
suggest that their interactions may be evaluated Karplus, S. L. Schreiber, J. A m .  Chon. Soc. 113,2339 Schreiber, Nature 346, 671 (1990). 
(1991). 20. R,,, = Z I - ( I )  I El, R factor = Z 1 F,, - F, 1 with use of this structure' A detailed compari- 7 .  M. W. Albers, C .  T. Walsh, S. L. Schreiber, J. Org. nF0, the coefficients of the Fourier sum for a 2F,, - F, 

son of the Structure of FKBP and the F m P -  Chem. 55,4984 (1990). electron density map are (ZF,, - F,)exp(i+,), where I is 
FK506 complex is likely to provide 8.  A. Horovitz, L. Serrano, R. Avron, M. Bycroft, A. R. an observed intensity mawred more than once, F,, is an 

Fersht, J. Mol. Biol. 216, 1031 (1990). observed structure factor magnitude, and F, and +, are into the mechanism rotanlase 9. H.  Tanakaetal., J.  A m .  Chew,. Soc. 109,5031 (1987 .  the amplitude and phase, respectively, of a s u u m e  
vsis. The determination of the molecular inter- l o .  The solution conformations for both cis and uans factor calculated from the refined model. 

actions of the binary complex reported herein 
with protein targets implicated in studies of 
signaling mechanisms could provide profound 
insights into the biological properties of these 
molecules (1 8). 
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HBV X Protein Alters the DNA Binding Specificity 
of CREB and ATF-2 by Protein-Protein Interactions 

The hepatitis B virus (HBV) X gene product trans-activates viral and cellular genes. 
The X protein (pX) does not bind independently to nucleic acids. The data presented 
here demonstrate that pX entered into a protein-protein complex with the cellular 
transcriptional factors CREB and ATF-2 and altered their DNA binding specificities. 
Although CREB and ATF-2 alone did not bind to the HBV enhancer element, a 
pX-CREB or pX-ATF-2 complex did bind to the HBV enhancer. Thus, the ability of 
pX to interact with cellular factors broadened the DNA binding specificity of these 
regulatory proteins and provides a mechanism for pX to participate in transcriptional 
regulation. This strategy of altered binding specificity may modify the repertoire of 
genes that can be regulated by transcriptional factors during viral infection. 

C ONTROL OF EUKARYOTIC GENE TRAN- 

scription is a tightly regulated process 
mediated by nuclear factors whose 

availabilities are determined by cell type, Mer-  
entiation state, and cell cycle (1). During viral 
infection, this system of coordinate regulation 
is perturbed by the activity of one or more viral 
gene products. In many cases, these viral pro- 
teins activate cellular transcription factors that 

associated with the development of hepatocel- 
lular carcinoma (3). The small genome of this 
virus encodes four genes whose transcriptional 
activities are controlled by at least four promot- 
ers and two enhancer elements (3, 4). The 
16.5-kD product of the HBV X gene, pX, is a 
transcriptional trans-activator capable of elevat- 
ing transcription governed by a variety of viral 

interact with cis-acting elements present in viral 
Fig. , Elemnts of the 

promoters and enhancers, resulting in the HBV that are D ~ .  

expression of viral genes (1, 2). responsive. Luciferase gene H P ~  1 
Human HBV ideas hepatocytes and causes expression (18) was under 966 

acute and chronic liver disease. Infection is the of the simian vi- - 
rus 40 (SV40) early pro- FP V l l l  V I '  

moter. which was linked to 
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and cellular control elements (5, 6). Similar to 
the herpes virus VP 16 or adenovirus E M  gene 

(7, 8), pX does not bind independent- 
ly to responsive DNA sequences. An alterna- 
tive mechanism through which pX might acti- 
vate gene expression isthrough proteinIprotein 
interactions with cellular transcription factors 
(7). 

