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Enhancer II of human hepatitis B virus has dual functions in vivo. Located at nucleotides (nt) 1646 to 1741,
it can stimulate the surface and X promoters from a downstream position. Moreover, the same sequence can
also function as upstream regulatory element that activates the core promoter in a position- and orientation-
dependent manner. In this study, we report the identification and characterization of a negative regulatory
element (NRE) upstream of enhancer II (nt 1613 to 1636) which can repress both the enhancer and upstream
stimulatory function of the enhancer II sequence in differentiated liver cells. This NRE has marginal inhibitory
effect by itself but a strong repressive function in the presence of a functional enhancer II. Mutational analysis
reveals that sequence from nt 1616 to 1621 is required for repression of enhancer activity by the NRE. Gel shift
analysis reveals that this negative regulatory region can be recognized by a specific protein factor(s) present
at the 0.4 M NaCl fraction of HepG2 nuclear extracts. The discovery of the NRE indicates that HBV gene
transcription is controlled by combined efforts of both positive and negative regulation. It also provides a
unique system with which to study the mechanism of negative regulation of gene expression.

Hepatitis B virus (HBV) infection is one of the world's
leading health problems. Chronic carriers of HBV have a
greatly elevated risk of developing cirrhosis and hepatocellular
carcinoma (1, 21). HBV is one of the smallest DNA viruses; it
has a partially double-stranded 3.2-kb viral genome. There are
four open reading frames, which code for the surface, core,
polymerase, and X protein (2, 5, 22). The transcription of these
genes is under the control of four promoters, two for surface
(SPI and SPII), one for core and polymerase (CP), and the
other for X (XP) (3, 4, 8, 16, 24, 29, 30). Two enhancers,
enhancer I and enhancer II, have been identified so far in the
HBV genome. These enhancers have been shown to stimulate
the viral promoters in a hepatocyte-specific manner, which may
explain in part the hepatotropism of this virus (8, 20, 23, 26,
27).
We have previously reported the characterization of en-

hancer II. Located downstream of enhancer I and within the X
open reading frame, this enhancer is composed of two inter-
acting sequence motifs, a 23-bp box a (nucleotides [nt] 1646 to
1668) and a 12-bp box a (nt 1704 to 1715). Cooperation of the
two elements is required for enhancer function. This enhancer
can stimulate the transcriptional activities of SPI, SPII, and XP
in a position- and orientation-independent manner (25-27).

Interestingly, both box a and box a are also constituents of
the core upstream regulatory sequence (CURS) and can
positively regulate the transcription of the downstream basal
core promoter (BCP) individually. Box a and box (3 can
strongly and moderately, respectively, stimulate the activity of
BCP in only a position- and orientation-dependent fashion
(24). Although the trans-acting factor(s) that mediates these
functions is not yet fully understood, C/EBP-like protein(s)
and HNF-4 have been shown to be likely candidates (9, 16, 26).

In this paper we report the identification of a negative
regulatory element (NRE) upstream of box ox that abolishes
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the upstream stimulatory function of the CURS on the BCP. In
addition, the NRE can dominantly repress the enhancer
activity of enhancer II in differentiated liver cells. This latter
repressive function appears to be dependent on enhancer II in
that the repressive effect is seen mainly in the presence of an
intact enhancer II. Fine mapping by linker-scanning analysis
reveals that the sequence between nt 1616 to 1621 is required
for the repressive effect on enhancer II.

MATERIALS AND METHODS

Plasmid construction and preparation. The HBV sequence
used in this study is of the adw subtype. Numbering of the
HBV sequence begins at the unique EcoRI site, which is nt 1.
All reporter plasmids used in transfection experiments contain
a head-to-tail trimeric tandem repeat, referred to as A3, of a
237-bp BclI-BamHI fragment from the simian virus 40 (SV40)
polyadenylation signal. A3 is placed 5' of sequences assayed
for promoter activity and has been shown to stop transcription
readthrough from spurious upstream initiation. The parental
plasmid containing A3 on a pGEM backbone is designated as
pA3/RIdB.
pHBV3.8 was constructed by three-way ligation. The EcoRI-

FspI fragment containing the A3 and core promoter sequence
(nt 1402 to 1804) was taken from pA3(1402-1851)CAT. This
fragment was ligated to the FspI-PstI fragment from HBV (nt
1805 to 25) and an EcoRI-PstI-restricted pGEM vector back-
bone. The resulting plasmid was further extended with the
PstI-fragment containing the HBV sequence from nt 25 to
1990 isolated from pSpHBsl775 at the unique PstI site to
create pHBV3.8.

