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The second enhancer (enhancer II) of hepatitis B virus is functionally liver specific. Located within an open
reading frame of the virus and immediately upstream of the initiation sites of viral major transcripts, enhancer
II furnishes a unique model for use in investigating the structure and function of an enhancer. In this study,
two functional constituents, a 23-bp box-a and a 12-bp box-jI, are identified as being both necessary and
sufficient for enhancer H function. Examination of the box-a and box-" sequences reveals a weak homology to
the extended consensus for a C/EBP binding site. Gel shift and footprinting analyses indicate that multiple
proteins bind to these sequences and thus are candidate transcription factors that mediate the enhancer
function. One heat-resistant protein, protein a, and one heat-sensitive protein, protein b, bind to box-a.
Protein a, which binds to box-a in a way indistinguishable from that seen with a recombinant C/EBP, appears
not to be identical to C/EBP in that the binding of protein a requires a minimal sequence larger than the
canonical CIEBP sites. Two box-,8-binding proteins, c and d, show greater affinity for the C/EBP consensus
than for box-P(. However, both proteins c and d are relatively heat sensitive and display a distinct sequence
preference from the recombinant C/EBP protein. Since the function of enhancer II is strictly dependent on a
bipartite architecture, this system provides a unique model for studies of how the interactions of its binding
proteins lead to the enhancer function.

Control of gene transcription is in part regulated by the
presence of cis-acting DNA elements that interact with
specific nuclear transcription factors. Enhancers, which act
in a position- and orientation-independent manner, are key
regulatory elements in the transcriptional regulation of viral
and cellular genes (18, 26). The 72-bp repeat of simian virus
40 (SV40) is the best-characterized enhancer. The SV40
72-bp enhancer, which is composed of multiple regulatory
cis-acting elements via the interaction with ubiquitous and
cell-type-specific transcriptional factors, orchestrates the
expression of viral genes in many cells (13, 28-30). We are
interested in the study of gene regulation in hepatitis B virus
(HBV), in particular its enhancer elements. HBV infection is
one of the leading causes of acute and chronic hepatitis. The
latter has been associated with liver cirrhosis and hepatocel-
lular carcinoma (4). A better understanding of the molecular
biology ofHBV will provide deeper insight into its life cycle
and the myriad disease processes in which it is involved.
The 3.2-kb HBV genome is one of the smallest known for

animal viruses. The genome organization is very compact,
with four overlapping open reading frames coding for the
surface, core, polymerase, and X proteins (6, 14). Their
transcription is under the control of four promoters: two for
surface, one for core and polymerase, and one for X. A
liver-specific enhancer element has been located between
the surface and X open reading frames, mapping from
nucleotides (nt) 1074 to 1234 (8, 35).
A second, liver-specific enhancer (enhancer II) within the

X open reading frame ofHBV was recently identified (36, 38,
39). We have mapped this enhancer to nt 1636 to 1741. Upon
further dissection, this enhancer was found to comprise two
interacting elements, II-A (nt 1636 to 1690) and TI-B (nt 1704
to 1741), whose cooperation is indispensable for enhancer
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function in vivo (39). In this study, fine mapping of the
enhancer region was analyzed with serial deletion mutants.
We have identified a 23-bp sequence (designated box-cx) in
the IT-A element and a 12-bp sequence (designated box-,) in
the IT-B element, the interaction of which is both necessary
and sufficient for enhancer II activity. Furthermore, proteins
that display binding activities to box-a and box-, are found
to be present in nuclear extracts of the differentiated human
hepatoma cell line HepG2 by DNase I footprinting and gel
shift analyses. It is likely that some of these binding proteins
are C/EBP-like proteins, although they are not identical to
C/EBP.

MATERIALS AND METHODS

Plasmid constructions. The plasmid with a 3' deletion of
the enhancer II region was generated by BAL31 exonuclease
digestion and confirmed by double-strand DNA sequencing.
Fragments with serial 3' deletions were inserted downstream
of the chloramphenicol acetyltransferase (CAT) gene of
plasmid pA3SVpCAT (39) to generate a series of plasmids
named pA3SVpCATENdl. To construct plasmids containing
serial 3' deletions in IT-A but intact II-B elements, the
fragment containing the IT-B sequence (nt 1704 to 1741) was
added downstream of the enhancer II sequence in the
pA3SVpCATENdl series of plasmids, which have lost II-B
in its entirety, to make a series of plasmids designated
pA3SVpCATAdlB. Plasmids containing the intact box-a (nt
1636 to 1668) but the sequential deletions from the 3' end of
II-B were constructed by replacement of the TI-A sequence
(nt 1636 to 1703) with the box-a sequence (from nt 1645 to
1669). These plasmids are designated pA3SVpCATABdl.
To create mutations in the box-at sequence, oligonucleo-

tides of the following sequences (coding strand on top, with
underlined nucleotides indicating nt 1645 and 1669, respec-
tively, of HBV, and with the mutated nucleotides in lower-
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case letters) were synthesized:

Wild type: 5'-ATCGATCAAGGTCTTACATAAGAGGACTCTT-3'

3'-TAGTTCCAGAATGTATTCTCCTGAGAA-5'

AB:5'-ATCGATCAAGGTCTTACATccGctGACTCTT-3'

3'-TAGTTCCAGAATGTAggCgaCTGAGAA-5'

CD:5'-ATCGATCAAGGgCggACATAAGAGGACTCTT-3'

3'-TAGTTCCcGccTGTATTCTCCTGAGAA-5'

EF:5'-ATCGATCActGTCTTACATAAGAGGACTCTT-3'

3'-TAGTgaCAGAATGTATTCTCCTGAGAA-5'

Double strands were annealed by incubation in a boiling
water bath for 2 min and then at 65°C for 10 min, 37°C for 10
min, and room temperature for 10 min. The annealed double-
stranded oligonucleotides were inserted between the BamHI
and blunt-ended PstI sites in the upstream position of the
II-B sequence of plasmid pA3SVpCAT/II-B.

