acrylamide gel and concentrated with the Qiaex II kit
(Qiagen).

Kd determination. The dissociation constants (Kd) of the aptamer-
capsid binding were measured using immunoprecipitation. Different
concentrations of the pre-snap-cooled aptamers (from 5 pM to 1 �M)
and a fixed concentration of the HBV WT or mutant capsids (1 nM) were
used. The aptamer-capsid complexes were immunoprecipitated using
protein G-coupled agarose beads (Santa Cruz Biotechnologies) coated
with rabbit polyclonal antibodies against the HBV core protein (H800).
The bound aptamers were recovered by phenol-chloroform extraction,
purified with the Qiaex II kit, and quantified by quantitative PCR (qPCR).
For this PCR, the same setup was used as for the aptamer amplification
during the selection process except that unbiotinylated reverse primers
were used. The Kd values were estimated using the Sigma Blot 12.0 soft-
ware program.

Cell transfection and virion immunoprecipitation. Huh7 cells were
transiently transfected with Fugene 6/HD/X-treme (Roche) in 6-well
plates using in total 1 �g of plasmid DNA per well. When different plas-
mids were mixed, equal molar ratios were used. When aptamers were
cotransfected, 1 �g was mixed with 1 �g of plasmids. The cell superna-
tants were collected at 3 days posttransfection and centrifuged at 13,000
rpm for 10 min. Virions in the supernatants were immunoprecipitated
with sheep polyclonal antibodies against hepatitis B surface antigen
(kindly provided by W. Gerlich, Gießen, Germany). The remnant of the
plasmid DNA used for transfection was degraded by using DNase (Qia-
gen). The genomes of secreted virions were recovered by proteinase K
digestion followed by phenol-chloroform extraction. To measure genome
concentrations, an HBV genome-specific qPCR was used (9).

Aptamer secondary structure prediction. Secondary structures of the
selected aptamers were predicted by the Zuker algorithm (20), using
Mfold (version 3.2) with conditions set up to 0.15 M NaCl and 25°C.

Determination of the half-life of aptamer AO-01 in cell culture.
Huh7 cells were transiently transfected using Fugene 6/HD/X-treme
(Roche) in six 10-cm dishes with 1 �g (3.3 � 1013 molecules) of aptamer
AO-01 per dish. After 6 h, the cells were washed 5 times with 2 ml pre-
warmed PBS to remove noninternalized aptamers. The aptamers were
harvested at 1, 12, 24, 36, 48, and 60 h posttransfection by lysing the cells
with 500 �l of lysis buffer (50 mM Tris-HCl, 100 mM NaCl, 20 mM
EDTA, 0.5% [vol/vol] Nonidet P-40, pH 7.5) per dish. The aptamers were
recovered by phenol-chloroform (1:1) extraction and concentrated by
ethanol precipitation. The recovered aptamers were quantified by qPCR.

RESULTS
Selection of aptamers. In order to generate aptamers binding to
the matrix binding domain on the HBV capsid, we used the tech-
nique of systematic evolution of ligands by exponential enrich-
ment (SELEX) (21) with positive and negative selection. A library

consisting of single-stranded 55-base-long DNA molecules with
15 fixed nucleotides at each end and 25 central positions contain-
ing each of the four nucleotides in equimolar ratio served as the
source for aptamers. The complexity of the library was 425 (ap-
proximately 1015). Thirty micrograms of aptamers corresponds to
approximately 1015 molecules. For positive selection the library
was incubated with capsids purified from E. coli (Fig. 1, lane 1).
These capsids were formed by an HBV core protein lacking the 35
C-terminal arginine-rich amino acids, because this domain is dis-
pensable for particle formation but able to bind unspecifically to
nucleic acids (6). We therefore suspected that capsids formed by
full-length core proteins would bind any aptamer and would not
allow the selection of molecules binding to a specific region of the
capsid surface. We refer to these capsids as WT capsids in this
work. Aptamers attaching to WT capsids were separated from
unbound molecules by filtration. The selected aptamers were ex-
tracted and then amplified by PCR using a biotinylated primer for
the negative strand. Subsequently, the minus strand of each of the
double-stranded oligonucleotides was removed by streptavidin-
induced electrophoretic mobility shift, and the remaining positive
strands were used for further rounds of selection. For negative
selection, the aptamers were mixed with purified recombinant
capsids also lacking the C-terminal 35 amino acids and carrying in
addition the point mutation I126A (Fig. 1, lane 3). The amino acid
residue isoleucine 126 is part of the matrix binding domain and is
externally exposed on the capsid surface (22). The mutation to
alanine strongly blocks HBV capsid envelopment (10). The resi-
due is highly conserved; 98% of 4,043 full-length HBV genomes
retrieved from the NCBI database carried a triplet coding for iso-
leucine at this position of the core gene. We expected that target-
ing residue I126 would give a higher chance for the identification
of an aptamer inhibiting budding than screening for an aptamer
with optimal binding just somewhere on the capsid surface. Ap-
tamers not binding to the I126A mutant capsids were isolated by
filtration, amplified by PCR, and converted to single-stranded oli-
gomers as in the positive selection process.