Plasmids pHBV3.65, pA3(1402-1851)CAT, pA3(1636-
1851)CAT, and pA3(1744-1851)CAT were described previ-
ously (24). Plasmid pA3(1613-1851)CAT was constructed by
replacing the sequence from nt 1402 to 1851 of pA3(1402-
1851)CAT with the 239-bp NlaII-RsaI fragment (nt 1613 to
1851) of the HBV sequence.

Plasmid pA3SVpCAT contains the bacterial chlorampheni-
col acetyltransferase (CAT) gene driven by the SV40 early
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promoter. The 129-bp Pstl fragment containing the HBV
sequence from nt 1613 to 1741, derived from p(1613-1741)/
3Zf(+), was subcloned into the PstI site immediately down-
stream of the polyadenylation site in pA3SVpCAT. The same
129-bp BamHI fragment eluted from p(1613-1741)/3Zf(+)
was inserted into the BamHl site upstream to the promoter
in pA3SVpCAT. The resulting plasmids which carry insertions
at downstream or upstream positions in either orientation
were obtained and designated as pA3SVpCAT(1613-1741),
pA3SVpCAT(1741-1613), pA3(1613-1741)SVpCAT, and
pA3(1741-1613)SVpCAT, respectively. The set of plasmids
shown in Fig. 4 was constructed by insertion of the synthetic
oligonucleotides

1613 1636
0

5'-gatctGAGACCACCCTGAACGCCCATCAGg-3'
3'-aCTCTGGTGGCACTTGCGGGTAGTCcctag-5'

(coding strand on top; the BamHI-BglII linker sequence is
shown in lowercase letters) into the BamHI site located
upstream of the promoter or downstream of the polyadenyla-
tion site of pA3SVpCAT, respectively.
The CAT fragments of pA3(1613-1636)SVpCAT and

pA3(1636-1613)SVpCAT were replaced with the CAT(1636-
1741) fragments to generate pA3(1613-1636)SVpCAT(1636-
1741) and pA3(1636-1613)SVpCAT(1636-1741) shown in Fig.
7.
The synthetic oligonucleotides corresponding to the wild-

type and mutant sequences of HBV from 1613 to 1668 (see
Fig. 6) were annealed and inserted into the BamHI site
downstream of pA3SVpCAT to generate pA3SVpCAT(1613-
1668WT), pA3SVpCAT(1613-1668AB), or pA3SVpCAT
(1613-1668MT). The 1.9-kb SacI-XbaI fragments from plas-
mids SVpCAT(1613-1668WT), SVpCAT(1613-1668AB), and
SVpCAT(1613-1668MT) were first blunt ended with Klenow
fill-in and used to replace the SacI-StuI segment in
pA3SVpCAT(1636-1741) to generate pA3SVpCAT(1613-
1668)WT+IIB and its mutant derivatives.
The fragment containing A3( - 95)SPICAT (a CAT reporter

gene unit driven by the SPI promoter of HBV corresponding to
nt 2717 to 2828) was inserted upstream of p(1613-1741)/
3Zf(+) and p(1636-1741)/3Zf(+) to generate pA3(-95)SPI-
CAT(1613-1741) and pA3(-95)SPICAT(1636-1741), respec-
tively. The promoter sequences of pA3SVpCAT(1613-1741)
and pA3SVpCAT(1636-1741) were replaced by the X pro-
moter sequence (from nt 1116 to 1374) to create
pA3XpCAT(1613-1741) and pA3XpCAT(1636-1741), respec-
tively.