Cell lines, transfections, and CAT assays. The human
hepatoma cell line HepG2, which maintains the characteris-
tics of differentiated liver cells, was cultured as previously
described (1, 8). Cells were transfected with plasmids con-
taining the CAT gene by the calcium phosphate precipitation
method. CAT assays were performed according to Gorman
et al. (15), with a slight modification as previously described
(8). The protein amount of all samples in each experiment
varied by no more than 5%. The CAT activity of each sample
was normalized to the CAT activity of pSV2CAT, which was

taken as 100%. If CAT activity was high, the cell lysate was

serially diluted prior to performance of the CAT assay.
Preparation of nuclear extracts and heparin-agarose frac-

tionation of extracts. Nuclear extracts from the differentiated
human hepatoma cell line HepG2 were prepared as previ-
ously described (9). Extracts were stored in small aliquots at
-70°C after being quickly frozen under liquid nitrogen. The
nuclear extract was fractionated at 4°C essentially as de-
scribed by Lichtsteiner et al. (24). Briefly, 25 mg of crude
nuclear extract in 10 ml of nuclear dialysis buffer (NDB; 20
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[HEPES]-KOH [pH 7.9], + 0.1 M KCl, 0.2 mM EDTA, 0.5
mM dithiothreitol, 20% glycerol, 0.5 mM phenylmethylsul-
fonyl fluoride) was loaded onto a 20-ml heparin-agarose
column (heparin Ultrogel-A4R; 4 to 6 mg of heparin per ml;
IBF, Garenne, France). The proteins bound to heparin were
collected by step elution using NDB containing 0, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, or 1.0M NaCl. The fractions obtained were
precipitated with 50% (NH4)SO4, resuspended in NDB, and
then dialyzed against two changes of 500 ml of NDB, each
for 3 h. They were aliquoted, quickly frozen under liquid
nitrogen, and kept frozen at -70°C. For experiments in
which nuclear extracts were subjected to a thermolability
test, the 0.4 and 0.3 M NaCl fractions were heated (50°C for
5 min, 70°C for 5 min, or 90°C for 15 min) and then
centrifuged at 12,000 rpm and 4°C for 10 min. The superna-
tants were collected for the DNase I footprinting and gel
shift analyses.
DNase I footprinting and gel shift analyses. The end-labeled

probes were generated via fill-in with [at-32P]dATP (3,000
Ci/mmol; Amersham, Buckinghamshire, England) at either
terminus of a BamHI-HindIII fragment containing the
340-bp HBV sequence from nt 1402 to 1741 and the 198-bp
SV40 early promoter. Plasmids carrying this insert were cut
with one enzyme, end labeled, cut with the other enzyme,
and then subjected to agarose gel electrophoresis. The

labeled fragments were eluted from the agarose gel by a
Spin-X filtering unit (Costar, Cambridge, Mass.). The DNase
I footprinting assay was performed as previously described
(9). Briefly, the crude or fractionated nuclear extracts were
incubated with labeled DNA fragment for 30 min at 4°C.
After addition of MgCl2 and CaCl2, the proper amount of
DNase I was added to digest for 90 s at room temperature.
Reactions were stopped by deproteination. The extracted
DNA was analyzed on 4% polyacrylamide-8 M urea gels.
Annealed double-stranded oligomers (200 ng) correspond-

ing to the box-a sequence (underlined nucleotides indicate nt
1645 and 1669, respectively, of the HBV sequence),

5'-GATCCATCGATCAAGGTCTTACATAAGAGGACTCTT-3'

3'-GTAGCTAGTTCCAGAATGTATTCTCCTGAGAA-5'

or the box-, sequence (underlined nucleotides indicate nt
1705 and 1721, respectively, of HBV),

5'-GCTACTTCAAAGACTGTGGTACCCATG-3'

3'-ACGTCGATGAAGTTTCTGACACCATGG-5'

were end labeled with 80 U of polynucleotide kinase
(Toyobo, Osaka, Japan) and 80 ,uCi of [_y-32P]ATP (5,000
Ci/mmol; Amersham) and separated from the free [-_32p]
ATP by an Ultrafree-C3 filter unit (UFC3 LGC NB; Milli-
pore, Bedford, Mass.).