Several investigators have described tran- 
scriptional stimulation of reporter genes linked 
to the HBV enhancer element that is mediated 
by pX (5, 6). The NF-KB sequence motif 
within the human immunodeficiency virus 
long terminal repeat is the target of pX-medi- 
ated activation (6). A cryptic NF-KB element is 
located within the HBV enhancer at nucleotide 
984. Although a reporter construct containing 
this HBV sequence is activated tenfold com- 
pared to conk01 plasmids (Fig. l ) ,  purified 
NF-KB does not bind to this sequence motif 
(9). A second pX-responsive element was also 
locahd  within the HBV enhancer (Fig. 1). 
This region contains overlapping binding sites 
for multiple transcription factors, including 
NF-1, C/EBP, AP-1, CREB, and ATF (10). Zn 

Fold 

CRE-like stimulation 

TGACGCAA ",P,",g by pX 

elements within the HBV 12 
enhancer. HepG2 or a stably 
transformed pX-expressing - 1 

cell line (GET) was trans- 12 
fected with the HBV en- 
hancer constructs indicated by the black lines, either alone or with a plasmid that encodes pX (19). Fold 
stimulation of transcription in the presence of pX is compared to basal levels achieved with the SV40 
early promoter alone. Transfection efficiency was normalized with the pSV2p-galactosidase plasmid. 
FP, footprint sites protected in the DNase I assay, numbered in the order of their discovery. 
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vim b i i  of C/EBP, AP-1, and NF-1 to 
HBvenhancer~doesnotrequirepx 
(9, 10). l l m e h q  we focllsed on the interac- 
tions between pX and members ofthe CREB- 
ATF f h i l y .  
TheccllulartransaipdonfactorsCREBand 

ATF-2 (or CRE-BPI) picipate in the induc- 
ible q o m e  of several prwwffplrs and enhanc- 
ers to acknociine 3',5'-monophosphate 
(cAMP)orthmughtheaaivityoftheab 
virus E1A protein (1, 2, 8, 11). These factors 
bind to a ccmsams CAMP response ha  
(CRE) with the sequence TGACGICA (1,2, 
11). A CRE-like quence ('IGACGCM) is 
located within the HBV enhancer. With an 
elcamp-c mobility shift assay, indepen- 
d e m b i i o f p X t o H B V e n h a n c e r s c  
quenm was not d d  (9). In addition, 
n e i k  CREB nor ATF-2 bound to the CRE- 
related saque~x in the HBV enhancer (Fig. 
2A). However, inclusion of pX in the b i i  
rmctions that contained either CREB or 
ATF-2 rrsulted in a DNA-protein interaction 

(Fii. 2A). 'Ihis heraction was abolished with 
an excess of unlabeled enhancer DNA (9). That 
pX is an integral part of the protein-DNA 
complex is supported by two additional lincs of 
evidence. Fim, sequential dilution of pX in the 
reaction * l-esuhd in an equivalent de- 
crease in the number of comflexes formed 
(Fig. 2B). Second, addition to the binding 
d o n  of an antibody to pX (12) marded the 
mobiity of the complex (Fig. 2C). We ob- 
tainedsimilar &IS using seturn with antibod- 
ies to CREB (9). Addition of pre-immune 
serum to the binding reactions did not alter the 
mobility of the complex (9). 
TheHBVDNAseqUmcerecognizedbythe 

p t e i n  compkx was defined with deoxyrib 
n u b  I (DNase I) p d o n  analysis. Al- 
thoughnoprotedonoftheHBVenhancer 
sequence was observed when CREB, ATF-2, 
orpXwexpresentaloneinthebiireac- 
tions, a distina pattem of p t e t i o n  was ob 
served afim addition of pX to reactions that 
contained CREB or ATF-2 (Fig. 2E). The 

lancer fragr 
*P end-l; 
-Hpa II), 
rlexes were 
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Fig. 2. Binding of CREB A CREB AlF.2 B ATF2+X C -- ATF-2 CAEB 
and ATF-2 to the HFV - x Y 10 5 1 10 x x t ~ b  x X+AL 
enhancer in the preser - 
of pX. Partially purif 
proteins (12, 13) w' 
mixed with an HBV L,,- 
h vk. 

icc 
m- 

3 4 5 6  

with the 
Nr ATF-2, 
7 and 8, 
to which 
mcentra- 
enhancer . .. 

ies 2 and 
antibody 
10 min 

I and 7). 

ATF-2, or 
le numbers 
X. 

