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ABSTRACT

The hepatitis B virus X protein is a promiscuous
transcriptional transactivator. Transactivation by the X
protein is most likely mediated through binding to
different cellular factors. Using the yeast two-hybrid
method, we have isolated a clone that encodes a novel
X-associated cellular protein: XAP2. X and XAP2
interactions also occur in vitro. Antiserum raised
against XAP2 recognizes a cytoplasmic protein with an
apparent molecular mass of 36 kDa. The interaction
between X and XAP2 requires a small region on X
containing amino acids 13-26. From Northern blot
analyses, XAP2 is ubiquitously expressed in both liver-
derived and non-liver-derived cell lines as well as in
normal non-liver tissues. In contrast, XAP2 is expressed
in very low level in the normal human liver. In
transfection assays, overexpression of XAP2 abolishes
transactivation by the X protein. Based on these
results, we suggest that XAP2 is an important cellular
negative regulator of the X protein, and that X—XAP2
interaction may play a role in HBV pathology.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. U31913

cells ) and mouse hepatocyteés),(and causes liver tumors in
some transgenic micé)(

The X gene product is expressed during HBV infection. Two
MRNAs of 0.7 and 3.9 kb that potentially encode X have been
detected in mammalian cells transfected with the complete HBV
genome4,8-10). Direct evidence for the ability of the X gene to
encode a protein product has been provided by its expression in
both prokaryotic and eukaryotic cells (eld,.12). Antibodies to
the X protein have been detected in sera of HBV infected patients
(e.0.,11,13-15), and antisera raised against the X protein have
been used to detect cross-reacting proteins in HBV infected livers
(14,16,17).

Many studies have demonstrated that the X protein is a
transcriptional activator (reviewed in ref8). Based on the
experimental results from these studies, several non-mutually
exclusive models have been proposed to explain the promiscuous
transactivational activity of X. In one model, X stimulates the
activity of a number of different transcription factors. For example,
it has been reported that the expression of X coincides with an
elevated level of active TFIIICL). In a second model, X uses
a complex signal transduction pathway for activatithr{2). A
third model proposes that X is a protease inhibitor and functions
by modulation of serine protease activity, giving rise to quantitative
or qualitative changes of cellular transcription factdts).(
Alternatively, a fourth model proposes that X acts as a coactivator

The hepatitis B virus (HBV) is a small, human DNA virus thatand potentiates potent activation domai8. (Finally, it has been
causes acute and chronic hepatitis and is strongly associated withposed that X binds to transcription factors, which in turn
the development of primary hepatocellular carcinoma. In addition tnodulate upstream promoter elements found in X-responsive
the genes that encode viral structural proteins, and a gene theimoters 5-27).

encodes the viral polymerase, the HBV genome contains an ope@espite the different proposed mechanisms for X transactivation,
reading frame that encodes a protein of 154 amino acids, termaarwhelming evidence supports the hypothesis that transactivation
X. The X open reading frame is conserved among various HBlW the X protein is mediated by cellular factors. First, investigation
strains and among different hepadnaviruses. Although the X geofe the DNA sequences susceptible to transactivation by X
does not appear to be essential for virus replication in culturerévealed that no single recognition sequence is present in all of the
does appear to play a major role in viral replication in anithad$.(  targets (reviewed in ref8). Second, transactivation by X is cell
Furthermore, in spite of the fact that there is little evidence tiype but not species-specific and that only a subset of promoters
suggest that X is a direct agent in tumorigenesis, there is goage transactivated in any particular cell tyf@).( Finally,
reason to speculate that the X gene product may contributeaithough X functions in the vicinity of the promoter, it does not
HBV-induced tumorigenesis. This is reinforced by findings thadirectly bind to DNA under conditions in which other known
the X protein is capable of inducing transformation of NIH3T3P®NA-binding proteins bind DNA efficiently25,29-31). Instead,
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X may belong to a class of transcriptional activators believed thone with aEcdrI-digested pGEM7Zf(+) vector (Promega).
be brought to DNA by binding to a second protein. Plasmid pGST-XAP2 was constructed by subclonirgghl

Previously, several groups found that cellular transcriptiofragment from pACTX1-3 into th®&anHI site of pGEX3X
factors such as ATF-2, CREB, RPB5, TATA-binding protein angPharmacia). pECE-X, which contains the HBV fragment from
p53 can directly bind to ¥ vivoandin vitro (2532-34). In  nucleotide 1355 to 1987 in the SV40-derived expression vector
addition, the SV40 large T antigen and a serine protease trypt@&eCE, has been describeB), pXD1, pXD3, pXD5, pXD8,
TL2 can also bind X under various conditioR8 85). Recently, pXD6, pXD7, pXI5, pXI2, pXI3 and pXl4 were constructed by
using the yeast two-hybrid system, leteal. (36) identified an first subcloning the X coding sequenceB@lll fragment from
X-associated protein (XAP1) that is a human homolog of pECE-X) into thdanH] site of a modified pGEM7Zf(+) plasmid
monkey UV-damaged DNA-binding protein. The physiologica(pGEM7Zf-3X) that would provide stop codons in all threelirgg
significance of the X—XAP1 interaction, as well as other X-cellulairames immediately after the X sequence, then using different
factors interaction, remains to be determined. restriction enzymes to subdivide the X coding region, and finally