Cell lines, transfection, and CAT assay. The human hepa-
toma cell line HepG2 and HuH-7 were cultured in Dulbecco
modified Eagle medium (Flow Laboratories, North Ryde,
Australia) supplemented with 10% fetal calf serum, 100 IU of
penicillin per ml, 100 pLg of streptomycin per ml, 2 mM
L-glutamine, 1 % nonessential amino acids, and 25 mg of
amphotericin B (Fungizone) per ml at 37°C in a 5% CO2
atmosphere. Cells were transfected with plasmids that had
been through double bandings on CsCl gradients by the
calcium phosphate precipitation method (7).
CAT assays were performed by the method of Gorman et al.

(6) with previously described modifications (3). The CAT
activity was normalized against the CAT activity exhibited by a
control plasmid, pA3SV2CAT, which was taken as 100%. In
pA3SV2CAT, the expression of the CAT gene is driven by the
SV40 early promoter and 72-bp enhancer. When the CAT
activity was high, assays were performed on serially diluted cell
lysates to ensure that all assays were done in the linear range
of CAT activity.

Assay for endogenous DNA polymerase activity. To assay for
endogenous DNA polymerase activity, the culture supernatant
was collected 3 days after transient transfection, treated with
1% Nonidet P-40 for 1 h at room temperature, and centrifuged
at 17,000 x g for 30 min at 4°C. The supernatant was collected
and recentrifuged at 225,000 x g for 1 h at 4°C. The pellet
from the second centrifugation, which contains HBV viral core
particles, was resuspended in TNE buffer (10 mM Tris-HCl
[pH 7.5], 50 mM NaCl, 0.1 mM EDTA) and assayed for
endogenous polymerase activity as previously described (24).

Preparation and heparin-Sepharose fractionation of nu-
clear extracts. Nuclear extracts from the differentiated human
hepatoma cell line HepG2 were prepared as previously de-
scribed (3). The extracts were fractionated at 4°C as previously
described (26). The crude and fractionation nuclear extracts
were aliquoted, quickly frozen under liquid nitrogen, and kept
frozen at - 70°C.

Gel shift analysis. The probe was prepared with annealed
double-stranded oligonucleotides (200 ng) corresponding to
the NRE sequence of HBV (as shown in plasmid construc-
tions) and end labeled via fill-in with [ax-32P]dATP (3,000
Ci/mmol; Amersham Corp., Amersham, England) at either
terminus of a BglII-BamHI linker site.

Nuclear extracts (10 VLg) were incubated in a 20-,ul reaction
mixture containing 1 ,ug of poly(dI-dC)(dI-dC) (Pharmacia,
Inc.), IOx binding buffer (170 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid HEPES [pH 7.9], 20% glycerol,
4.2 mM EDTA, 3 mM dithiothreitol, 100 mM KCl, 62.5 mM
MgCl2), 12.5% glycerol, and 2.2 x l10 cpm of labeled DNA.
Reaction mixture were incubated at 30°C for 30 min, and
protein-DNA complexes were resolved on 4% polyacrylamide
(acrylamide/bisacrylamide weight ratio, 30:1) made in 1 x TBE
(90 mM Tris-borate [pH 8.0], 2 mM EDTA). Electrophoresis
was performed at 150 V for 2.5 h at 4°C. The gel was dried and
autoradiographed. For competition experiments, 25- and 250-
fold molar excesses of unlabeled double-stranded oligonucle-
otides were preincubated with nuclear extracts on ice for 5 min
before addition of labeled probe.

