
5. T. T. Egelhoff, S. S. Brown, D.  J. Manstein, J .  A. 
Spudlch, ,Voi. Ceil. Bioi 9, 1965 (1989). 

6.  J. \'ieira and J .  Mess~ng, Methodi Enzy~nol. 153, 3 
(1987). 

7. A. De Lozanne and J. A. Spud~ch, Sr~ei~re 236, 1086 
(1987). 

8.  H .  IM. Warrick, A. De Lozanne, L. A. Leinwand, J. 
A. Spudich, Pror. .Yatl. Amd. Sri. U.S A 83, 9433 
(1986). 

9. Ccll l~ne  HS2210 was grown in 6-liter Erlenmeyer 
flasks, each containing 2.5 liters of HL5 medium. 
Cells were shaken on a gyratory shaker at 200 rpm at 
22°C. MHF was typically purified starting w ~ t h  40 
hters of culture medium, which yielded about 250 g 
of cells. Cells were hanrested at a density of 5 x 106 
cells per mihliter by centrifugation for 7 min at 
2500 rpln in an IEC PR-6000 centrifuge. To in~tiate 
development, cells were suspended at a density of 
2 X lo7 cells per milliliter in a solution containing 
20 11144 2-(.Y-~norpholino)ethanesulfonic ac~d (pH 
6.8), 0.2 mC1 CaC12, and 2 mZ4 IM~SO, and shaken 
at 140 rpln for 4 hours. ALI remaining manipulat~ons 
were performed at 4'C The developed cells were 
washed once with a solution containing 10 mL4 tris 
(pH 8.0) and 1 mL4EDTA and suspended in 1 11 of 
Iysis buffer [SO mZ4 Hepes (pH 7.5), 20 mC1 sodium 
pyrophosphate, 2 nxbf EDTA, 1 mZI dith~othreitol 
( D m ) ,  30% (wlv) sucrose, 0.5 nxV phenylmethyl- 
sulfonyl fluoride (PIMSF), 5 mZ4 benzamldine, .Y- 
tosyl-I -phenylalanine chloromethyl ketone (20 kg/ 
ml), .Ya-p tosyl-I -1ysine chloromethyl ketone (20 
pglml), and leupeptin (10 pglml)] per gram of cells. 
Cells were Iysed by sonication with a Heat-System 
Ultrasonic model W 220-F sonlcator equipped with 
a 0.75-inch flat tip. Unbroken cells and most of the 
cell debr~s were removed by centrifugation for 15 
min at 40,0002. The supernatant was adjusted to 
0.1,V KC1 uslng a 3.21 stock solution and then 
centrifuged at 100,OOOcq for 3 hours. A key step In 
the purification scheme, resulting in a 140-fold 
enrichnient in IMHF, was the formation of an acto- 
myosin pellet by remo\,al of the sucrose from the 
result~ng supernatant [M. Clarke and J. A. Spudich, 
J Aloi. B~ol.  86, 209 (1974)l and the specific release 
of MHF from this pellet by addition of the magne- 
siiu11 salt of ATP (Mg-ATP). The supernatant was 
dialyzed for 48 hours against 10 m,LI 1,4-piperazine- 
diethanesulfonic ac~d  (pH 6.9), 50 mAl KCI, 2 nxbf 
EDTA, 0.5 mJI D m ,  0.2% KaN3, 1 ~ n t l  benzan~i- 
dine, and 0.5 m,LI PIMSF. The actonlyosin precipi- 
tate formed during d~alysis was collected by centrifi- 
gation at 27,0002 for 15 min and washed with HKE 
buffer [ l o  mC1 Hepes (pH 7.5), 50 m,LI KCI, 1 nxbf 
EDTA, 0.5 m,LI DTT, and 1 m,LI benzan~id~ne]. 
The IMHF wa solubilized by extracting the actonlyo- 
sin pellet with HKE buffer containing 10 mZ4 Mg- 
ATP in a Dounce-type homogenizer. The suspen- 
sion was centrifuged at 48,0002 for 15 min. To 
~nduce the formation of actin paracwstals, we In- 
creased the magnesium concentration of the super- 
natant to 12 nxbf M e r  incubation on ice for 30 
nun, 1 nxbf ATP was added to the now turbid 
solution, and the actin paracrystals were removed by 
centrifugation at 100,0002 for 1 hour. A further 
fourfold enrichment in MHF was achieved by pass- 
ing the resulting clear supernatant through a column 
(1.5 by 20 cm) containing a weak anion-exchanger 
matrix (Toyopearl DEAE-650 S) equilibrated with 
HKE buffer. The flow-through, containing the 
MHF, was collected and dialyzed overnight against 
HE buffer [20 m,LI Hepes (pH 7.5), 0.5 mC1 
EDTA, 0.5 m,LI D m ,  and 1 mC1 benz'unidine]. 
The dialysate was then loaded onto a col iu~~n (1.5 by 
20 cm) contaming a strong cation-exchanger matrix 
(Toyopearl SP-650 S) connected to a DEAE-650 S 
column (1.0 by 18 cm). Washing with H E  buffer 
was continued as long as the flow-through showed 
absorbance at 280 1m7. The SP-650 S column was 
then removed, and IMHF was eluted from the 
DEAE-650 S column with a 75-11 gradient from 0 
to 500 m,LI KC1 in HE buffer. This combined 
cation-anion exchanger step led to a further fourfold 
enrichment for MHF. After this step the MHF 
could be used successfully both for the decoration of 
actin filaments and in an in vitro movement assay. 
Traces of impurities could be removed by passing 
the IMHF over a Superose 12 gel filtration colunm. 