The selection process was started with 11 nmol of aptamers,
corresponding to approximately 6.6 � 1015 molecules. The con-
centrations of aptamers and wild type and mutant capsids, the

WT I126A
1 2 3 4

kD

15

25

55

35

C
L

FIG 1 Purification of recombinant capsids consisting of C-terminally deleted
core proteins. Ten microliters of purified WT and I126A mutant capsids (lanes
1 and 3, respectively) and 20 �l of cleared lysates (lanes 2 and 4, respectively)
were separated by PAGE and stained with Coomassie blue. Numbers to the left
indicate the positions of molecular mass marker proteins. C, C-terminally
deleted core proteins; L, lysozyme.
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incubation time for the aptamer-capsid binding, and the washing
conditions were consecutively changed during the 13 rounds of
SELEX in order to increase the selectivity during the selection
process (Table 1).

At the end of the selection, double-stranded versions of the
aptamers were molecularly cloned and sequenced (Table 2). Six-
teen different sequences were found among 73 isolates. The most
abundant sequence, AO-01, was present 13 times (18%). Ten of
the 16 different aptamers contained the sequence CGCCA fol-
lowed by TGTG or TGNN(N)TG. Secondary structure prediction
for AO-01 shows a molecule with an imperfect 11-bp-long stem/
6-base loop at the 5= end and a 3-bp stem/9-base loop at the 3= end,
connected by 9 unpaired bases (Fig. 2). The structures of the other
aptamers were also predicted. They all show a 3= stem-loop and a
5= stem-loop connected by a single-stranded region. The common
motif (shown in bold face and underlined) is always at the 3= end
of the 5= stem-loop and in the single-stranded linker region.

Affinity of aptamers to the matrix binding domain. The dis-
sociation constant Kd for the aptamer-capsid binding was mea-
sured for the four most abundant aptamers, AO-01 to AO-04,
together representing 50% of the 73 isolates (Table 2). For this
purpose, a constant amount of wild-type or mutant capsids was
mixed with different amounts of aptamers, and bound aptamers
were separated after incubation by immunoprecipitation with an-
ti-HBc antibody from unbound molecules and quantified by

qPCR (Fig. 3). The Kd values for the binding to WT capsids (Fig.
3A) correlated with the abundance of the aptamers within the 73
isolates and dropped from 180 � 82 nM for AO-01 to 369 � 285
nM for AO-04. In case of AO-01, the maximal value of 120 bound
aptamers per capsid was observed at aptamer concentrations
above 240 nM. C-terminally truncated core proteins form capsids
with T � 4 icosahedral symmetry which consist of 120 core pro-
tein dimers (23). Apparently, a maximal saturation of one ap-
tamer per dimer could not be exceeded.

The dissociation constants for the binding to I126A mutant
capsids were 1,306 � 503 nM for aptamer AO-01 and 2.7 to 7.3
times higher for the other characterized aptamers (Fig. 3B). This
suggests that the binding of all 4 aptamers depended partially on
the isoleucine residue at position 126. Aptamer AO-01 also
reached a saturation of one aptamer per mutant dimer but only at
concentrations above 2 �M.

Inhibition of virus formation by aptamer AO-01. We tran-
siently cotransfected Huh7 cells with an envelope-negative but
replication-competent genomic HBV construct and expression
plasmids for the synthesis of all three viral envelope proteins (9) as
a positive control. At 3 days posttransfection, the amount of se-
creted virions corresponded to 1.6 � 106 viral DNA genome cop-
ies/ml culture supernatant as measured by a PCR-based method
(Fig. 4, left bar) (9). When the plasmid for envelope protein ex-
pression was omitted, no virions could be formed (14), but the
assay resulted in a signal of 2 � 105 viral DNA genomes/ml culture
supernatant (bar B). This background is mainly due to residual
amounts of the genomic plasmid used for transfection, which was
amplified by the PCR. Cotransfection of both plasmids together
with aptamer AO-01 resulted in a 50% lower virus concentration
in the culture supernatant (bar A-01) than for the transfection
without AO-01, whereas cotransfection of a random aptamer (bar
A-N) showed no significant change relative to the positive control.
Aptamers AO-02, -03, and -04 showed weaker effects (between
18% and 13% inhibition) than aptamer AO-01 (data not shown).