As a further step toward understanding the mechanism Isyibcloning each individual X mutant into tied/BanH| site of
which X activates transcription of many different genes, we haygAS1. Reporter plasmids pHIVCAT, pSV2CAT and pRSVCAT
independently used the yeast interaction trap cloning methodhave previously been describetB45). pPCMV-XAP2, which
isolate other cellular proteins that may interact with X. Among theontains a full-length XAP2 cDNA under the control of the CMV
X-interacting clones identified, many of them were found t@romoter, was constructed by ligation ofmaR| fragment from
encode a novel 36 kDa cytoplasmic protein designated X-associatieel 1-1FL Agtl0 clone into theEcdR| site of pcDNAI/Amp
protein 2 (XAP2). XAP2 can form a complex withivitro, and  (Invitrogen). pTAT-6 expresses the HIV1 transactivating protein
overexpression of XAP2 interferes with the transcriptionalAT under the SV40 promoter/enhanets)( Effector pGal4-VP16
activation function of X. and reporter pG5BCAT have previously been describédq).

All plasmid constructions were verified by dideoxy sequencing.

MATERIALS AND METHODS

Bacterial and yeast strains Screening of cDNA libraries

Escherichia colDH5a (F~@80dacZAM15 AllacZYA—argF]U169 For the yeast two-hybrid screen, Y153 cells were sequentially
deR recAl endbAl phoA hscR17[ik™, mk*] SUFE44 Athi-1 transformed with pAS-X using the lithium acetate method, followed
gyrA96 relA1) was the recipient for plasmid transformations andY_transformation with a human cDNA library constructedl in
was also used for the expression of GST fusion protein§CT using mRNA prepared from Epstein-Barr virus-transformed
Escherichia colBNN132 @7) was used to converACT phage human peripheral lymphocytes [kindly provided by S. Elledge at
DNA to plasmid DNA.Escherichia coliJA226 pscR, hsaV, the Baylor College of Medicin&g)]. Transformantavere plated
leuB6, lop11, thil, recBC, strR) was used to recover expression®” 150 mm dishes containing SC medium lacking tryptophan,
plasmids from yeasEscherichia coliLE392 §up4 supFs8 leucine and histidine, but containing 50 mM 3-aminotriazole, and
hsdR514 galk2 galT222 metBL trpR55 lacYl) was used to incubated for 3 days. Hisand Led prototroph colonies were
propagate the HeLkgt10 recombinant libranBaccharomyces rescreened f@-gal activity using a filter lift assay ). Colonies

cerevisiaeY153 (38) was used to screen for HBV X-associatedOresponding to positive (blue color) in this second screen were
protein clones and to detect for protein—protein interactions. €N patched onto a master plate for further characterization.
Plasmids were recovered and electroporateéintsi strain JA226

(50), grown in minimal media lacking leucine but containing
50 pg/ml ampicillin. Isolated plasmids were rescreened by
pAS-X was constructed by subcloning the HBV [subtype adw{fansforming Y153 alone or Y153 harboring pAS-X, pAS-Rb2 or
(39)] fragment from nucleotide 1375 to 183%c6—Afllll) into pAS-SNF1. Positive clones showmg specific interactions with X
the Gal4 DNA-binding domain (DBD) tagged plasmid, pAS1but not to others were su_bcloned into Bluescript (Stratagene) or
(39). This plasmid expresses a fusion protein containing tHRGEM7Zf(+), and nucleotide sequences of the subcloned cDNA
Gal4DBD and the full-length wild-type X protein. pAS-Rb2, Were obtained using dideoxy sequencii.(The final sequence
which encodes a Gal4DBD-Rb fusion protein and pAS-SNFp’f the XAP2 cDNA was determined from both DNA strands.
which encodes a Gal4DBD-yeast SNF1 fusion protein have beenf0 obtain a full length XAP2 cDNA, a Helegt10 cDNA
described §8). pAS-E12 and pAS-NB encode Gal4DBD fusedlibrary (kindly provided by B. Shan at the University of Texas
to transcription factors E12 and Zif268, respectively, and wetdealth Science Center) was screened vt dabeled, random-
kindly provided by B. Christy (University of Texas Health Scienc®rimed 200 bp probexfid—Msd fragment from clone X1-3)
Center). pAS-YY1, which contains a 1.2 kb fragment of YY1using standard protocolS2). Inserts from positive clones were
cDNA in pAS1 has préously been described(). To construct ~ subcloned into pGEM7Zf(+) and sequences were determined as
pGST-X, theNcd—Smad fragment from pAS-X containing the described above.

entire HBV-X ORF was subcloned into the pGSTag veétdyr (

in-frame with the GST polypeptide. pPGEM-X1-3 was constructedl_ga|actosidase§-gal) assays

by ligating theBglll X1-3 insert fragment from pACT-X1-3 with

aBanHI-digested pGEM7Zf(+) vector (Promega). pGEM-CyPAFilter lift assays were performed essentially as describ®d (
was constructed by taking the human cyclophilin A cDNA, amriefly, transformants were allowed to grow at Gdor 2—4 days,
EcdRI fragment from pGCyPA4R), and ligating it to th&cdRl  transferred onto nitrocellulose filters, and freezed under liquid
site of pGEM3Z (Promega). pGEM-1-1FL was constructed byitrogen. Filters were then placed on Whatman 3MM paper
ligating theEcaRI 1-1FL insert fragment from the 1-1Rgt10  presoaked with 5-bromo-4-chloro-3-indo-galactopyranoside

Plasmids
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(X gal) solution, incubated at 30, and checked periodically for ~ For each sample in FigusB, yeast transformants were grown
production of blue color. at 3¢ C in 1 ml of selective SC medium containing 2% dextrose
For quantitation of-gal activity in yeast, liquid culture assaysto an ORQgg of 1-2. Cells were collected by centrifugation and
were done usingo-nitrophenylf-b-galactoside (ONPG) as lysates were prepared according to a standard protogpl (
described 3). One-tenth of each sample was resolved on a 12.5% SDS—poly-
acrylamide gel and subjected to Western blot analysis with 1:500
In vitro transcription/translation and in vitro binding assays diluted anti-Gal4DBD antibody.