Proteins (10 to 20 p.g) were incubated in a 20-pJl reaction
mixture containing 1 pug of poly(dI-dC) poly(dI-dC) (Phar-
macia, Inc.), 17 mM HEPES (pH 7.9), 12.5% glycerol, 0.42
mM EDTA, 0.3 mM dithiothreitol, 10 mM KCl, 6.25 mM
MgCl2, and 6 x 104 cpm of labeled DNA. Reaction mixtures
were incubated at 30°C for 30 min, and protein-DNA com-
plexes were resolved on 4% polyacrylamide (acrylamide/
bisacrylamide weight ratio, 30:1) made in lx TBE (90 mM
Tris-borate [pH 8.0], 2 mM EDTA). Electrophoresis was
performed at 150 V for 2.5 h at 4°C. Gels were dried and
autoradiographed. For competition experiments, the 5-, 25-,
125-, and 625-fold molar excesses of unlabeled double-
stranded oligonucleotides were preincubated with nuclear
extracts on ice for 5 min before addition of probe. The
double-stranded HNF-1 oligomer (5'-CAAACTGTCAAAT
ATTAACTAAAGGGAG-3' and 3'-GTTTGACAGTTTATA
ATTGATTTCCCTC-5'), previously described (9), was used
as the nonspecific competitor. The double-stranded C/EBP
consensus sequence oligomer (5'-GATCGAACATATTGCG
CAATACATTT-CCCAAGT-3' and 3'-CTTGTATAACGCG
TTATGTAAAGGGTTCA-5') was kindly provided by S. C.
Lee (National Taiwan University, Taipei). Recombinant rat
C/EBP was kindly provided by Steven L. McKnight (Carn-
egie Institution of Washington, Baltimore, Md.).

RESULTS

Identification of sequences required for the activating func-
tion of enhancer II. HBV enhancer II has been previously
localized to nt 1636 to 1741. This 106-bp sequence, when
placed downstream of a CAT reporter gene, strongly stimu-
lates expression of the CAT gene driven by a heterologous
SV40 early promoter (39). To delineate the minimal se-
quence element required for this activation, a series of
plasmids that contained sequential deletions from the 3' end
of this enhancer element was derived. As shown in Fig. 1,
removal of the sequence from nt 1741 to 1716 did not cause
any significant change in enhancer activity (from 62-fold to
57-fold). However, a deletion of four more base pairs from nt
1715 to 1712 resulted in an almost complete loss of enhancer
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FIG. 1. Determination of the 3' boundary of enhancer II in
differentiated human hepatoma HepG2 cells. A schematic diagram
of different fragments containing sequential deletions from the 3'
end of enhancer II in the pA3SVpCATENdl series of plasmids is
shown on the left; normalized CAT activities and fold stimulations
are summarized on the right. The enhancer II sequences are

represented by open boxes, with numerals indicating nucleotides in
the HBV genome (the EcoRI site is nt 1). SVp, SV40 early
promoter; poly A signal, SV40 polyadenylation signal. Plasmids
were transfected into HepG2 cells, and a CAT assay was performed
for 1 h at 37°C. Plasmid pSV2CAT was used as a control (set at
100%) against which CAT activities of tested plasmids were normal-
ized. The cell lysate of each sample was diluted in a series to
quantitatively calculate CAT activities. The values are the means of
four experiments, with a standard deviation of 5%.

function (from 57-fold to 3-fold). No additional change was

seen when more sequences were removed. This result un-

equivocally places the 3' boundary of enhancer II between nt
1715 and 1711.
To further refine the minimal sequence requirement for

enhancer activity in both elements IT-A and 11-B, similar
strategies were applied. For II-A, plasmids containing serial
deletions starting from the 3' end of this 55-bp element (nt
1636 to 1690) were tested for the activation function. As
shown in Fig. 2, neither the 55-bp element TI-A nor any of its
deletions had any significant enhancer activity by itself. In
contrast, via cooperation with element IT-B, the 55-bp ele-
ment II-A activated transcription of the SV40 early promoter
by 30-fold, which is consistent with previous results (39).
Removal of the 22-bp sequence from nt 1690 to 1669 in
element II-A did not alter the stimulating activity. This
enhancer function was totally abolished, however, when
three more nucleotides (to nt 1665) were left out. This
identifies II-A as a positive regulatory element and marks its
3' boundary at nt 1668 to 1665. In addition, a deletion of 10
more nucleotides from nt 1636 to 1645 did not result in any

significant change, indicating that the 5' boundary is not
distal to nt 1646. Taken together, the data indicate that a

23-bp sequence (nt 1646 to 1668) is sufficient to account for
the activation function of element TI-A.
For II-B, a series of 3'-deletion mutants of the 38-bp 1I-B

sequence (nt 1704 to 1741) in conjunction with the 33-bp (nt
1636 to 1668) sequence of TI-A were placed downstream of
the CAT gene and tested for transcriptional activation. As
shown in Fig. 3, the 12-bp sequence from nt 1704 to 1715 in
element II-B was able to cooperate with the 23-bp sequence
of element IT-A to achieve the expected level of transcription
activation. Therefore, the coexistence of a 23-bp sequence

(nt 1646 to 1668) of II-A, designated box-(x, and a 12-bp
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FIG. 2. Delineation of the 3' and 5' boundary of the enhancer
II-A element in HepG2 cells. The enhancer II sequences with
sequential deletions in two series of plasmids, pA3SVpCATENdl
and pA3SVpCATAdlB, are shown on the left; normalized CAT
activities and fold stimulations are summarized on the right. Open
boxes represent the sequences contained; thin lines indicate the
deleted sequences. Experimental details and symbols are as de-
scribed in the legend to Fig. 1.

sequence (nt 1704 to 1715) of IT-B, designated box-n, is
sufficient for the enhancer II activity.