F by 
electrophorcsls with a 5% 
polyacrylamide gel. In (A) 
to (C) lane 1 represents 
the probe in the absence of 
added protein (indicated 
by the arrow in the right 
margin). (A) Lanes 2 and 1 2 7 8 9  
5, or 6 and 9, binding reactions 
HBV enhancer probe and CREB o 

D CREE 
-- 

respectively. Lanes 3 and 4 or  : X 
/ A  0 1 1 5 5 . 5  :oqo :o,,O ! reactions with CRER and ATF-2 -. 

pX was added. (B) Effect of pX cc 
tion on complex formation. HRV " 'YYU 
DNA was incubated with ATF-2 and pX , 

am 
under standard binding conditions (lanes 2 , 

m - r j m a ~ m  
and 5) or with a constant amount of ATF-2 , 
and with decreasing amounts of pX (lanes 3 F ~ i a ~ a f i a  - .- -- - 

w e o n s  the sequences 
that cormpond to the CRE-like element in the 
HBV enhanca. Under similar conditions, 
botfi CREB (Fig. 2D) and ATF-2 (13), in the 
absence of pX, bound to a comemus CRE 
sequena fiam the human a-gonadotmph 
gene promoter, vedjmg that the recombinant 
proteim exhibited DNA b i i  specificity. 
We have obtained similar results using CREB 
derived fiam a Baculovirus eJqwession system 
(13), suggesting that potential difkmes in 
post-transla- modification did not Mu- 
ence interactions between CREB, pX, and 
HBV DNA. These observations support a 
model in whid CREB and ATF-2 alone have 
weak &ty for the HBV CRE-like ekmaq 
the prsence ofpX would s t d b k  their bind- 
ing. ?his d d  result firm a anthnnational 
changeinducedby*-~in- 
or by a modification confknd by an enzymatic 
activity associated with pX 

We itlMstigated the ability of puri6ed 
ATF-2tointet;lcedirecdywithpXbyutilizing 
a sensitive assay for analyzing protein-protein 
intendons (13). In this assay, we used 12'1- 
labeled mombinant peptides in solution to 
detect direct @-protein immadm with 
p& immobilized on a n i w  filter. 
We immobilized ATF-2, pX, or conaol BL21 
b a d  proteins on a n i e  filter un- 
der nondenaturhg conditions. Incubation of 
the films with 1251-labeled ATF-2 peptide re- 

and 4). Numbers at the top of the lanes 
indicate the amount of pX (micrograms). 
(C) Presence of pX in the DNA-protein 
complex. HBV enhancer DNA was incubat- 
ed with ATF-2 or CREB in the oresence 
(lanes 3,4,6, and 7) or absence (la 

ATF-2 

Fig. 3. 
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(A) Di- 

I 
h-  

5)  of pX. After complex formation, 
(A6) to pX (12) was added for 1 
bcfore gel electrophoresis (lanes 4 I - 
(D) DNase I protection analvsis with CREB ---u 

and the human a-gonadotropin gene pro- -*om 
motcr. DNA was incubated with CRER at 

- 1  
;;;a 

the concentrations indicated at the top of 
each line (nanograms) and was partiallv digesttu WILIL u r ~ a s e  I. The ~LIIICU V& ~ndicates thc ~ L V L L C L L U  

region relative to the transcription start site (nucleotide numbers - 11 1 through - 150). G/A, the G and 
A sequencing lane. (E) DNase I protection analysis with CREB or ATF-2 and the HBV enhancer. 
Reaction mixtures that contained CREB or ATF-2, with or without pX, were subjected to limited 
treatment with DNase I. The products were separated with a sequencing gel of 8% polyacrvlarnide- 
urea. Numbers above each lane indicate the protein concentrations (nanograms) of CREB, 
pX that were incubated with HRV DNA. The vertical bar indicates the nucleotides (nucleotid 
1199 through 1186) in the HRV DNA sequence that were protected in the presence of p: 

I l -  

rect proteln-pro- 
tein interactions 
between HBV ,,x- 
pX and ATF-2. 
Protein interac- 
tions were a n a l e  by a modification of the assay 
described (13). Brietly, 500 ng of purified ATF-2 
(350-505) recombinant peptide, 500 ng of puri- 
fied pX, or 10 kg (20-fold exces) of BL2 1 bacterial 
lysate were immobilixd on a ninoceliulose filter by 
the technique of slot blotting. The filter was incu- 
bated in nonfat dry milk for 1 hour to block 
nonspecific protein binding and then probed at 
room tempature for 8 hours with ATF-2 peptide 
that was '-'I-labeled, washed extensively, and sub- 
jected to autoradopphv. ( 8 )  Protein kinase ac- 
tivity of pX. Immunoprecipitates immobilized on 
protein ASepharose beads (Pharmacia) were as- 
sayed for the presence of pX-specitic protein kinax 
activity as described (20). Lanes 1, 3, and 4 repre- 
sent the products of reaction$ with immobilized 
pX. Lanes 1,2, and 5, calfthymus histone H1; lane 
3, C U B ;  lane 4, ATF-2; lane 5, includes the 
products of a control reaction with extract prepared 
from the host bacterium BL21. 
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suited in a specific interaction with immobi 
lized ATF-2 and pX, but not with the bacterial 
lysate BL21 that lacked these proteins (Fig. 
3A). 