To generaté5S-labeled XAP2 and CyPA, pGEM-X1-3 (F&),  Intracellular localization of X and XAP2

tprgrllzsl}/zla:tg(jll\jv%th(F'II%AgN% pc(j EXé;ﬁZAaY#gé]emter?rﬂigrilr?:?n a:d HelLa cells were grown on acid-etched cover slips inside a 100 mm
poly tissue culture plate for24 h and transfected with 3%y of

transcription/translation coupled system (Promega). Bacterially3 CE-X plasmids as described below. Two days later, cells were

Zégg?é?nedtgﬁgr?r?ég?aﬁg 4()3?31;;;(ﬂfu%(|)_|n£ rgéﬁ'snhvgreggrfnu”f' ashed with ice-cold PBS, and fixed with a 50:50 acetone:methanol
aither thg pGSTag or the pGST—X giasmi d were grown tg IOmixture ]‘or 2 min an_d then treqted \{vith anti-XAP2 (1:6OQ dilution)
ohase and induced with isopropyl-tifie-galactoside (IPTG) 8nd anti-X (1:500 dilution) antibodies. Cells were then incubated
for 4 h. After sonication in STE buffer [10 mM Tris—HCI (pH 8) for 30 min at room temperature, fol!owed by washm_g with PBS
150 mM NaCl, 1 mM EDTA and 5 mM dithiothreitol] containing' and further incubated with 1:200 diluted sheep anti-mouse 1gG
p ' ) . - ; coupled with FITC (Sigma) and goat anti-rabbit IgG coupled with
1% sarcosyl (w/v, final concentration), solubilized proteins Were . as-Red (Southern Biotechnology Associates). Subsequently,

recovered by centrifugation and incubated with gIutathione—agaro(’s&I s were subjected to extensive washings with PBS and cover

beads in the presence of 3% Triton X-100 (final concentration) fqr: ; . o .
30 min at 2C, and washed several times with ice-cold phospha%frf szei; 2(F))r?flfccl1lw rgik:::)gfogle)/cerol before analyzing under a

buffer saline (PBS).

For binding assays, beads were mixed wiityitro translated,
35S-labeled proteins for 1 h at room temperature. Unbound
proteins were washed extensively with STE buffer containingriefly, cells were collected by scraping into PBS, centrifuged,
0.1% NP-40 and bound proteins were eluted from the beads &d resuspended in 1 ml of ice cold RSB buffer [10 mM HEPES
boiling in SDS loading buffer [50 mM Tris—HCI (pH 6.8), 100 mM (pH 6.2), 10 mM NaCl, 1.5 mM Mgglandd.5 mM phenylmethyl-
dithiothreitol, 2% SDS, 0.1% bromophenol blue and 10% glycerolulfonyl fluoride] with a Kontes Dounce homogenizer (10 strokes
Final products were analyzed on a 15% SDS—polyacrylamide geith a type A pestle). The resulting suspension was centrifuged

&]ellular fractionation

and detected by fluorography. for 10 min at 70@ at 4 C and the pellet was resuspended again
in 1 ml of RSB buffer. After homogenization as before, the
Antibodies suspension was combined with the supernatant obtained from the

previous step and centrifuged further for 10 min aig7dBe final
Polyclonal anti-X antibody prepared in rabbits againist HBV Xpellet (nuclear fraction) was washed with RSB buffer and
protein expressed in insect cells was kindly provided by T. H. Leesuspended in 2 ml of SDS sample buffer and the supernatant
and J. Butel (Baylor College of Medicine). Polyclonal antibodiegytoplasmic fraction) was combined with 2 mI ®fSDS sample
to Gal4DBD and YY1 were obtained from Santa Cruz Biotechndsuffer. A small aliquot of each fraction was subjected to
logy. Polyclonal antibody to GST-XAP2 fusion protein was raiseélectrophoresis and Western blot analysis.
in Balb-C mice as described by Oettingieail (55). Briefly, 100ug
of GST-XAP2 fusion protein bound to glutathione—agarose beadsansfection and chloramphenicol acetyltransferase (CAT)
were injected into five animals intraperitoneally. Booster injectionassay
containing 50ug of proteins were given at 15 day intervals.
Forty-five days post-priming, mice were subjected to ocular-vei
bleeding and sera were prepared. Antisera were evaluated ¥
reactivity to bacterially-expressed XAP2 protein in immunoblo
analysis using standard protocds)(

lﬁiepGZ or CV1 cells were grown in minimal essential medium
Ipplemented with 10% fetal bovine serum. Transfections were
one using the calcium phosphate metfadyl\yhich included a

min glycerol shock 4 h after the addition of DNA precipitate.
Forty-eight hours after transfection, cells were harvested and CAT
activity was determinedtp) in 1 h reactions. All transfections
Western blot analysis were normalized to equal amounts of DNA with pGEM7Zf(+) or

Standard protocols were followest]. Briefly, 3x 1¢f HelLa cells PCDNAVAMP plasmids.