Footprinting analysis of nuclear proteins binding to en-

hancer TI. To search for a candidate transcription factor(s)
that regulates the function of enhancer II, DNase I footprint-
ing analysis with crude nuclear extracts from HepG2 cells
was performed. A 538-bp DNA fragment containing the
340-bp HBV sequence (from nt 1402 to 1741) and the 198-bp
SV40 early promoter was end labeled on either the coding or
noncoding strand. Four major protected regions, I to IV,
were seen on both strands (Fig. 4A). A protected region, IV,
was identified as coming from the SV40 early promoter. The
other three major protected regions, I to III, each bracketed
by hypersensitive sites, were from the HBV-specific region.
Regions II and III coincided with box-o and box-P, respec-
tively, which are the minimal essential sequences for en-

hancer II function.
A fractionation experiment was initiated to examine the

factors that bind to these regions. Crude nuclear extracts
from HepG2 cells were loaded on a heparin-agarose column
and step eluted with increasing concentrations of NaCl.
Each fraction was then collected and tested for binding to
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FIG. 3. Delineation of the 3' boundary of the enhancer II-B
element. A schematic representation of enhancer II sequences in the
pA3SVpCATABdl series of plasmids is shown on the left; normal-
ized CAT activities and fold stimulations are summarized on the
right. Experimental details and symbols are as described in the
legend to Fig. 1.
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FIG. 4. DNase I footprinting analysis of the enhancer II region.
The footprinting analysis was performed by using a fragment con-

taining the HBV (nt 1402 to 1741) and SV40 early promoter
sequences. The coding and noncoding strands were end labeled with
the Klenow fragment of Escherichia coli DNA polymerase. The

the HBV enhancer II sequence. As shown in Fig. 4B, region
II (nt 1645 to 1681), covering box-ct (nt 1646 to 1668) in its
entirety, was mainly protected by a factor(s) that eluted at
0.4 M NaCl. A similar yet distinct footprint (nt 1645 to 1662)
was seen with 0.5 and 0.6 M fractions. Footprinting to region
III (nt 1707 to 1722), corresponding to the box-,B sequence
(nt 1704 to 1715), was eluted earlier in the 0.3 M NaCI
fraction. Other fractions did not show clear footprinting
activity to regions II and III (data not shown). These results
are summarized in Fig. 4C.

Gel shift analysis of the box-a and box-I-binding proteins.
To study the nature of binding activities to box-a and box-1,
gel shift assays were performed. When a double-stranded
oligonucleotide (nt 1645 to 1669) corresponding to box-a was
used as a probe in the binding reaction, formation of two
DNA-protein complexes, a and b, was noted with the
fraction eluted at 0.4 M NaCl (Fig. 5A). These complexes
appeared to be specific in that they could be abolished with
unlabeled box-a sequence but not by nonspecific HNF-1
oligomer (Fig. 5B). The binding proteins of complexes a and
b are tentatively named proteins a and b, respectively.
Fractions collected at 0.5 and 0.6 M NaCI fractions produced
a single band that migrated to the same position as complex
a. This complex was also competable only with the box-a
sequence, not with the HNF-1 oligomer. The presence of
shifting activity that produced complex b in the 0.4 M but not
in the 0.5 or 0.6 M fraction may well explain the larger
footprint seen with the former than the latter (Fig. 4B). We
also observed complex formation with the 0.1 M NaCl
eluent, but the shifting is more likely to be nonspecific since
it could be abolished with the HNF-1 oligomer.
When similar experiments were done for double-stranded

oligonucleotides (nt 1705 to 1721) corresponding to the box-n
sequence, two complexes designated as c and d were de-
tected with the 0.3 M NaCl fraction (Fig. 6A). Both complex
c and complex d appeared to be specific, since they could not
be abolished by the box-1 sequence but not by the HNF-1
oligomer (Fig. 6B). The binding proteins of complexes c and
d are tentatively designated proteins c and d, respectively.
The detection of footprints colocalized with box-a and

box-,B is consistent with the notion that these sequences are
essential for enhancer II function and their effects are
mediated via the interaction with some trans-acting fac-
tor(s). The formation of specific DNA-protein complexes
with box-a and box-, sequences, as revealed in the gel shift
assay, supports this point. Examination of the box-a
(CAAGGTCTTACATAAGAGGACTCTT, from nt 1645 to