10. G. Peltz, J. A. Spudich, P. Parham, J Ceil Biol. 100, 

1016 (1985). 
11. D. J .  Manstem, unpublished obsen-ations 
12. P. B. Moore el a / . , ) .  .!lo/. Biol. 42, 1 (1970). 
13. Actin-activated ATPase activity was measured by 

adding 10 kg  of IMHF to 0.5 nd of assay solution 
containing 17 11144 KCI, 2.7 mZ4 MgC12, 0.7 11144 
EGTA, 0.7 mZ4 DTT, 17 m V  Hepes (pH 7.4), and 
actln. The final concentrations of actin in the assay 
solut~on were 0, 1, 2.5, 5, 10, and 20 k.21. AU assays 
were performed at 30°C Samples (100 p1) were 
removed after 5, 10, 15, and 20 min, added to 50 kl 
of stop-buffer containing 13.3% (wiv) SDS and 
0.121Vf EDTA, and mixed vigorously. The release of 
phosphate was then determ~ned by add~tion of 350 
pl of freshly prepared developer solution [0,S2V 
H2S04, O.5,V arnmoniiu~~ molybdate, and 0.5% (wi 
v) FeSO,]. The absorbance of 550 nm was measured 
[H.  D. White, ,Ve~hods Enrymol. 85, 698 (1982)l. 
ATPase activity in the presence of Ca2+ was mea- 
sured w ~ t h  10 kg of MHF in a 0.5-nd assay volume. 
The assay solution contained 0.6,V KCI, 5 nxbf 
CaC12, 4 ~ n t l  ATP, and 10 nxV Hepes (pH 7.4). 
ATPase activity in the presence of EDTA was 

measured in a similar way except that 25 pg of MHF 
was used and the assay solution contamed 0.6M 
KCI, 5 nxV EDTA, 4 nxV ATP, and 10 m V  Hepes 
inH 7.4). 

14. S. C. ~ b c k r i n  and J. A. Spudich, Pror. Sail. Al-ad. 
Sci. U . S . A  73, 2321 (1976). 

15. S. J. Kron and J. A. Spudich, ibid. 83.6272 11986). 
16. K. M. Ruppel, T. T ,  kgelhoff, J .  A Spudich, J. cell 

Biol. 107, 260 (abstr.) (1989). 
17 H .  E. Huxley, J Mol. Bioi. 7, 281 (1963). 
18. We thank E. Kubalek for providing micrographs 

showing IMHF-decorated actin filaments; J. T1'. La- 
Claire I1 and T.  Q. P. Uyeda for help with the in 
vitro motility assay; T .  A. ~Mietzner for the gift of 
peptlde antibody P5020; D. A. Kaiser and T D. 
Pollard for the gift of antibody M 11.42; and T T .  
Egelhoff for his help in finding suitable expression 
vectors for Dirryosteliun~. Supported by NIH grant 
GIM 33289 (J.A.S ). D.J.M was a recipient of a 
fellowship from the Deutsche Forschungsgemeins- 
chaft (1Ma 1081-212) 