(Fig. 4) were lysed by boiling for 5 min in sample buffer [62.5 mM
Tris—HCI (pH 6.8), 1% SDS, 10% glycerol and B%mercapto-
ethanol]. Fiftyul of the resulting extract were separated on a 15%sing the micro-fast track mRNA isolation kit (Invitrogen),
SDS—polyacrylamide gel and transferred onto polyvinylidenBoly(A)* RNA was purified from normal frozen human liver
difluoride membrane. After blocking with nonfat dried milk, thetissues (obtained from the Liver Tissue Procurement and
membrane was treated with 1:1000 diluted XAP2 polyclondDistribution System at the University of Minnesota) and from
antiserum followed by 1:7500 diluted alkaline phosphataseiifferent cell lines. Twgug of each RNA sample were then
conjugated rabbit anti-mouse 1gG. Subsequently, the blot wasparated on a 1% agarose/formaldehyde gel and transferred ontc
developed by 5-bromo-4-chloro-3-indolyl phosphate and nitro bluee Hybond-N nylon membrane using standard protocsld.(
tetrazolium. XAP2 cDNA probe was prepared witb-f2P]dCTP using a

Purification of mMRNA and Northern blots
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Figure 2. Representative autoradiogramirmfvitro translated XAP2 protein
captured by GST-X fusion proteins. Input lanes were loaded with one-quarter
the amount of proteins used in the binding reactions. Bound proteins were
Figure 1. Specific interaction between X and XAP2 as determined by eluted and analyzed by SDS—polyacrylamide gel as described in Materials and
quantitative liquidB-gal assays. The numbers represent the average fold of Methods. Three independent experiments yielded consistent results. The sizes
activation above background in three independent experiments<gith of molecular weight markers are indicated to the left.

standard deviations. Background is arbitrarily set at 1 and refers to the amount

of 3-gal activity observed with cotransformation of bait plasmid with Gal4DBD

alone (pAS1) and the plasmid with the Gal4AD fused to XAP2 (clone X1-3).

The relative amount op-gal activity observed with cotransformation of Of 5.6x 10 colonies screened, 51 grew in the absence of His.

Gal4DBD-X (pAS-X) and the plasmid with the Gal4AD in the absence of Out of these 51 msprototrophs 23 scored positive ﬁ}ga'
XAP2 insert is 0.73. Similar results were obtained using a full length XAP2 activity. Thouagh none of the Iasr’nids recovered from the positive
(clone 1-1FL fused to Gal4AD). Y. 9 . .p - p.

clones produced@-gal activity when singly transformed into
yeast, 11 of the clones were active when cotransformed with
. , e . .__.. plasmids encoding Gal4DBD fused either to Rb or the yeast
random prime kit (Stratagene). Pre-hybridization, hybridizatio NF1 protein. This? suggested that these 11 clones did not é/epend

gg%r\g/azl;lnogSL\J/\;gretop(;rf?;m?iclimLég%er ICIISIE Tg'?}%ﬁgz igggg'o h the presence of X for activity. The remaining 12 clones were
Northern brl)ots (Clontech) )\;vere treafed idelraltically To control foaCtiVe only when cotransformed with_plasmid encoding
: al4DBD fused to X, but not to Rb or SNFL1.

the relative amount of RNA in each lane, after hybridization with™-_ o™ " 07 15 potential X-binding protein cDNAs were

XAP2, the blots were stripped by incubation in 0.5% SDS at : : ;
95°C, and reprobed with the hum@sactin cDNA. Bubcloned into a Bluescript or pGEM7zf(+) plasmid and

sequenced by the dideoxy method. Six clones, X1-3, X1-3A, X2,
) X3, X6 and X10, are overlapping clones of cDNA encoding the
Accession number same gene [we will refer to this gene as X-Associate Protein-2

fAPZ)]. Sequence comparison of XAP2 with GenBank and

. L : X
The nucleotide sequence data reported in this paper will app . X
in GenBank, EMBL and DDBJ Nucleotide Sequence DatabasEy/BL databases did not reveal any homologous protein,
although a small part of the cDNA resembles several partial

under the accession number U31913. human cDNA fragments deposited in GenBank.

RESULTS
X binds XAP2 specificallyin vivo and in vitro

Cloning of cDNAs encoding X-associated proteins ) e . .
¢ ¢ P To confirm the specificity of X and XAP2 interaction, clone X1-3

To identify human cDNAs encoding proteins that interact with Xyhich expresses the Gal4 activation domain (Gal4AD) fused to
we used thén vivo two-hybrid system developed by Fields andXAP2, was retransformed into Y153 cells with plasmids
colleagues §8,59) as modified by Durfeet al (38). A gene expressing the Gal4DBD, Gal4DBD-X or with Gal4DBD fused
encoding the X protein was fused to the DBD of Gal4 that did ntd five different unrelated proteirfsGal activity (blue color) was
activate transcription by itself in yeast. The Gal4DBD-X fusiorobserved by the colony filter lift method only in the presence of
gene was introduced into Y153 cells together with a humamGal4DBD-X fusion protein but not with other unrelated fusions.
lymphoma cDNA library fused to the activation domain of Gal4Also, the3-gal activity produced in the presence of Gal4DBD-X,
HIS3 expression was directly selected by plating transformanégs measured by an ONPG assay was almost 10-fold higher
on media lacking histidine. To eliminate false positive clones, @mpared with Gal4dDBD alone or compared with Gal4DBD
second screen was performed with itheZ reporter gene, for fused to other unrelated proteins (Rip.