crude nuclear extract and partially purified fractions of a heparin-
agarose column were prepared from HepG2 cells as described in
Materials and Methods. The protected regions are shown on the
right as two lines with numerals referring to the nucleotide number
of HBV. The arrows show the DNase I-hypersensitive sites. Pro-
tected regions I, II, and III are in the enhancer II sequence of HBV,
while region IV is in the SV40 early promoter. (A) DNase I footprint
with crude nuclear extracts of HepG2 cells on the coding (lanes 1 to
3) and noncoding (lanes 4 to 6) strands. Lanes: 1 and 4, G+A
sequence markers; 2 and 5, no protein; 3 and 6, 120 ,ug of protein
from crude nuclear extracts. (B) DNase I footprint with crude and
0.3 to 0.6 M NaCl fractions of nuclear extracts on the coding strand.
Lanes: 1, no protein; 2, 120 ,ug of crude nuclear extracts; 3 to 6, 40
,g each of 0.3, 0.4, 0.5, and 0.6 M NaCl fractions of the heparin-
agarose column. (C) Summary of the protected sequences in HBV
enhancer II. Lines indicate the sequences protected by crude and
fractionated nuclear extracts; arrowheads indicate the DNase I-hy-
persensitive sites.
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FIG. 6. Gel shift analysis of the functionally defined box-P
sequence. The double-stranded oligomer corresponding to the box-f3
sequence was labeled as the probe. Other experimental details are as
described in the legend to Fig. 5. (A) Gel shift experiment with crude
and fractionated nuclear extracts. Lanes: 1, no protein; 2, 25 ,ug of
crude nuclear extract of HepG2 cells; 3 to 10, 10 jig of the indicated
salt eluents of the heparin-agarose column. (B) Competitions. Lanes
contain 10 ,ug of protein of the 0.3 M NaCl fraction with no
competitor (lane 1) and a 125-fold molar excess of unlabeled specific
box-P sequence (lane 2) and of nonspecific HNF-1 oligomer (lane 3).
Two shifted bands, c and d, and free probes are indicated.

-aFv

FIG. 5. Gel shift analysis of the functionally defined box-a
sequence. The double-stranded oligomer corresponding to the box-a
sequence was end labeled with polynucleotide kinase and incubated
with proteins of crude and fractionated nuclear extracts of HepG2
cells at 30°C for 30 min. After incubation, the DNA-protein com-
plexes were resolved on a native 4% polyacrylamide gel. (A) Gel
shift experiment with crude and fractionated nuclear extracts.
Lanes: 1, no protein; 2, 25 ,ig of crude nuclear extracts; 3 to 10, 10
,ug of the indicated salt eluents of the heparin-agarose column. (B)
Competitions. Lanes contain 10 jig of the indicated salt eluents with
no competitor (-), a 125-fold molar excess of unlabeled specific
box-a oligomer (a), or a 125-fold molar excess of unlabeled nonspe-
cific HNF-1 oligomer (HNF1). Two specifically shifting bands, a and
b, are indicated by arrows. Free denotes uncomplexed probe.

1669) and the box-n (CCTACTTCAAAGACTGT, from nt
1704 to 1720) sequences reveals a very weak homology
(underlined) to the consensus sequence ATTGCGCAAT of
the binding site for C/EBP (CAAT/enhancer-binding pro-
tein), a transcription factor found abundantly in liver (5,
19-22).

Characteristics of box-a and box-6-binding proteins. The
resemblance of the sequences of both box-a and box-p to the
consensus of the C/EBP binding site raises the intriguing
possibility that C/EBP or another member of the C/EBP
multigene family such as DBP, Ig/EBP-1, or LAP (NF-IL6,
IL-6DBP, and AGP/EBP designate the same protein) (3, 7,
11, 20, 27, 32, 33) may prove to be one of these binding
activities. C/EBP and AGP/EBP have been shown to be
resistant to heat treatment at 90°C for 15 min (7, 20). The
heat sensitivity of other members of the C/EBP family has
not been reported. To assess whether binding proteins of
box-a and box-P are C/EBP or members of the C/EBP
family, we set out to determine the heat sensitivity of box-a-
and box-,-binding proteins and their relative binding affin-
ities toward the box-a, box-1, and C/EBP consensus se-
quences. As shown in Fig. 7A and B, the box-a- and
box-p-binding proteins that took part in the formation of
complexes b to d appeared to be heat sensitive, since these

complexes disappeared after heat treatment (70°C for 5 min
for b; 50°C for 5 min for c; and 70°C for 5 min for d). In
contrast, the box-a-binding protein(s) in complex a could
withstand heat treatment at 90°C for 15 min.
To determine the sequence preference of box-a- and

box-p-binding proteins, unlabeled box-a, box-P, and C/EBP
consensus sequences at 5-, 25-, 125-, and 625-fold molar
excesses were used as competitors in gel shift experiments.
The box-a-binding proteins favor box-a over box-P. How-
ever, the C/EBP consensus sequence failed to effectively
compete even at a 625-fold molar excess (data not shown).
Since the 0.5 M fraction produced a single heat-resistant
complex a, the competition experiment was performed with
this fraction to avoid the interference of complex b and
confirm the sequence preference of complex a. Indeed, the
binding protein(s) of complex a preferred box-a to box-p
(Fig. 7C); again, the C/EBP consensus at a high molar excess
did not show effective competition.

In contrast, for box-p-binding proteins, the unlabeled
C/EBP consensus sequence more effectively abolished the
formation of complexes c and d than did box-p itself (Fig.
7D). This result suggests that box-p-binding proteins, in fact,
prefer the C/EBP consensus to the box-p sequence. Unla-
beled box-a failed to compete for the formation of these two
complexes.
To compare the sequence preferences of box-a- and

box-p-binding proteins with that of the recombinant C/EBP
protein (gift of Steven L. McKnight), the competition exper-
iment was performed with recombinant C/EBP protein,
using the C/EBP consensus as the labeled probe. As shown
in Fig. 7E, C/EBP protein had much higher affinity for the
C/EBP consensus than for either box-a or box-P.