20 June 1989; accepted 12 September 1989 

A Liver-Specific Enhancer in the Core Promoter 
Region of Human Hepatitis B Virus 

An 88-base pair fragment in the core promoter of the human hepatitis B virus (HBV) 
contains a functional promoter and a strong liver-specific enhancer. This enhancer 
functions in human hepatoma cells, where it is much more active than the previously 
described HBV enhancer in stimulating expression of the linked bacterial chloram- 
phenicol acetyltransferase gene expressed from heterologous promoters. Studies of the 
role of this enhancer-promoter in HBV may help to clarify mechanisms of gene 
expression in cells infected with HBV and the role of the virus in the pathogenesis of 
hepatitis and hepatocellular carcinoma. 

H EPATITIS B VIRUS (HBV) IS A cates in human hepatoq~es (3). Two major 
human hepatotropic virus that has HBV-specific mRNA species have been de- 
infected approximately 200 mil- tected in the liver of HBV-infected chirnpan- 

lion people world\vide. HBV causes either zees (4); a subgenornic 2.1-kb RNA encoding 
an acute or a chronic viral hepatitis, and the major surface antigen (HBsAg) and a 3.5- 
chronic active hepatitis and liver cirrhosis kb terminally redundant RNA, slightly 
are major causes of mortality. Furthermore, longer than genome length, encoding the 
epidemiological studies have shown that in- core antigen and possibly the DNA poly- 
fection with HBV is closelv associated with merase. The latter transcri~t is ultimatelv 
an increased risk of primary hepatocellular 
carcinoma, one of the most common cancers 
in the world ( 1 ) .  Further evidence support- 
ing the tumorigenic role of chronic HBV 
infection comes from the high incidence of 
hepatoma in \voodchucks infected with 
woodchuck hepatitis virus (WHV) (2). Two 
years after initial viral infection, almost all of 
the animals developed hepatoma. However, 
since the precise role of HBV in hepatocel- 
lular tun~x-igenesis remains unclear, it is 
particularly important to elucidate the 
mechanisms that control the HBV life cvcle 

packaged into the viral nucleocapsid and 
senTes as a template for viral DNA synthesis. 
A sequence resembling the late promoter of 
SV40 may direct the synthesis of the 2.1-kb 
RNA (4) ,  but the promoter for the 3.5-kb 
RNA has not been identified. The 3.5-kb 
genomic transcript has never been detected 
in nonhepatic cells transfected with HBV 
DNA, but it has been found in well-differ- 
entiated human hepatoma cell lines (Hep 
G2, HuH6, and HuH7) transfected by the 
cloned HBV genome (5), suggesting that 
liver-s~ecific factors are needed for correct 

and regulate its gene expression. transcription from the core promoter. In 
The principal site of clinical pathology for contrast, the 2.1-kb subgenomic HBV 

HBV is the liver, and HBV actively repli- mRNA has been observed in a wide variety 
of transfected cell lines of diverse tissue and 

Department of Pediatrics, M-034, School of Medicine, 'pecies origin ( 6 ) ,  suggesting a lack 
University of California, San Diego, La Jolla, CA 92093. of tissue specificiq for the promoter of the 
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Table 1. Assays of transient expression of the core promoter deletion mutants in transfected cells. 
Plasmid DNAs were introduced into cells by the method of calcium phosphate-mediated coprecipita- 
tion (10). CAT assays were performed 48 hours after transfection as described previously (11). The 
relative CAT activity of each construct was calculated as a percentage of that of pTKCAT. The values are 
the means of two to five independent experiments t standard deviation (SD). 

- - - - - - - 

Relative CAT activity (SD) 
Plasmid 

BHK CV 1 HuH6 Hep G2 

pTKCAT 1 1 1 1 
pCCATl 0.016 (0.003) 0.004 (0,001) 16 (7) 3.8 (0.2) 
pACCAT1 0.004 (0.001) 0 (0) 18 (7) 0.5 (0.2) 
pACCAT2 0.013 (0) 0.004 (0,001) 14 (2) 1.1 (0.1) 
pACCAT4 0.010 (0.004) 0.009 (0.003) 13 (3) 1.5 (0.7) 
pACCAT7 0.093 (0.009) 0.055 (0.002) 43 (4) 3.5 (0.6) 
pSKCAT 0.015 (0.008) 0.010 (0.001) 0 (0) 0 (0) 