RESULTS

Functional identification of an NRE located upstream of
enhancer II. The core promoter of HBV can be functionally
divided into two regions, the BCP, which can direct the precise
initiation of the precore and pregenomic RNAs, and the
CURS, which stimulates the core promoter activity (24). To
test whether sequences further 5' have any modulatory effect
on the core promoter, we made two HBV constructs, pHBV3.8
(nt 1402 to 1990) and pHBV3.65 (nt 1636 to 1990). Both
contain more than a unit length of HBV genome and differ in
the amount of HBV sequence upstream of the core promoter.
When these constructs were transiently transfected into a
differentiated human hepatoma cell line, HuH-7, various num-
bers of 42-nm virions and 27-nm core particles can be made
that are determined by the strength of their respective core
promoters. As shown in Fig. 1, pHBV3.8 can lead to the
production of a much smaller number of virions and core
particles than pHBV3.65 does. This observation indicates that
the HBV sequence from 1402 to 1635 may contain a negative
regulatory element(s) which functions predominantly in a
position-dependent manner (i.e., upstream position) since the
same sequence is repeated once toward the 3' ends of all HBV
constructs.
To further localize this negative element(s), different lengths

of the core promoter sequence from nt 1402 to 1851, nt 1613
to 1851, and nt 1636 to 1851 were placed in front of a
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FIG. 1. Effect of the HBV sequence from nt 1401 to 1635 on the
HBV virion and core particle production in transient-transfection
experiments. Plasmids pHBV3.8 and pHBV3.65, each containing more
than the unit length of HBV viral DNA and referred to as 3.8 and 3.65,
respectively, were tested in these experiments. Plasmid pHBV3.8
contains sequence from nt 1401 through 1990, and pHBV3.65 contains
nt 1636 through 1990. These plasmids were transfected into HuH-7
cells by the calcium phosphate precipitation method, and media from
the transfectants were collected 3 days later to assay for the production
of HBV virions and core particles. The amounts of virions and core

particles produced were quantified by the DNA repairing assay. L and
NC represent linear and nicked circular forms, respectively, of HBV
DNAs. The molecular size marker is in lane M. A pA3SV2CAT vector,
which contains a CAT gene driven by the SV40 early promoter and
72-bp enhancer, was included in all transfections as an internal control
for transfection efficiency.

promoterless CAT construct and assayed for their transcrip-
tional activities (Fig. 2). These plasmids were transiently
transfected into the differentiated human hepatoma cell line
HepG2, and CAT assays were performed on cell lysates
collected 2 days later. Compared with the CAT activity pro-
duced by HBV sequence from nt 1636 to 1851, an addition of
the sequence from nt 1613 to 1635 results in a 17-fold
reduction of the CAT activity whereas a further inclusion of
the sequence from nt 1402 to 1612 increases the CAT activity
by 4.3-fold. These results localize the presence of one negative
element to the HBV sequence from nt 1613 to 1635 and
suggest the presence of another positive element(s) or com-
bined positive and negative elements in the upstream se-

quence. A similar repressive effect of the sequence from nt
1613 to 1635 was observed in the HuH-7 cell line (data not
shown).

Since the CURS coincides with enhancer II (24), it is
important to understand whether the sequence from nt 1613 to
1635 can also negatively regulate enhancer II activity. This
possibility was tested by inserting the HBV sequences from nt
1613 to 1741 and from nt 1636 to 1741 downstream of a CAT
reporter gene driven by the SV40 early promoter and compar-
ing their effects on the promoter activities (Fig. 3). As previ-
ously shown (25), enhancer II, which contains the sequence
from nt 1636 to 1741, can stimulate the SV40 early promoter
28-fold in HepG2 cells. The sequence from nt 1613 to 1741,
however, fails to stimulate the activity of the SV40 early
promoter. The same result was also observed in HuH-7 cells
(data not shown). This result indicates that the addition of the
sequence from nt 1613 to 1635 has seemingly led to the
repression of the second enhancer of the HBV. The sequence
from nt 1613 to 1635 is therefore referred to as the negative
regulatory element (NRE) of enhancer II.

It was shown previously that the enhancer II (nt 1636 to

B
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FIG. 2. Presence of an NRE upstream of the CURS. HBV se-

quences that contain the BCP and decremental amounts of the 5'
sequences were inserted upstream of a promoterless CAT reporter
gene. These plasmids were transfected into HepG2 cells by the calcium
phosphate precipitation method, and CAT assays were performed on

cell lysates harvested 2 days after transfection. (A) Schematic repre-
sentation of the plasmid constructs; the CAT activities they exhibited,
normalized against that of pA3SV2CAT, which was included in all
experiments as a control for transfection efficiency; and the fold
induction. Each cell lysate was serially diluted to allow a quantitative
measurement of the CAT activities. The values presented here are the
average of five independent experiments with a standard deviation of
5%. (B) Representative autoradiogram of a CAT assay.