Multiple nuclear proteins binding to the box-a sequence.
We have shown previously that box-a-binding proteins
interact in a gel shift assay with the box-a sequence (nt 1645
to 1669) to form two complexes (a and b) that differ in heat
lability. To determine how many binding factors interact
with the box-ot sequence and map their binding sites more

MOL. CELL. BIOL.



BINDING PROTEINS OF HBV SECOND ENHANCER 5049

A
Box-a

Aratdn: I -0.4AM I

Twnp: - - Id? 70 90

B
Box-a O

- -W7c"s
D

Competitor:
Molar excess.

mox- _____

2
a

.3M-
X a525125in 525251 25 12 _

W a.W $"_

-aFre.
1 2 3 4 5 1 2 3 4 5

Box-a
Protein: .5
CoMpetMtor: - -r-CEEPpp-1 -a 1-l '-f

Moiw sC5 25 asC 5 25 12562 5 65

k!'4 #W'd iW/.0iI4 ~ I w -

2 34 5 6 7 S 9101 121
1 2 3 4 5 6 7 8 9 10 t1 12 13 14

E
CEBPpp

Coipetitor:
ud .mm

I

- - rCUmPpp- _ 4re@-

5 25 5 25 125 5 25

a UU U-aWBU in

O _lo -go-Fre- _ Free
1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 10 n 12 13

FIG. 7. Characteristics of box-a- and box-9-binding proteins. (A) Heat sensitivity of box-a-binding proteins. End-labeled box-a was

incubated with 10 pg of protein of the 0.4 M NaCl fraction of HepG2 nuclear extracts without (lane 2) or with heat treatment at 50°C for 5

min (lane 3), at 70°C for 5 min (lane 4), and at 90°C for 15 min (lane 5). Lane 1 is a no-protein control. Other experimental details are as

described in the legend to Fig. 5. (B) Heat sensitivity of box-p-binding proteins. End-labeled box-P was incubated with 10 ,ug of protein of
the 0.3 M NaCl fraction. Other treatments and symbols are as for panel A. (C) Relative efficiency of competitions by box-a, box-P, and C/EBP
consensus sequences for box-a-binding proteins. End-labeled box-a was incubated with 10 sLg of the 0.5 M NaCl fraction in the presence of
no competitor (lane 2) and of unlabeled C/EBP consensus sequence (lanes 3 to 6), box-a (lanes 7 to 10), and box-P (lanes 11 to 14) competitors
(molar excess is indicated) for gel shifting. Lane 1 is a no-protein control. One specifically shifting band, a, is indicated; free denotes
uncomplexed probe. (D) Relative efficiency of competitions by box-a, box-1, and C/EBP consensus sequences for box-4-binding proteins.
End-labeled box-P was incubated with 10 ,ug of the 0.3 M NaCI fraction in the presence of no competitor (lane 2), unlabeled C/EBP consensus

sequence (lanes 3 to 6), box-a (lanes 7 to 10), and box-P (lanes 11 to 14). Lane 1 is a no-protein control. Two shifted bands, c and d, are

indicated. (E) Sequence preference for the recombinant C/EBP protein. End-labeled C/EBP consensus sequence was incubated with 5 ng of
recombinant C/EBP in the presence of no competitor (lane 2) and of unlabeled C/EBP consensus sequence (lanes 3 to 5), box-a (lanes 6 to
9), and box-P (lanes 10 to 13) competitors (molar excess is indicated). Bound indicates the C/EBP-DNA complex.

precisely, a footprinting assay using the 0.4 M NaCl fraction
before and after heat treatment was undertaken.
As shown in Fig. 8A, the protection (on the coding strand)

by the unheated 0.4 M fraction was from nt 1645 to 1681, a

region larger than that observed with the heated fraction
(from nt 1645 to 1662). This finding indicates that the
protections over nt 1645 to 1662 and nt 1662 to 1681 resulted
from interactions with heat-resistant and heat-labile binding
factors, respectively. As described for the gel shift analysis,
the oligomer corresponding to the sequence from nt 1645 to
1669 produces one heat-resistant complex a and one heat-
labile complex b, suggesting that these two proteins bind to
this sequence. Therefore, there are at least three binding
proteins that interact with the sequence from nt 1645 to 1681.
One is heat-resistant protein a (nt 1645 to 1662), the bound-
ary of which was clearly defined by the protection region of
the heated 0.4 M fraction. Heat-labile protein b was evi-
denced by the presence of a second, heat-sensitive complex
b in the gel shift assay, the boundary of which is difficult to
define because of the possible overlapping protection with
protein a. And another heat-labile protein, e, was revealed

by the distinct protective pattern in the footprinting analysis.
However, the possible overlapping protection with protein b
make it difficult to precisely map the boundary of protein e.

Consistent with this conclusion, 0.5 and 0.6 M NaCl
fractions, which gave rise to complex a, a heat-resistant
activity binding solely to box-a (Fig. 4B), produced a binding
pattern indistinguishable from that with the heated 0.4 M
fraction (Fig. 5B).

Since the sequence protected by the heat-resistant com-
plex a protein(s) shows homology with the C/EBP consensus
sequence, the recombinant C/EBP protein was used for
DNase I footprinting analysis. It was indeed able to bind to
the box-a sequence, which is consistent with the result of
L6pez-Carbrera et al. (25). Furthermore, the recombinant
C/EBP produced a protection pattern very similar to that of
the heated 0.4 M NaCl fraction.