HBsAg gene. 
A transcriptional enhancer has previously 

been identified within a 200-bp region ap- 
proximately 600-bp upstream from the tran- 
scriptional initiation sites of the 3.5-kb mes- 
sage (Fig. 1) (7) .  Enhancement of transcrip- 
tion by this fragment was modest in nonhe- 
patic cells, but was substantially greater in 
several cultured hepatoma cells. However, 
the same HBV enhancer activated transcrip- 
tion in a relatively cell-independent manner 
when it was located either 5' to the promot- 
er or in the 3 '  untranslated region'of gene 
constructs (8). These latter results argue 
against a role for this enhancer in directing 
tksue-specific expression of HBV genes and 
raise the possibility that other regulatory 
sequences may determine the liver-specific 
expression of the 3.5-kb genomic message. 
Because of the importance of the 3.5-kb 
transcripts in the life cycle and pathogenicity 
of the virus, we sought to identi* regula- 
tory sequences in the core promoter and to 
determine the relation b&een the core 
promoter and the HBV enhancer. 

In order to identify the sequences that 
regulate the synthesis of the 3.5-kb tran- 
scripts, I isolated an 844-bp Rsa I fragment 
from the cloned HBV DNA of subtype adr 
(Fig. 1) (9) .  This fragment spans the region 
containing the previously described HBV 
enhancer as well as the region between the 

enhancer and the ATG initiation codon of 
core antigen. Fragments containing a series 
of deletions from the 5' end of the 844-bp 
fragment were isolated by restriction en- 
zyme digestion and linked to the chloram- 
phenicol acetyltransferase (CAT) gene as 
illustrated in Fig. 1. The effect of these 
deletions was analyzed by transient expres- 
sion assays of CAT activity after calcium 
phosphate-mediated transfection of each 
plasmid into Hep G2 and HuH6 cells (10). 
Several cell lines, including baby hamster 
kidney (BHK) cells, monkey CV1 cells, and 
HeLa cells, were used as nonliver controls. 
The CAT activity of each deletion mutant 
was measured (1 1) and normalized to CAT 
expression from control plasmid pTKCAT, 
in which the CAT gene is expressed from 
the promoter of the herpes simplex virus 
(HSV) thymidine kinase (TK) gene (12) 
(Table 1). 

In both transfected BHK cells and CV1 
cells, the full-length Rsa I fragment present 
in pCCATl has very little promoter activity 
relative to that of the pTKCAT control. 
Deletion of the HBV enhancer to produce 
pACCAT1 resulted in one-fourth as much 
CAT activity in BHK cells and undetectable 
levels of CAT activity in CV1 cells. Further 
deletion in mutants pACCAT2 and 
pACCAT4 resulted in a modest increase in 
CAT activity compared to that of the 

Fig. 1. Construction of the (1319) 

core deletion mutants. A de- Sac l l  

tailed map of the core pro- 
moter region is shown. The ('98) Enhancer 
sites of restriction enzymes 

Plasmid 
used to construct the dele- 

Rsa I site at position 1645 is situaied about 40 Ybp upstream 
from the start of the core open reading frame. pACCAT7 
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tion mutants are shown to- 
gether with their positions p/////////////////////////////////////~ CAT I PCCATI 
in the HBV genome (9). 

pACCAT1. The deletion mutant 
pACCAT7, which contains only 88 bp of 
the HBV core promoter, showed more than 
20 times as much CAT activity when com- 
pared with that of the pACCAT1 in BHK 
cells, suggesting that a cis-acting repressing 
element may exist between the Bam H I  site 
at position 1272 and the Hinc I1 site at 
position 1554 that blocks or diminishes 
transcription from the core promoter in 
BHK cells and CVI cells. The plasmid 
pSKCAT, which contains the CAT gene 
and no HBV sequences, had low but detect- 
able levels of CAT activity in both BHK 
cells and CV1 cells. Similar studies were 
performed in HeLa cells, and none of the 
constructs containing the core promoter 
fragments showed any detectable levels of 
CAT activity (13). In contrast, in HuH6 and 
Hep G2 cells, the plasmid pCCATl as well 
as all the plasmids missing the previously 
described enhancer showed high levels of 
CAT activity when compared with that of 
the pTKCAT control. However, in tran- 
siently transfected Hep G2 cells, the pro- 
moter activity of each HBV fragment was 
114 to 1135 that found in HuH6 cells, 
suggesting that the cellular factors involved 
in the regulation of liver-specific gene 
expression from the core promoter may be 
different in the two human hepatoma lines. 
No CAT activity could be detected in 
pSKCAT-transfected hepatoma cells. 