1741) can activate the SV40 early promoter in a position- and
orientation-independent manner (25). The NRE plus en-
hancer II sequence (from nt 1613 to 1741), however, fails to
exhibit significant enhancer activity. In other words, NRE
appears to completely efface the enhancer II activity. This
repressive effect of the NRE is seen when the NRE plus
enhancer II sequence is placed in either a sense or antisense
orientation and either upstream or downstream of a CAT
reporter gene driven by the SV40 early promoter (data not
shown). The NRE appears to be functional in an orientation-
and position-independent manner with respect to a test pro-
moter-the SV40 early promoter.
Dependence of NRE function on a functional enhancer II. It

is possible that the negative regulatory effect of NRE which is
contained within the sequence immediately upstream of en-
hancer II results from its direct repression of the SV40 early
promoter. This likelihood was tested by placing the NRE
sequence (from nt 1613 to 1635), in both orientations, either
upstream or downstream of the CAT reporter gene on a
pA3SVpCAT plasmid. As shown in Fig. 4, the NRE sequence
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FIG. 3. Abolition of the stimulatory effect of enhancer II by the
NRE. The HBV sequences from nt 1613 to 1741 and from nt 1636 to
1741 were inserted downstream from a CAT reporter gene driven by
an SV40 early promoter without the 72-bp enhancer. The transfection
and CAT assay were performed as described in the legend to Fig. 2.
(A) Plasmid constructs, their normalized CAT activities, and fold
induction. (B) Representative autoradiogram of the CAT assay.

can decrease the transcriptional activity by only threefold at
any position. Similarly, only a twofold repressive effect is seen
when the sequence downstream of NRE is also included (nt
1613 to 1668 [Fig. 5B, lane d]). Taken together, these results
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FIG. 5. Functional dependence of the NRE on an intact enhancer
II. Different portions of the HBV sequences, either wild type (WT) or
mutated, were cloned downstream of a CAT reporter gene driven by
the SV40 early promoter. The transfection and CAT assays were
performed as for Fig. 2. The different HBV sequences tested are as
follows: a, none; b, enhancer II (nt 1636 to 1741); c, NRE plus
enhancer II (nt 1613 to 1741); d, NRE plus box ot (nt 1613 to 1668); e,
NRE plus box ox with AB mutation (nt 1613 to 1668 with AB
mutation); f, box ot plus enhancer IIB (nt 1636 to 1668 plus nt 1704 to
1741); g, NRE plus box ot plus enhancer IIB (nt 1613 to 1668 plus nt
1704 to 1741); h, box ot with AB mutation plus enhancer IIB (nt 1636
to 1668 with AB mutation plus nt 1704 to 1741); i, NRE plus box x with
AB mutation enhancer IIB (nt 1613 to 1668 with AB mutation plus nt
1704 to 1741). (A) Plasmid constructs, normalized CAT activities, and
fold induction. (B) Representative autoradiogram of the CAT assay.
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FIG. 4. Effect of NRE on the SV40 early
sequence (nt 1613 to 1636) was placed in both
upstream or downstream of a CAT reporter ge
early promoter. The plasmid constructs, norm.

and fold induction are shown. The DNA trans
assay were performed as for Fig. 2.