Indispensable requirement of the entire box-a sequence for
enhancer II function. A closer analysis of the box-a sequence
reveals some interesting features (Fig. 9A). In addition to the
existence of a sequence weakly homologous to the extended
C/EBP consensus (shown as thicker arrows in Fig. 9A), the
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FIG. 8. Heat sensitivity of the 0.4 M NaCl fraction of HepG2
nuclear extracts in DNase I footprinting analysis. (A) Footprinting
analysis on the coding strand. End-labeled probe was incubated with
120 p.g of crude nuclear extracts (lane 2), 40 p.g of the 0.4 M NaCl
fraction unheated (lane 3) and heated at 50°C for 5 min (lane 4), 70°C
for 5 min (lane 5), and 90°C for 15 min (lane 6), and 25 ng (lane 7) and
125 ng (lane 8) of recombinant C/EBP. Lane 1 is the no-protein
control. The protected regions with crude nuclear extracts are
shown on the right as two lines with numerals indicating the
nucleotide number of HBV. Arrowheads indicate the DNase I-hy-
persensitive sites. (B) Footprinting analysis on the noncoding
strand. Experimental details and symbols are as for panel A. (C)
Summary of the protected regions in the HBV enhancer II se-
quence.

region appears to consist of two distinct inverted repeats
(shown as thinner arrows). Deletion studies have so far
shown that a 23-bp sequence (nt 1646 to 1668), but not a
20-bp sequence (nt 1646 to 1665), is sufficient for the box-a
function (Fig. 2). It has not been determined, however,
whether all of the 23 bp are required for this activity.
Alterations of sequences in this region (Fig. 9A) were made
and tested for their effects on enhancer function in the
presence of intact II-B. It was found that nucleotide changes
throughout this sequence (nt 1647 to 1662) in mutants AB,
CD, and EF completely abolished the box-a function (Fig.
9B). Oligonucleotides bearing these changes were then ex-
amined for their propensity to disrupt specific complex
formation in a gel shift assay, using labeled wild-type oligo-
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FIG. 9. Effect of mutations of the box-a sequence on enhancer II
function and on the binding affinity to box-a-binding protein(s). (A)
Sequences of wild-type (WT) box-a and mutants AB, CD, and EF.
Mutated nucleotides are represented by lowercase letters. The
upper arrows represent the inverted repeat weakly homologous to
the extended C/EBP conserved sequence; the lower arrows repre-
sent two adjacent inverted repeats. (B) Summary of the enhancer
function of the wild-type box-a sequence and its three mutants
through cooperation with the box-a sequence. Experimental details
are as described in the legend to Fig. 1. (C) Competition with box-a
of three mutated box-a sequences in its binding activity to the
box-a-binding protein(s) by gel shift assay. Lanes: 1, no protein; 2,
10 ,ug of protein of the 0.4 M NaCl eluent; 3 to 12, 10 ,ug of protein
of the 0.4 M NaCl eluent and different unlabeled competitors at
various molar excesses as indicated.

nucleotides. As shown in Fig. 9C, competition was by the
wild-type oligomer at a fivefold molar excess was observed.
However, even at a 125-fold molar excess, the mutant
oligomers did not compete at all. This result reflects at least
a 25-fold decrease in binding affinity incurred by these
sequence variations toward their cognate binding factors.
Such a diminution in their abilities to interact with relevant
factor(s) may well explain the failure of these box-a muta-
tions to implement enhancer function. Therefore, the entire
sequence from nt 1646 to 1668 is essential for box-at to
cooperate with box-I to achieve the enhancer function.

DISCUSSION
The second enhancer of HBV, mapping at nt 1636 to 1741,

stimulates transcription from the homologous HBV pro-
moter and such heterologous promoters as the SV40 early
promoter in a differentiated human hepatoma cell-specific
manner. In previous work, we have dissected this enhancer
into two elements, II-A (nt 1636 to 1690) and II-B (nt 1704 to
1741), the cooperation of which is required for enhancer II
function (39). In this study, two elements have been further
delineated by detailed deletion mapping. A 23-bp sequence,
designated box-a (nt 1646 to 1668), in element II-A and a

A
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12-bp sequence, designated box-, (nt 1704 to 1715), in
element II-B are found to be indispensable and sufficient for
enhancer II function. Yee (38) has shown that the sequence
from nt 1686 to 1775, which does not contain the box-a
sequence, exerts an enhancer activity on the thymidine
kinase promoter of herpes simplex virus. The reason for the
discrepancy between his and our results is unclear.
The dissection of enhancer II into box-a and box-p and the

obligate interaction between the two for enhancer function
suggest an intriguing interplay between the two boxes and
their binding factor(s). It would be interesting to determine
whether an enhancer function would have a stringent re-

quirement for spacing or orientation between the two boxes.
In one example, in which we put a box-p sequence upstream
of an inverted box-a, a 10-fold decrease in enhancer activity
was observed (data not shown). On the other hand, when the
spacing between box-a and box-, was varied and set at 1, 9,
23, and 35 nt (Fig. 2), the enhancer function was largely
unaffected. These results indicate that the spacing between
the two boxes is not under serious constraint. On the other
hand, the positions or relative orientations of the two boxes
seem to play an important role in their combined effects on
transcription activation.
C/EBP binds to the enhancer sequence of several viral