which LacZ transcription was monitored by growing cells in the To determine whether XAP2 bindgrxvitro, we expressed the
presence of X-gal. Further, all positive clones were tested agaidsprotein as a fusion to glutathioBeransferase (GST) and used
two unrelated proteins [the retinoblastoma protein (Rb) and tfiteto test for its ability to bind specifically to vitro 35S-labeled
yeast SNF1 protein] fused to the DBD to eliminate those that dAP2. As shown in Figurg, XAP2 binds to GST-X but not GST
not show specificity for the X protein. (lanes 3 and 5). An unrelated protein, cyclophilin A (CyPA), was
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1
A 26 -Q\ ,*?g ‘.*,‘8
X1-3 1000 1080 ﬁ\ ~ & &
% [ } " o
X1-3a \4_9 c}O“\ c,“’}\
200
anz 1f6 .to.ou 1080
X5
X10 69
T 110 1000 1123
I . T
11-2 .® — a4
30
B
1 ggaaggagg ATG GOG GAT ATC ATC GCA AGA CTC CGG GAG GAC GGG ATC CAA ARM OGT GTG 60 21.5
1 M A D b % I A R L R E D G T [+ K R v 17 -
61 ATA CAG GAA GGC COA GGA GAG CTC CCG GAC TTT CAh GAT 00G ACC MG GCC ACG TTC CAC 120
121 p BE ¢ R 6 E L P D F @ D & T K A T F H 37 14.3
121 TAC CGE ACG CTG CAC AGT GAC GAC GAG GGC ACC GTE CTG GAC GAC AGC OBG GOT CGT GGC 180 1 2
asY¥ R T L H $ P D E 6 T V L D D 5 R A R 6 57
181 AAG COC ATG GAG COTC ATC ATT GGC ARG AAC TTC ARG CTG CCT GTG TGG CGAG ACC ATC GTG 240
s8Y P M E L I I 6 K K F K L P ¥ W E T I ¥ 77 . . L .
261 T6C ACC ATG CGA GAh GOS GAG ATT GG CAG TRC CTC GT GAC ATC AAG CAT GTG GTC CTG 300 Figure 4. In vitro transcription/translation of XAP2 cDNA (clone 1-1FL) and
74¢ T M R E G E I A @ F L € D I K H V vV L 97 Western blot analysis of native XAP2. Lane 1, vector construct containing
301 TAC COG CTG GTG GOC ARG AGT CTC CGC AAC ATC GCG GTG GEC AAG GAC CCC CTG GAG GGC 360 XAP2 cDNA (pGEM-1-1FL) was used as template for coupteditro
SERETECE TN AR R T AT e TR LR 8 R transcription/translation. Theé®S]methionine-labeled protein product was
361 CAG COG CAC TG T0C COT CTT GOA QMG MG C€GT Gaa CAt AGe T0C CTG OGC CAT 60T GAC. 420 separated by electrophoresis and autoradiographed. Lane 2, antibody to XAP2
Mrg B M © CUe R IA g MR B R e S specifically recognizes a single 36 kDa protein that corresponds identically to
421 CTG GAC GCC CTG CAG CAG AR CCC CAS OGC CTC ATC TTC CAR KDG GAG XT6 CIG 136 &16 180 thein vitro translated product. HeLa cell extract was separated by electrophoresis
1%L D A L © © N P g P L I F H M E M L K ¥ 15 N P
ks Sh along side thén vitro translated product and Western blot was performed as
bt e 3‘“’ S“‘“ R I e T e i desqriped_ in Materials and Methods. The position of XAP2 in the gel and in the
£4l GoA TG CCA CTT ATC CAC CAG GAG GOC AAC CGG TTG TAC CGC GAG GGG CAT GTG ARG GAG 600 bIOt IS IndlcatEd by an arrow.
178 A V P L I H Q E 6 N R L ¥ R E G H v kK E 197
50].TEGCTGCCWT&CTMERTE:CRTTGCCTGCCTCNNEAMCTGCM!ANWGMCAG 660
95 A A K ¥ ¥ D A I A € L K N L @ M X E @ 217
61 CoT Ga5 TG CCT GAA 705 ATC CAG CIG GAC CAG CAG AT ACG CCG CTG CTS CTC ARC TAC 720 independent isolates according to DNA sequences of the
MEE® 2 % 8 X EEh D RS A BIRGA "m . recombinant junctions between the cDNA and the vector
GAC CAC TGT TCT TCC & . . . . . .
e T R Lo E R R (illustrated in Fig3A). The predicted amino acid sequence was
781 CTC AAC MG TAC GAC GAC AAC GTC AAG GEC TAC TTC MG CGG G3C AMG GGG CAC GCG GCC B4D determined by theoretical translation of the cDNA clone open
258 L N K Y D M h') E A X E K R [t} E__ A H & & 277 . . v el .
e v o reading frame (Fig3B). A consensus sequence for initiation of
GCC ARA GTG CTG GAG . . y
e e 3 e L R L R b e translation §0) was not found in the' ®nd of the two longest
901 CIG GG CCT GTG GTG AGS CGA GAG CTG COS GOE CTG CAG GCA (GG ATC CGS CAG ARG GAC 960 cDNAs (X1-3 and X1-3A), and the reading frame remains open
298 L A Poov Y B R E L R A L E & R I R Q@ K D T . . .
g S ot at the 5 side, suggesting that these six clones represent only a
Mer E B K A R B R G T E s m e 331 partial XAP2 coding sequence.
1027 _— gecegtact gtat kta 1106 To obtain a full-length XAP2 cDNA, agt10 HelLa cDNA
1107 totctcanassana 1120 . . . .
library was screened with a radiolabeled probe corresponding to
c the 3 end of clone X1-3. Five identical cDNA clones (1-1FL,
264 10-1, 10-2, 11-1 and 11-2) were isolated frofdttage plaques
X8R4, NUBARERROIAR Fig. 3A). The DNA f clones is illustrated in Fi
s S (Fig. 3A). The sequence of clones is illustrated in Figure
X DLEAYFEDCVFR 3B. Analysis of the p_redlcted amino acid sequence of XAP2
107 reveals an open reading frame of 1 kb, beginning with a Kozak