T activity Repression support the notion that a direct repression of the promoter
(%) fold activity is not the major mechanism by which the NRE exerts

4.30 its function.
Alternatively, the negative regulatory effect of the NRE

1.48 2.9 results from a direct repression of enhancer II activity. It was

0.98 4.4 shown previously that enhancer II is composed of two se-
quence motifs, box ox and box ,B, and that cooperation of the

1.50 2.9 two is required for the enhancer function (26). In line with
what we have shown before (26), the sequence from nt 1636 to

1.17 3.7 1668 (box oc) in conjunction with the sequence from nt 1704 to

promoter. The NRE 1741 (enhancer IIB) which contains box ,B can activate the
rientations and either SV40 early promoter by 30-fold (box cx plus IIB; Fig. 5B, lane
ne driven by an SV40 f). The addition of the NRE, on the contrary, drastically
alized CAT activities, represses the stimulation conferred by enhancer II (NRE plus
sfection and the CAT box ot plus IIB; lane g). Moreover, the repressive effect of the

NRE is seen only when a functional enhancer II is present, in
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FIG. 7. Dependence of the repressive function of the NRE on its
close proximity to enhancer II. The NRE sequence (nt 1613 to 1636)
was placed in both orientations upstream of the SV40 early promoter
of pA3SVpCAT(1636-1741), and its repressive effect on enhancer II

was tested in transient transfections. (A) Plasmid constructs, normal-
ized CAT activity, and fold repression. (B) Representative autoradio-
gram of the CAT assay. The DNA transfection and CAT assay were

performed as for Fig. 2.
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FIG. 6. Linker-scanning analysis of the NRE. The nucleotide se-

quence of the NRE was changed serially, and the effects of these
changes on NRE function were analyzed by transient transfection and
CAT assay. (A) Wild-type (WT) and mutant (MTI through MT5)
NRE sequences. (B) Plasmid constructs, normalized CAT activities,
and the fold induction. These NRE plus box ot sequences were linked
with enhancer IIB and inserted downstream of a CAT reporter gene
driven by an SV40 early promoter. The transfection and CAT assay
were performed as for Fig. 2. (C) Representative autoradiogram of the
CAT assay.

that neither NRE plus box a alone (nt 1613 to 1668; lane d)
nor NRE + mutated enhancer II (NRE plus box ox with AB
mutation plus enhancer IIB; lane i) (25) is functional. These
results demonstrate that the function of the NRE depends on

an intact enhancer II and that the negative regulatory effect
exhibited by the NRE comes from a direct repression of HBV
enhancer II.

Identification of minimal essential elements for the NRE by
mutant analysis. To precisely map the sequence required for
the function of the NRE, we performed a linker-scanning
analysis. Five different mutants were generated, and their
repressive effects on enhancer II (box ox plus enhancer IIB)
were quantitated (Fig. 6). It turns out that nucleotide sequence

substitutions over the region from nt 1622 to 1645 do not alter
the function of the NRE whereas sequence changes over the
segment from nt 1616 to 1621 completely destroy the repressive
effect seen with the NRE. These results establish that the
sequence from nt 1616 to 1621 is essential for the function of
the NRE.

Distance dependence of NRE function on enhancer II. In the
native organization of HBV, NRE is 27 bp away from enhancer
II. It is interesting to investigate whether NRE can still repress
enhancer II at a longer distance. Plasmids containing NRE
upstream of the SV40 early promoter and enhancer II down-
stream of the CAT reporter gene were constructed. As shown
in Fig. 7, NREs in both orientations do not repress the
stimulating function of enhancer II when NRE is 1.8 kb away
from enhancer II. Therefore, it is apparent that the repressive
function of NRE on enhancer II is distance dependent.

Repression of enhancer II activity on the HBV surface and
X promoters. We have previously shown that enhancer II can

stimulate not only heterologous but also homologous promot-
ers such as the surface and X promoters of HBV (25; our

unpublished result). To understand whether the NRE has any
functional role in the control of HBV gene expression, we then
examined whether the NRE also modulates the viral promot-
ers in the presence of the second enhancer. Both enhancer II

and NRE plus enhancer II were positioned downstream of a

CAT reporter construct driven by either the SPI or the X
promoter of the HBV. As shown in Fig. 8, the NRE sequence
leads to a complete loss of enhancer II activity on both surface
and X promoters. These results indicate that the NRE is
functional over endogenous viral promoters and may thus be
involved in the control of HBV gene expression in vivo.