long terminal repeats and the CCAAT homology (16, 19). It
is also a transcriptional activator of the albumin gene in
hepatocytes and of several adipocyte-specific genes in prea-
dipocytes (10, 17, 24). The binding sites for C/EBP have the
consensus sequence T(T/G)NNG(A/C/G)AA(T/G). Several
proteins such as DBP (27), Ig/EBP-1 (32), and LAP (11)
(NF-IL6, AGP/EBP, and IL-6DBP designate the same pro-
tein) (3, 7, 32) also bind to C/EBP binding sites. These
proteins, which are highly homologous in their basic and
leucine zipper regions (22), are considered to form a multi-
gene family, the C/EBP family. However, DBP does not
have the leucine zipper region. Among them, C/EBP has
been shown to form heterodimers with IL-6DBP (LAP) or
Ig/EBP-1 (11, 32, 33). Therefore, members of this family are
able to form many different transcription factors, probably
with different properties.
Box-a (CAAGGTCTTACATAAGAGGACTCTT, nt 1645

to 1669) contains in its center a sequence (TTACATAAG, nt
1652 to 1660) that loosely fits the extended C/EBP consensus
T(T/G)NNG(A/C/G)AA(T/G) (34). Alternatively, box-a ap-
pears to comprise two adjacent but not identical inverted
repeats (CAAGGTCTTAC, nt 1645 to 1655; and ATAAG
AGGACTCTT, nt 1656 to 1669). Footprinting and gel shift
analyses reveal that two proteins, a heat-resistant protein a

and a heat-labile protein b, bind to the box-a sequence.
While the binding region of protein a is from nt 1645 to 1662,
that of protein b is more difficult to define. Mutants AB, CD,
and EF of the box-a sequence, which have 2- to 4-nt
mutations at 1659 to 1663, 1650 to 1653, and 1646 to 1647,
respectively, cannot bind either protein a or protein b. This
finding indicates that the binding of proteins a and b requires
the sequence from at least nt 1647 to 1662.

Protein a is a heat-resistant protein whose binding se-

quence is bound by the recombinant C/EBP protein. There
are indications, however, that protein a is probably a mod-
ified form of C/EBP, a heterodimer containing C/EBP or
other members of the C/EBP family but not identical to
C/EBP. For example, C/EBP and protein a are noted to have
different sequence preferences for binding. The recombinant
C/EBP protein has a much higher binding affinity for its own
binding site than for box-a, while the reverse is true for
protein a. On the other hand, protein b, being heat labile,

may be a member of a C/EBP-like family or of unrelated
nature. Neither protein a nor protein b is identical to C/EBP,
which is consistent with the observation that C/EBP is
expressed at only a trace level in HepG2 cells (12). Interest-
ingly, protein a can form complex a in the absence of
complex b, suggesting it can interact directly with box-a
(Fig. 5B). In contrast, the nature of protein b binding
remains to be elucidated. In addition, it is worth noting that
the signal of complex a, which is not affected by heat
treatment at 90°C for 15 min, is reproducibly observed to be
lower when heated at either 50 or 70°C for 5 min. It is
possible, although unlikely, that the binding protein in com-
plex a is sensitive to heat treatment and that another
heat-resistant protein with a similar molecular weight binds
to box-a and migrates to the same position at 90°C.

Box-f (CCTACTTCAAAGACTGT, nt 1704 to 1720) also
remotely resembles the C/EBP consensus, in which the iT
and AA in the middle TTcaAA sequence are reminiscent of
the most conserved nucleotide residues TT and AA in the
extended C/EBP consensus T(T/G)NNG(A/C/G)AA(T/G). It
is worth pointing out, however, that only two nucleotides
separate the TT and AA pairs in box-P, rather than four as
seen in the extended C/EBP consensus. So far, the binding
of a nucleotide sequence with this feature by members of the
C/EBP family has not been reported. Two relatively heat
sensitive binding proteins, c and d, are found to bind to
box-P. Both proteins have better affinity for the C/EBP
consensus sequence than for box-, itself. However, both
proteins c and d are relatively heat labile, in contrast to the
heat resistance of C/EBP. Thus, they are likely to be
molecules other than C/EBP, such as a modified form of
C/EBP, a C/EBP family member, or a heterodimer formed
between C/EBP family members.

Proteins a and b bind to the indispensable box-a sequence
and are good candidates for trans-acting factors that activate
transcription via interaction with the candidates for box-P3-
binding proteins, proteins c and d. Mutations through the
box-a sequence that abolish the binding of proteins a and b
also render box-a functionless as an enhancer. However,
results so far do not indicate whether proteins a and b are
functionally redundant or are both required for enhancer
function.
C/EBP family members function as transcriptional activa-

tors in the expression of liver-specific and adipocyte-specific
genes (2, 10, 17). They are probably also involved in the
signal transduction of interleukin-1 and interleukin-6 and
some other functions (23, 31, 37). In this study, the interac-
tion between box-a-binding proteins and box-pi-binding pro-
teins is essential to achieve the enhancer function. If pro-
teins a, c, and d are indeed members of the C/EBP family,
the second enhancer of HBV provides a unique model for
investigations of how their interactions lead to transcrip-
tional activation in an orientation- and position-independent
manner.
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