The inhibitory effect of aptamer AO-01 on virion formation
is evident but relatively weak. This may be due to a short half-

TABLE 2 Sequences and frequencies of selected aptamers

Aptamer Sequencea

No. of
appearancesb

Frequency
(%)c

Length of variable
region (nt)

A-01 CACACGCGAGCCGCCATGTCTGGGC 13 17.8 25
A-02 GGGACCGCAGAAGACCACATGTGCC 11 15.1 25
A-03 GGGACGGCCCGCCATTCCGTGTGGC 7 9.6 25
A-04 GTCGACGCGCCCATTCCGTGGGGTG 6 8.2 25
A-05 GGCACACAACGTCGCCATGGCTGTG 4 5.5 25
A-06 CCCACGCAACGGCGCCATGGCTGTG 4 5.5 25
A-07 GCGTCGGCGCGCGCCATTGTGGTGC 4 5.5 25
A-08 GGGCAGGGTCGACCGCCATGGCTGTG 4 5.5 26
A-09 GGCACAAACGCGCCATGGCTGC 4 5.5 22
A-10 GCCAACGACGGGCCGCCATGGTCTG 3 4.1 25
A-11 GGCACAAACGCGGGCCATCCATGC 3 4.1 24
A-12 GGCACCCAACGCCCCCATGGGTGTG 2 2.7 25
A-13 GGGCAGGGTCGACCGCCATGGCTGG 2 2.7 25
A-14 CCGAGGGGCAACGGCGCCATGGCTG 2 2.7 25
A-15 CATAACGTTGCCCCCCATGTGTTG 2 2.7 24
A-16 GGCAGCCTCGACCCCCCATGGC 2 2.7 22
a Only the sequence of the central variable region is shown. Boldface and underlining indicate the CGCCA motif and TGNTG motif, respectively.
b Number of appearance of the sequence within 73 isolates.
c Number of appearances � 100/73.
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FIG 2 Predicted secondary structure of aptamer AO-01. The secondary struc-
ture of AO-01 was predicted by the Zuker algorithm (20). A motif common to
10 out of 16 different aptamers is shown in boldface and underlined. The fixed
positions at both ends are shown in lowercase letters.
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live of the aptamer within transfected cells. We measured the
residual amount of aptamer AO-01 in cell cultures at 0 to 60 h
after transfection (Fig. 5). The aptamer was exponentially de-
graded with a half-life (t1/2) of log10(2)/0.147 h � 2.05 h.
Therefore, an inhibitory effect of the aptamer on virus produc-
tion can be expected only during the early period of the
cotransfection.

DISCUSSION

The formation of HBV particles is not well characterized. For ex-
ample, models for the structural basis of the maturation signal
coupling viral DNA genome synthesis in the lumen of the capsid
to the competence of the particle for envelopment (4, 24) have
been proposed (5, 25, 26) but have not been verified. Also, con-
troversial data regarding the contact sites between capsid and en-
velope proteins have been reported. One model proposes that the
tips of the spikes protruding from the capsid interact with the
envelope proteins (27–29). Another model suggests that a domain
(MBD) at the base of the spikes and lateral regions interacts with
the large envelope protein (8, 30).

We generated an aptamer (31) that binds to or close to the
MBD on HBV capsids expressed in bacteria, with a dissociation
constant of 180 nM, by a positive/negative selection process. The
I126A mutant capsids were chosen for negative selection because
all tested amino acid substitutions at this position (A, V, L, G, W,
F, Y, S, T, C, Q, and N), with the exceptions of methionine and
proline, allowed capsid formation but strongly blocked capsid en-
velopment in transfected human hepatoma cells (10). The factFIG 3 Determination of Kd values for aptamer binding to WT and mutant