Gel shift analysis of NRE-binding proteins. A gel shift
analysis was performed to examine the interaction of the
cellular factor(s) with the NRE sequence. Crude nuclear
extracts from HepG2 cells were loaded on a heparin-Sepha-
rose column and step eluted with increasing concentrations of
NaCl. Each fraction was then collected and tested for binding
to the NRE sequence. When a double-stranded DNA (nt 1613
to 1636) containing NRE was used as a probe in the binding
reaction, formation of two and one DNA-protein complexes
was noted with the fraction eluted at 0.3 M and 0.4 M NaCl,

GAGACCACCGTGAACGCCCATCAGATCCTGCCCAAGGTCTTACATAAGAGGACTCT
---caacaa-----------------------------------------------
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FIG. 8. Repression of the enhancer II stimulatory effects on HBV
viral promoters by the NRE. HBV sequences containing enhancer II

(nt 1636 to 1741) and NRE plus enhancer II (nt 1613 to 1741) were
inserted downstream of a CAT reporter gene driven by either an HBV
SPI or an HBV XP promoter, and their effects on transcription were
measured by CAT assay. The transfection and CAT assay were

performed as for Fig. 2. The various plasmid constructs, normalized
CAT activities, and fold induction are shown schematically.

respectively. Other fractions did not show a clear DNA-protein
complex band. The DNA-protein complexes at the 0.3 M NaCl
fraction were nonspecific for NRE in that one could be
inhibited by both 1613-1636WT and 1613-1668MT1 and the
other could not be inhibited by either (data not shown). In
contrast, the DNA-protein complex at the 0.4 M NaCl fraction
appeared to be specific for NRE since it could be inhibited by
1613-1636WT, 1613-1668WT, and 1613-1668AB but not by
1613-1668MT1 (Fig. 9). Therefore, a specific NRE-binding
protein(s) is present at the 0.4 M NaCl fraction.

DISCUSSION

We have previously reported the identification of a liver-
specific enhancer, enhancer II, in the HBV genome (25).

Probe: 1613-1636

Protei* - OAM
Cmpetitor: - _ 1613.1636 1613.1668 1613.1668 1613-1668

Molarexcess: 25 250 2525MT1 W2T AB

Molar excess: 25 250 25 250 25 250 25 250

t" .4

- Free

2 3 4 5 6 7 8 9 IV

FIG. 9. Gel shift analysis of the functionally defined NRE se-

quence. The double-stranded DNA corresponding to nt 1613 to 1636
was labeled by Klenow fill-in and incubated with 10 ,ug of protein from
the 0.4 M NaCI fraction of HepG2 nuclear extracts in the presence of
no competitor (lane 2) or of increasing amounts of unlabeled 1613-
1636WT sequence (lanes 3 and 4), 1613-1668MT1 (lanes 5 and 6),
1613-1668WT (lanes 7 and 8), and 1613-1668AB (lanes 9 and 10) at
30°C for 30 min. After incubation, the DNA-protein complexes were
resolved on a native 4% polyacrylamide gel. The shifting band and
probe are indicated as bound and free; lane I is a no-protein control.

Enhancer II is composed of two minimal essential sequence
constituents, box ox (nt 1646 to 1668) and box 3 (nt 1704 to
1715) (26). Interestingly, enhancer II coincides with the up-
stream regulatory sequence of the core promoter (24). In this
study, we report the identification of an NRE (nt 1613 to 1635)
that can repress the stimulatory effect of both the CURS and
the second enhancer of HBV in differentiated liver cells.
Moreover, the negative regulatory effect on enhancer II by the
NRE is observed mainly in the context of a functional en-
hancer II. Linker-scanning analysis reveals that the sequence
from nt 1616 to 1621 is required for NRE function, whereas
modifications in the sequence from nt 1622 to 1645 do not
seem to affect NRE function.

Analysis of HBV gene expression, like studies of eukaryotic
genes, has generally focused on positive regulatory sequences
and positive tranis-acting factors. The discovery of the NRE is
intriguing, since the addition of negative elements to positive
regulatory regions may introduce extra levels of regulation.
This may permit gene activity to be better adjusted in response
to environmental demands, since transcription efficiency will
now depend on the combined effects of not only positive
regulatory elements but also NREs.