consensus at nucleotide 10 and ending with a stop codon at
Figure 3. DNA and amino acid sequence of XAR®) Gchematic representation  hucleotide 1000. As shown in FiguB€, it is noteworthy that
of the 11 XAP2 cDNA clones. The boxed region denotes the predicted opemesidues 264—275 of XAP2 are similar to a region of the X protein

reading frame R) The entire nucleotide sequence and the deduced amino aci ; = ; ;
sequence of the XAP2 cDNA. The amino acid sequences underlined indicat residues 107-118) that has previously been shown to interact

the region that shares similarity with the X protein. (*) The deduced stop codeith cellular prOteins and is necessary for transactivation t_)y X
for translation. €) Sequence similarity between X and XAP2. Similar amino (61). cRNA synthesized from clone 1-1FL and translated in a
acids are indicated with a semi colon and identical amino acids are indicateabbit reticulocyte lysate produced a protein that migrates in
with a vertical line. SDS—polyacrylamide gels as &86 kDa polypeptide (Fig,

lane 1), which is consistent with the size of HeLa XAP2 from
used as an additional negative control; and, as expected, CyPAY{gstern blot analysis with a polyclonal anti-XAP2 antibody
not bind GST-X in this assay (lane 4). Taken together, thirepared against GST—XAPZ fysmn protein expressed in bacte_rla
suggests that X and XAP2 interact bisttvivo andin vitro and (lane 2). Thus, the five newly isolated cDNAs appear to contain
the interaction is highly specific. the entire coding region of XAP2.

Isolation and analysis of full-length XAP2 cDNA X and XAP2 colocalize in mammalian cells

The six cDNA clones (X1-3, X1-3A, X2, X3, X6 and X10) Although we have shown that X and XAP2 interact both in yeast
isolated from the two-hybrid screen were divided into twaells andn vitro, we reasoned that if the consequence of X and
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A B

- XAP2

10 pm

Figure 5. Colocalization of X and XAP2. Indirect immunofluorescence was used to detect X and XAP2 proteins in cultured H&)eRegiegentative staining

pattern for X protein (red) obtained with rabbit polyclonal antibody to X. No staining was seen with mock transfected cells (data rit)} Reprene(itative staining

pattern for XAP2 protein (green) in the same cells with mouse polyclonal antibody specific for XAP2. No staining was seen with preimmune sera (data not sho
(C) Double-staining for X and XAP2 displayed by superimposing the images shown in (A) and (B). Three independent experiments yielded consistent results,
in generallb0-75% of the cells are stained with the anti-X antibody in a given inlg&/dstern blot analysis of XAP2 protein distribution by subcellular
fractionation. Immunoblotting with an anti-YY1 antibody is shown as a control.

XAP?2 interaction is biologically significant the two proteins A o
should also colocalize in mammalian cells. The subcellule hautaoy Lo
location of the X protein is controversial, ranging from cyto-

1. PpASX | 1 +
plasmic (6,17,62,63), nuclear §,64), to nuclear periphery 2. pxpi(s146-154) EE—— ] 4
(12,65-67), or more generalized nuclear and cytoplasmit 3. pxp3(a112-154) E— ] "
(12,66,68,69). To independently assess the subcellular locatio 4. pxps(as1-15¢) — ] .
of X, HelLa cells were transiently transfected with a plasmit s. pxpsisso-15¢) o +
expressing the X protein, fixed with methanol/acetone, an s. pxps(az7-15¢) T "
immunostained with a polyclonal anti-X antibody. As shown ir 7. pxo7(a13-154) e s
Figure5A, images obtained with a confocal laser scanning syste s, pxrs(aio-27) EEE 1 [ ] -
indicated that, under the present conditions, Xis localized almc 15 (r27-90) mm—r—— — .
exclusively in the cytoplasm. Like the X protein, XAP2 was ;| yrs(a27-100) mommr——— — .
regionally dispersed throughout the cytoplasm @Bg. Interest- 11, DXEA(A20-109) M — _ _—
ingly, there were some distinct regions where the distribution ¢ ="
X and XAP2 overlapped (Fi§C), consistent with the observa- *** ®** _— =
tion that the two proteins physically interadtedivoandin vitro.