The 88-bp Hinc 11-Rsa I fragment of the 
core promoter in the construct pACCAT7 is 
more than 40 times more active than the 
control pTKCAT in transfected HuH6 cells 
(Table 1). In order to determine if this 
fragment has the properties of a liver-specif- 
ic enhancer in hepatoma cells, it was intro- 
duced in both orientations into pTKCAT 
either immediately upstream from the 
TK promoter (plasmids pCTKCAT2 and 
pCTKCAT3) or downstream from the CAT 
gene (plasmids pTKCATCl and pTK- 
CATC2) (Fig. 2A). Both transiently trans- 
fected HuH6 cells and Hep G2 cells ex- 
pressed high levels of CAT activity irrespec- 
tive to the positions and the orientations of 
the HBV sequence when compared with 
that of the control pTKCAT (Table 2). This 
increase in CAT activity was liver-specific, 
since no enhancement was observed in BHK 
or CV1 cells with any of these plasmids. 
When transcription initiation sites for the 
constructs pTKCATCl and pTKCATC2 
were mapped by primer extension analysis, 
enhanced transcription from the correct ini- 
tiation sites of the HSV TK promoter was 
clearly seen in transfected HuH6 cells, and 
no enhancement could be observed in trans- 
fected BHK cells (Fig. 3). In Hep G2 cells, 
the 88-bp fragment was 115 to 1/10 as 
effective in stimulating CAT expression 

The closed bar represents f7///////////////1 CAT 

REPORTS 659 

~ACCATI 

the approximate position of 
the previously mapped ~///////////4 CAT 1 pACCAT2 
HBV enhancer, and the 
hatched bars indicate the lo- e pACCAT4 
cation and size of the HBV core promoter fragments. The 



A B 
m pTKCAT 1554 1594 

1554 1645 I L I - GTCAACGACCGACClTGAGGCATAClTCAAAGACTGlTGT 

PCTKCAV 
1645 1554 1595 + + 1645 

pcTKCAT3 1 - I 
nAAAGAcTGGGAGGAGTTGGGGGAGGAGAnAGGlTAAAGGTcmGTAc 
U d pTKCATC1 yi.1 

U U 
Mse I Rsa l 

pTKCATC2 Fig. 2. The DNA sequences of the 88-bp core fragment and 
798 1272 structure of pTKCAT-derived plasmids containing HBV 

pCTKCAT1 sequences. (A) The DNA sequence of the 88-bp core 
fragment together with the relevant restriction enzyme sites 

p m A T a  are indicated. The pairs of direct repeats are shown as thin 
pTK,T, 

and thick arrows. The orientation of the arrows is the same 
as the direction of transcription of HBV genes. (B) The 

4444 
mvmpTKCATCS structure of the pTKCAT-derived plasmids. The inserted 

HBV sequences are represented by hatched bars. The arrows 
indicate the relative orientation of each fragment to the direction of transcription of HBV genes. 

from the TK promoter as in HuH6 cells. In 
contrast, the construct pCTKCAT1, which 
contains the previously identified HBV en- 
hancer inserted upstream from the TK pro- 
moter, showed little difference in CAT 
expression in transfected Hep G2 cells or 
HuH6 cells (Table 2). Similar to the results 
with the HSV TK promoter, the 88-bp 
fragment efficiently directed hepatoma-spe- 
c8c CAT expression fiom an enhancerless 
SV40 early promoter when it was inserted 
immediately downstream of the CAT gene 
(13). As a control, the 103-bp Apa L1-Hinc 
I1 fragment of the core promoter (which 
does not contain the 88-bp fiagment) was 
inserted in both orientations into pTKCAT 
immediately upstream fiom the TK promot- 
er; no significant increase in CAT activity 
relative to that of the pTKCAT could be 
observed either in HuH6 or BHK cells (13). 
Thus, the 88-bp core fragment is able to 
function as a tissue-specific enhancer and 
can activate transcription from heterologous 
promoters in an orientation- and position- 
independent manner. 