capsids. Capsids at a constant concentration of 1 nM were mixed with five
different concentrations of the four most abundant aptamers, AO-01 to AO-
04. Capsid-aptamer complexes were separated, and bound aptamers were
quantified. (A) The dissociation constants of aptamer binding to WT capsid
and the abundance of aptamers as shown in Table 2 are negatively correlated.
A saturation of AO-01 binding was reached with 120 aptamers per capsid. (B)
Binding to I126A mutant capsids. The standard deviation (n � 3) is shown
only for aptamer AO-01. The standard deviations for the other aptamers were
in the same range (not shown). Designation of the symbols as shown in panel
B applies also to panel A.
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FIG 4 Inhibition of virus release by aptamer AO-01. Huh7 cells were tran-
siently transfected with plasmids initiating HBV formation, and the concen-
tration of viral genomes in the culture supernatant was measured at 3 days
posttransfection. Leaving out the plasmid for HBV envelope protein expres-
sion prevented virion formation (14) and resulted in a background signal (bar
B). Cotransfection of the plasmids with the aptamer AO-01 reduced the
amount of virus in the culture supernatant by approximately 50% (bar AO-01)
whereas cotransfection of an aptamer with a random sequence had no effect
(bar A-N).
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FIG 5 Determination of the half-life of aptamer AO-01 in Huh7 cells. Huh7
cells were transiently transfected with aptamer AO-01. The aptamer in the
culture was quantified every 12 h by PCR. The amount of aptamers dropped
exponentially. The half-life was approximately 2 h. The experiment was per-
formed twice (squares and circles).
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that the aptamer AO-01 bound to I126A mutant capsids with a
7-fold-higher dissociation constant than to WT capsids argues for
a binding site including this residue. An alternative explanation,
however, is that the I126A mutation induces a change at a different
site of the capsid which is then involved in AO-01 binding. To
date, we cannot rule out the second possibility. Our measure-
ments revealed that a maximum of 120 AO-01 aptamers can be
bound by one capsid. Apparently, two core proteins contribute to
one binding site.

The aptamer AO-01 inhibited HBV secretion in Huh7 cells
cotransfected with a genomic HBV construct. Although the half-
life of AO-01 was only 2 h, a clear inhibition of virus secretion of
approximately 50% during a 3-day period posttransfection could
be observed. The half-life of AO-01 was measured in cells not
expressing HBV capsids. Potentially, the half-life is extended by
binding to capsids. It seems possible that the inhibitory effect of
AO-01 was relatively strong during the early phase after the trans-
fection, while later during the 3-day period, virus production may
be more and more undisturbed. A DNA aptamer against the NSB5
protein of hepatitis C virus has a dissociation constant of 132 nM,
which is similar to the Kd of aptamer AO-01, and reduced viral
mRNA levels by 90% in a cell culture system (32). Another possi-
ble explanation besides the short half-life for the relatively weak
inhibition of budding by aptamer AO-01 is that the MBD of ma-
ture HBV capsids competent for budding may have a structure
different from that of the MBD of recombinant capsids lacking the
C-terminal domain. To date, we cannot rule out this possibility.
However, empty capsids apparently can be enveloped (26, 33),
and it therefore seems possible that the MBD of recombinant cap-
sids from bacteria mimics the MBD on mature capsids.

Which step in the viral life cycle was blocked by the aptamer
AO-01 is not clear. The most straightforward model would be that
the aptamer binds to or close to the MBD and thereby inhibits the
interaction of the capsid with the matrix domain of the L protein.
This explanation would support the model that the MD-MBD
interaction is crucial for envelopment. It is not clear how many
MD-MBD interactions would be necessary for complete envelop-
ment of the capsid. If, e.g., close to 120 interactions per particle are
required for this morphogenesis step, a few bound aptamers
might be able to inhibit virion formation. However, if a few MD-
MBD interactions per particle are sufficient, then an almost com-
plete coverage of MBD sites by aptamers might be necessary for
efficient inhibition. However, alternative models are well possible.
For example, it is conceivable that aptamer binding blocks the
generation of the maturation signal of the capsid or that it blocks
the transport of the capsid to budding sites.

Other attempts have been made to inhibit the generation of
HBV particles by interfering with the envelope-capsid interaction
using peptides or chemicals (29, 34, 35). For example, cell-perme-
ative peptides containing the matrix domain added at low micro-
molar concentrations to HBV-producing cells reduced the pro-
duction of extracellular HBV DNA by 50% (34), and an
oxazolidine derivative found during an in vitro screen for mole-
cules inhibiting the matrix domain-capsid interaction reduced
HBV DNA released from transiently transfected cells by a factor of
4 at a concentration of 20 �M (35). Our study supports the notion
that molecules binding to the MBD on HBV capsids can suppress
hepatitis B virion formation. Whether an aptamer-derived mole-
cule can be applied in humans is open (36). However, in the future

this target may expand therapeutic options for the treatment of
chronic hepatitis B.
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