CREB and ATF-related proteins mediate 
gene expression after activation by protein ki
nases (14). The identification of a protein ki
nase activity associated with pX (15) suggests 
that CREB or ATF-2 may be a substrate for 
the pX kinase. However, under conditions in 
which phosphorylation of calf thymus histone 
H I by pX was demonstrable, protein kinase 
activity was not evident when CREB or ATF-2 
was used as substrate (Fig. 3B). Consistent 
with these observations, we have detected the 
pX-mediated binding of truncated forms of 
both CREB and ATF-2 in which potential 
phosphorylation sites have been deleted (?, 
16). Taken together, these data demonstrate 
that the direct protein-protein interaction re
sulting in DNA-binding specificity is indepen
dent of the kinase activity of pX. 

The data presented demonstrate that pX 
engages a CRE-like sequence in the HBV 
enhancer by direct protein-protein interactions 
with CREB or ATF-2, resulting in an altered 
DNA binding specificity. Like other viral trans-
activators, such as VP16 and E1A (7, 8), pX 
does not bind DNA directly. However, pX 
differs from El A and VP16 in that neither of 
these proteins alters the specificity of the DNA-
protein interaction. The inability of CREB or 
ATF to bind to the HBV CRE-like element in 
the absence of pX may be due to the lack of 
complete homology to the CRE consensus 
sequence, the contribution from the flanking 
sequences, or both. Because a number of puri
fied proteins bind to the HBV enhancer, pX 
may participate in the selection of specific pro
tein combinations whose interactions result 
in the alteration of transcriptional activity. 
Whether pX possesses an independent acti
vating domain as suggested (17) or augments 
functional domains present in the protein 
complex remains to be determined. Within 
the context of the HBV genome, it is possible 
that trans-activation occurs by alternative 
mechanisms that are not mutually exclusive, 
but that are dependent on the availability of 
certain transcription factors during various 
stages of the cell cycle or of hepatocyte differ
entiation. The establishment of complexes 
between pX and cellular proteins allows these 
proteins to bind to sequences for which the 
affinity of these cellular factors may be weak. 
A consequence of this type of interaction 
could be an expanded repertoire of cellular 
genes that become activated during viral in
fection. 
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and for generating cytoplasmic signals is not 
known. 

The wild-type p receptor for PDGF ex
pressed in Chinese hamster ovary (CHO-K1) 
cells by transfection of cDNA (7) underwent a 
ligand-induced increase in density detected by 
analysis on sucrose gradients (Fig. 1A). This 
shift was consistent with the formation of 
receptor dimers (5). Although we cannot ex
clude the possibility that the shift in sedimen
tation of the receptor was due to association of 
the receptor with other nonreceptor molecules, 
this seems unlikely since we observed a similar 
shift (8) in a receptor mutant that lacked tyro
sine kinase activity and was unable to associate 
with cytoplasmic molecules (4, 9). Only the 
receptor that sedimented at 11.5S reacted with 

Inhibition of PDGF 0 Receptor Signal Transduction 
by Coexpression of a Truncated Receptor 
HIKARU U E N O , HEATHER COLBERT, JAIME A. ESCOBEDO, 
LEWIS T. WILLIAMS 

A mutated form of the platelet-derived growth factor (PDGF) p receptor lacking most 
of its cytoplasmic domain was tested for its ability to block wild-type PDGF receptor 
function. PDGF induced the formation of complexes consisting of wild-type and 
truncated receptors. Such complexes were defective in autophosphorylation. When 
truncated receptors were expressed in excess compared to wild-type receptors, stimu
lation by PDGF of receptor autophosphorylation, association of phosphatidylinosi-
tol-3 kinase with the receptor, and calcium mobilization were blocked. Thus, a 
truncated receptor can inactivate wild-type receptor function by forming ligand-
dependent receptor complexes (probably heterodimers) that are incapable of mediating 
the early steps of signal transduction. 
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