Since immunostaining is sometimes prone to artifacts ar B

different fixation methods may in many cases lead to differer Qv°’+é+°‘q¢{°
staining results, we decided to confirm the localization of XAP2 b 5.
subcellular fractionation. As demonstrated by Western blc
(Fig. 5D), consistent with the immunostaining results, XAP2 wa:
recovered almost entirely in the cytoplasmic fraction. To ensu
the quality of the fractionation procedure, another Western bl ’
was performed using an antibody to the transcription factor YY: T
Unlike, XAP2, most of the YY1 protein was in the nuclear fraction

Amino acids 13-26 of X are required for binding XAP2 Figure 6. XAP2-binding domain in the X proteirAY Schematic drawing of

. . L Gal4DBD-X fusions used to determine binding domains. The Gal4DBD (black
The X protein sequences required for binding XAP2 weraox) is fused to various X mutants. Ability to bind XAP2 in the filter lift assay
examined to determine whether they coincided with previouslys indicated (+).B8) Two mutant Gal4DBD-X fusions that did not bind XAP2
defined activation or regulatory domains. A series of C-terminal'ere expressed as determined by Western blotting.
X deletion mutants, as well as internal deletion mutants, were
generated and subcloned into pAS1 and tested for their abilities
to interact with XAP2 in the two-hybrid system. As shown inThree internal deletions outside of amino acids 13-27 (pXI2,
Figure6A and Tablel, deletion of the X C-terminal from amino pXI3 and pXI4) had no effect girgal activities. Western blot
acids 27 to 154 had no effect pigal activities, as measured by analysis indicated that the two mutants that did not bind XAP2
filter lift and liquid assays. However, deletions of amino acidsvere expressed in yeast cells (Fi, lanes 2 and 3). Taken
13-154 or 10-27 (pXD7 and pXI5) eliminat@djal activities. together, our data suggest that amino acids 13-26 of X are important
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for binding XAP2. Interestingly, these 14 amino acids lie withina A
previously identified regulatory domain that represses trans- B o]
activation of the X protein7(). 7
o
o a1
Table 1. Protein—protein interactions detected by the yeast two-hybrid liquid :
assay ]
29
Bait/prey Gal4AD-XAP2 g
o
Gal4DBD (pAS1) 1 & 2
Gal4DBD-X (pASX) 10.9+ 1.3
pXD1 21.3+25 X 7 B B oS & w5 M8 K
2,00 N R LR o | Eo O 0 1 i WO o
pXD3 11.3+21 Reporter  DHIVCAT PSVZCAT PRSVCAT
pr5 9.1+1.4 1 2 3 4 5 & 7 8 9 10 11 12
pXD8 13.6+2.9
pXD6 11.9+1.7
pXD7 1.2+0.4 B
pXI5 3.0+0.8 kol
pXI2 12.4% 16 A
[1] r
pXI3 23.4+2.5 Ees
)
pXl4 123+ 15 o]
24
Quantitative liquid3-gal assays were performed on at least three independent Li’
experiments for each combination. The numbers represent the fold activation 2 2
above background (amount®fal activity observed with cotransformation of
the Gal4DBD vector and the prey plasmid).
X -+ o+ - -+ 4+
. . HRP2 - -t k- -+ 4y
Specific inhibition of X transactivation by XAP2 Reporter  pHIVCAT PSV2CAT

To determine the functional significance of X and XAP2 v23aseT®

interaction, we tested the ability of XAP2 to influence transcription

directed by an X-responsive promoter in the presence of the X

protein. We constructed a plasmid that expresses XAP2 under the c
control of the human cytomegalovirus (CMV) immediate early

promoter, cotransfected it into CVRig. 7A) or HepG2 (Fig7B)

cells together with a plasmid that expresses the X protein and a 28+
reporter. Consistent with earlier studi€828,30,31,71-75), the

X protein activated the human immunodeficiency virus type 1
(HIV1), simian virus 40 (SV40) and Rous sarcoma virus (RSV)
promoters in CV1 (FigrA, lanes 2, 6 and 10) and HepG2 cells
(Fig. 7B, lanes 2 and 6). However, when XAP2 expression plasmid
was added to the transfections, transcriptional activation by X was
repressed (FigZA, lanes 3, 7 and 11; FigB, lanes 3 and 7).

To be certain that the inhibition of transactivation by the X
protein is not due to a general inhibitory effect of XAP2
overexpression, we transfected CV1 cells with pTAT6, pCMV-
XAP2 and pHIVCAT. As shown, overexpression of XAP2 did not
affect transcriptional activation of the HIV1 promoter by the TAT s T
protein (Fig.7C, compare lanes 2 and 3). Furthermore, over- XAP2 e
expression of XAP2 had no inhibitory effect on the activation of Gald-vplé | - - - - - _* * - |
pPG5BCAT by Gal4-VP16 (compare lanes 6 and 7). Taken Repentor PHIVCAT DGSBCAT
together, our data suggests that XAP2 is not a general cytotoxic 1234 5 67 8

protein but is a specific cellular inhibitor of the X protein but not
other viral transactivators. Figure 7. Repression of X transactivation by XAP2. Assay results with
different CAT reporter plasmids (& each) transfected into CVA &ndC) or
. L HepG2 B) cells in the presence or absence of a plasmid encodingud),(5
XAP2 tissue distribution XAP2 (10ug), TAT (1ug) or Gal4-VP16 (ig). The extent of acetylation in
. . . . various reactions was determined relative to that for the CAT reporter, and
Using Northern blot analysis, we explored the tissue expressiassults are presented as the mean of three independent transfections with <8%

pattern of XAP2 in hope of further understanding the biologicabktandard deviations.