The nucleotide sequence of the 88-bp 
core fragment is shown in Fig. 2B. A strik- 
ing feature of this region is the presence of 
two pairs of direct 8-bp, partially overlap- 
ping repeats. To dissect the enhancer activi- 

ty fiuther, we inserted one or two copies of 
the 35-bp Mse I segment extending from 
1597 to 1631 containing one copy of the 
first direct repeat and both copies of the 
second direct repeat into the consrmct 
pTKCAT to produce plasmids pTKCATC3 
and pTKCATC4, respectively (Fig. 2A). In 
HuH6 cells, expression of the CAT gene 
from the TK promoter in pTKCATC3 was 
stimulated about threefold by inclusion of 
one copy of the Mse I segment, whereas 
insertion of two tandem copies of the Mse I 
segment in pTKCATC4 stimulated CAT 
expression greater than 25 times that of the 
TK promoter (Table 2). Four tandem copies 
of the Mse I segment in pTKCATC5 further 
increased CAT expression only slightly rela- 
tive to that of pTKCATC4. The enhance- 
ment of CAT activity in pTKCATC4- or 
pTKCATC5-transfected HuH6 cells was at 
least 1/51 as much as that in pTKCATC2- 
transfected HuH6 cells (Table 2), indicating 
that other portions of the 88-bp core fiag- 
ment are crucial for full enhancer activity. 
None of these plasmids containing the Mse I 
segment showed enhanced levels of CAT 
activity in nonhepatic cells compared with 
that of the pTKCAT control, indicating that 
the enhancer activity in this segment is liver- 
specific. Although the complete 88-bp fiag- 

Table 2. Activation of transcription from the HSV TK promoter by the core enhancer relative to the 
level of gene expression fiom control plasmid pTKCAT. DNA transfection and CAT assays were 
performed as'described in Table 1. The values are the means of two to five independent experiments + 
standard deviation. 

Relative CAT activity (SD) 
Plasmid 

BHK CV1 HUH6 Hep G2 

ment stimulates CAT expression in Hep G2 
cells, none of the constructs containing the 
Mse I fragment showed any increased level 
of CAT activity in transfected Hep G2 cells. 

The relatively low enhancer activity of the 
88-bp fiagment in the Hep G2 cell com- 
pared with that in the HuH6 cell may reflect 
differences in the availability of cellular tran- 
scription factors that interact with separate 
motifs within the 88-bp region in the two 
cell types. Previously, stable transformants 
that produce replicative intermediates and 
Dane particlelike structures have been iso- 
lated from Hep G2 cells and HuH6 cells 
after transfection with full-length HBV 
DNA (5). However, in stable HuH6 clones 
the relative abundances of the 3.5-kb pre- 
genomic RNA and 2.1-kb RNA are about 
equivalent, whereas in Hep G2 cells the 3.5- 
kb message is less abundant than is the 2.1- 
kb message (5). This may be due to the 

Fig. 3. Primer extension analysis of transcripts 
expressed in plasmids containing the core en- 
hancer. The HuH6 cells and the BHK cells were 
transfected with 15 pg of pTKCATC1 (lanes 1 
and 4), pTKCATC2 (lanes 2 and 5), or pTKCAT 
(lanes 3 and 6) together with 5 pg of pRSVCAT 
(1 7) as a control for the dciency of transfection. 
A labeled 27-base CAT primer was used to hy- 
bridiz.e with RNAs isolated from transfected cells, 
and the primer extension assay was performed as 
described in (18). Arrows labeled TK and RSV 
represent the RNAs correctly initiated at the TK 
and RSV promoters, respectively. End-labeled 
DNA fragments of pBR322 DNA digested with 
Msp I are shown in lane 7 as size markers. (A) The 
gel was exposed for 18 hours. (8)  The same gel in 
(A), exposed for 72 hours, and only the area 
containing the correctly initiated RNA from the 
TIC promoter is shown. 
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differential use of the core promoter by the 
two cell lines, an explanation that would be 
consistent with our obsenlation that the 
enhancer in the 88-bp core fragment is more 
active in HuH6 cells than that in Hep G2 
cells. Since Hep G2 and HuH6 cells may 
represent hepatocytes arrested at different 
stages of differentiation, as indicated by the 
fact that they express different sets of liver- 
specific proteins (14)) this core enhancer 
may be developmentally regulated. Honig- 
wachs et al. have recently shown that a 
similar core fragment failed to activate CAT 
expression in hepSK cells, a de-differentiated 
human liver line (15). Together, these re- 
sults raise the interesting possibility that the 
absence of HBV replication and core gene 
expression observed in advanced hepatocel- 
lular carcinoma could be due to the decrease 
of the core enhancer activity in proportion 
to the de-differentiation of the infected he- 
patocytes. 