Several distinct modes of transcriptional repression have
been proposed (12, 15, 18). In the competition mechanism,
repressors may bind directly at or near the transcription start
sites and compete for the formation of initiation complex in
the promoter. This appears to account for the negative effect of
SV40 large T antigen on its own promoter (19). Alternatively,
activators and repressors may compete for overlapping or
closely linked binding sites (14). The latter form of repression
through competition has been invoked for the negative regu-
lation of target genes by the members of the steroid hormone
receptor superfamily (17). In the "quenching" mechanism, the
repressor and activator bind to adjacent, nonoverlapping DNA
sequences but the repressor neutralizes the ability of the
activator to transmit stimulatory signals to the initiation com-
plex. Such activator masking is seen in the regulation of
expression of the neuroectoderm stripe genes in Drosophila
inelanogaster; in particular, the sna repressor can act over a
distance of 7 to 25 bp to block activation by dl (10, 13). The
fourth type of repression is mediated via silencers and can
function in a position- and orientation-independent manner
(15, 18).
The negative regulatory effect of NRE on HBV enhancer ll

is most likely to be mediated through activator masking for the
following reasons: (i) neither the NRE (nt 1613 to 1636) nor
the NRE plus box so (nt 1613 to 1668) alone has significant
inhibitory effect on the SV40 early promoter; (ii) the function
of the NRE is dependent on an intact enhancer II element; (iii)
the essential element for the NRE as revealed in linker-
scanning analysis is 25 nt away from box a; and (iv) the
repressive function of the NRE on enhancer II is dependent on
their close proximity. As for the effect of NRE on CURS, the
situation is less clear. We have previously shown that multiple
interacting elements are present within CURS (24). The
repression on CURS by the NRE may thus be through the
diminution of the stimulatory effects of one or many of these
elements within CURS. In view of the dependence of the
function of NRE on its close proximity to the enhancer II
element (nt 1636 to 1741) when the latter functions as an
enhancer, we suspect that NRE can repress the same sequence
element, now functioning as CURS, with the same distance
requirement.

Earlier study by Guo et al. did not observe the negative
regulatory element that functions in differentiated liver cells as
we defined in the current work (9). Since different deletion

zz ~~~~~..'"..
" None."

16=Zj41

None:
16 I741

163 1741

VOL. 68, 1994



1764 LO AND TING

mutants were used in these two studies, the discrepancy may be
explained in the following ways: (i) the function of the NRE is
sensitive to the sequence context (for example, see reference
I1); and/or (ii) another positive regulatory element(s) may
exist upstream that, directly or indirectly, counteracts the
negative influence by the NRE. As can be seen in Fig. 2, the
sequence from nt 1402 to 1851 exhibits much elevated tran-
scriptional activity compared with that of nt 1613 to 1851. This
and our earlier observation that the sequence between nt 1402
and 1804 exhibits strong enhancer activity (25) suggest that
when sequence upstream of the NRE is included, either one or
both of the above may come into play.

Incidentally, it has been shown that the transcription factor
Spl binds to the sequence from nt 1623 to 1640 in HBV (28).
The role of such interaction, however, remains to be eluci-
dated. In our linker-scanning analysis, none of the mutants
containing sequence changes from nt 1622 through 1645
displays transcriptional activity different from that of the wild
type. This result indicates that in the context when enhancer II
activity is repressed by the NRE, this particular Spl element
does not appear to be indispensable.

In conclusion, we report the identification and characteriza-
tion of the NRE that represses enhancer II function. It is
increasingly apparent that HBV gene expression, like eukaryotic
gene transcription, is subject to a highly complex interplay of
both positive and negative interactions. Much of the current
work on transcriptional regulation has concentrated on the
operation of individual control elements. The ultimate goal
should be to understand how multiple positive and negative
control circuits function together to determine the level of viral
gene expression during different phases of viral infection in vivo.
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