Relative CAT Activity
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A . Three lines of evidence confirmed that XAP2 is a genuine
2 X-associated protein. First, we shown that XAP2 interacts only
K with X but not a number of other unrelated proteins in the yeast
two-hybrid system. Second, using a GST-X fusion protein we
o o0 obtained biochemical evidence that X and XAP2 inténagtro.
FOOEF S P Finally, we used immunocytochemical methods to demonstrate
' 2 | similar subcellular distributions of X and XAP2 in mammalian cells.

g 4 Analysis of X mutants indicated that the interaction with XAP2
4.4 5 probably occurred through X residues 13-26. This N-terminal
’ region is highly conserved among all mammalian hepadnaviruses
(reviewed in refl8). The importance of this region with respect
to transactivation is unclear. It has been reported that deletion of
the N-terminal rendered the X protein incapable of transactivation

m“” XAP2

Bk

L o sl of the HBV enhancer7@) but did not affect its ability to
- ' transactivate the SV40 early promoter/enhancer, the RSV long
'..*. o® ‘ B-actin terminal repeat30), or a hybrid SV40/HBV promoter/enhancer
S F T G Ve (70). Similarly, a finer deletion of amino acids 4—20 indicated that

this region is not important in the transactivation of the SV40
p— o early pr_omoter/en_hance"rx). However, thert_a is evidence that_ the
tissue line N-terminal one-third of the X protein can bind the X protein itself
B [ I | and repress the X transactivation functiéf, {8). In addition,
‘g:\“"’ WP QQC’”’ s this identical region is sensitive to transrepression as Wall (

b Our finding that XAP2 interacts with this particular domain raises
the possibility that the X—X interaction and X transrepression
function described previously is mediated by association of X and
XAP2. One can imagine that XAP2 functions as a bridging protein
that brings two X molecules together. Alternatively, XAP2 may
compete for binding to X protein, preventing X—X dimer
formation, and hence repress X transactivation.

Many cellular proteins have the ability to bind and inhibit the
transactivation function of transcription activators. For examples,
e O ctin the MDM-2 protein can suppress p53 transactivaiies(), the
1 2 3 4 5 Id family proteins bind to and inhibit transcription activation by
the family of basic helix-loop—helix transcription fact@$g5),
Figure 8.Northern blot analyses of poly (ARNA from human tissues and cell p107 can suppress c-Myc transactivatige),(and a cellular
Iin%s. Northern blot analysgs of XAFIJDZymRNA were performedpmiltiple protein B.S69 inhibits E1A transaCt.lvatICSVI' Perhap_s the be.St
normal human tissues; and @) ormal human liver tissues (lanes 1 and 2), characterized case of suppression of transactivation is the
HeLa human cervical carcinoma cells (lane 3), Hep G2 human hepatocelluldnteraction between the Rb protein, transcription factor E2F, and
carcinoma cells (lane 4), and JAR human choriocarcinoma cells (lane 5the adenovirus E1A protein. Studies of transcription control
Hybridization to a humaf-actin probe is shown as a control. mediated by E1A identified a cellular DNA-binding protein,
termed E2F, that recognizes key regulatory elements in many
promoters&8). In the last several years, it became clear that when
significance of X and XAP2 interaction. Interestingly, we found thdt2F is complexed with cellular Rb, its ability to activate
a message dfiL.25 kb was present in every tissue we examinedranscription is prevented. Several laboratories have demonstrated
with the exception of the liver (Fi§A; Fig. 8B, lanes 1 and 2). that E1A can release E2F from the Rb complex, making it
In addition, XAP2 was found to be abundantly expressed in thragailable to bind other proteins and hence activate transcription
different cell lines including one derived from human hepatocellulg89-91). Although a number of cellular proteins have been shown

--‘ XAP2

carcinoma. to bind the X protein, XAP2 is the first cellular protein identified
that appears to directly inhibit X transactivation. It is possible that
DISCUSSION XAP2 has a similar function to Rb in that it forms complexes with

certain transcription factors. In this case, X could then release
It has been postulated that a key mechanism by which many vithése transcription factors from XAP2, making them available to
activators regulate transcription is by forming complexes withctivate transcription. In contrast, when XAP2 is abundant it
cellular factors. The HBV X protein is a promiscuous transcriptiowould prevent the X protein from releasing transcription factors
activator. In order to understand its mechanism we used the HB& activation. Understanding the normal function of XAP2 and
X gene as the bait in a yeast two-hybrid screen to identify proteiits binding proteins will help resolve whether this is a novel
that are capable of forming heterologous complexes with X. Simechanism for X transactivation.
clones isolated in this screen encode an identical protein that wenother possible, though not mutually exclusive, significance
named XAP2. Sequence comparison of XAP2 with proteiof the X and XAP2 interaction is that XAP2 may function as a
sequences in the GenBank and EMBL databases indicate it isy@ioplasmically located inhibitor. Our finding that X and XAP2
novel protein. colocalize in the cytoplasm of HelLa cells suggests that by
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association with X, XAP2 may prevent X from entering theR46618, T32201, H17133, Z46173 and R50188). No function for
nucleus to activate transcription. This would be similar to ththese partial cDNAs has been described.

transcription factor NiB whose ability to activate transcription

is regulated by association and dissociation with the cytoplasmica

located inhibitor kB (92,93). Experiments involving comparisons }lx; KNOWLEDGEMENTS
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