It has been suggested that the previously 
described HBV enhancer may determine in 
part the liver-specific expression of the HBV 
pregenomic RNA (16). The results present- 
ed here indicate that the previously de- 
scribed enhancer does indeed function in 
human hepatoma cells, but it also stimulates 
CAT expression in nonhepatic cells. In con- 
trast, activity of the enhancer located in the 
88-bp core promoter region is restricted to 
human hepatoma cells. Since the 88-bp frag- 
ment by itself is sufficient to direct efficient 
CAT expression in hepatoma cells, it obvi- 
ously also contains a functional promoter 
which, together with the tissue-specific en- 
hancer, may account for the liver specificity 
of HBV gene expression. These studies of 
the HBV core Dromoter have demonstrated 
that a liver-specific enhancer activates 
expression from the core promoter in highly 
differentiated hepatoma cells. Deletion anal- 
ysis of the core-promoter region also sug- 
gests that a negative element in the core 
promoter may account for the extremely low 
activity of this promoter in nonhepatic cells. 
Such a combination of positive and negative 
regulatory effect may attribute to the highly 
liver-specific expression of the HBV 3.5-kb 
pregenomic RNA. The discovery of these 
regulatory signals in HBV should allow 
more informative studies on the regulation 
of HBV expression and replication in infect- 
ed cells and the role of HBV in the develop- 
ment of hepatic malignancies. 
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Initiation by Yeast RNA Polymerase I1 at the 
Adenoviral Major Late Promoter in Vitro 

Transcription of the yeast CYCl promoter fused to a sequence lacking guanosine 
residues provided a rapid, sensitive assay of initiation by RNA polymerase I1 in yeast 
extracts. Initiation was enhanced by yeast and mammalian activator proteins. The 
adenoviral major late promoter fused to  the G-minus sequence was transcribed in yeast 
extracts with an efficiency comparable to that observed in HeLa extracts, showing that 
promoters as well as transcription factors are functionally interchangeable across 
species. Initiation occurred at different sites, approximately 30 and 63 to 69 base pairs 
downstream of the TATA element of the adenoviral promoter in HeLa and yeast 
extracts, respectively, distances characteristic of initiation in the two systems in vivo. A 
component of the transcription system and not the promoter sequence determines the 
distance to  the initiation site. 

ANY ASPECTS OF TRANSCRIPTION 

by RNA polymerase I1 are con- 
senled between yeast and higher 

eukaryotes. There is extensive amino acid 
sequence similarity among the largest sub- 
units of the yeast, Dvoroplzila, and mammali- 
an polymerases (1) .  Other components of 
the transcription apparatus, such as TATA- 
binding and enhancer-binding factors, are 
functionally interchangeable between yeast 
and mammalian systems (2-5). There are, 
nonetheless, significant differences between 
the two systems. TATA elements are located 
from 40 to 120 or more base pairs upstream 
of the initiation site of a yeast promoter, and 
where these elements occur, they are abso- 
lutely required (6). By contrast, the distance 
between TATA elements and transcription 
start sites is smaller, 25 to 30 bp, and more 
uniform among mammalian promoters; in 
some cases, deletion of a TATA element 
does not reduce the frequency of initiation 
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but rather impairs the precision of the pro- 
cess (7). It has been shown that if a yeast 
TATA-binding protein is substituted for the 
corresponding factor from HeLa cells, initi- 
ation still occurs in the manner characteristic 
of mammalian systems (2, 3). This implies 
that a factor other than the TATA-binding 
protein measures out the distance to the 
initiation site, or  that the promoter sequence 
dictates the location of the site. Here we 
report on studies with a yeast transcription 
system that rule out the latter possibility and 
that may help identify the protein factor that 
locates the initiation site. 

The recent development of a yeast RNA 
polymerase I1 transcription system (8) de- 
pended on hybridization with an RNA 
probe to reveal accurately initiated tran- 
scripts against a high background of nonspe- 
cific reaction. This method of detection is 
time-consuming and laborious. We tried a 
number of alternatives, such as run-off and 
primer extension assays, and had most suc- 
cess with an approach involving transcrip- 
tion of a template devoid of G residues (9). 
A form of the yeast CYCl promoter was 
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