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ABSTRACT. The unliganded aryl hydrocarbon receptor (AhR) exists in the cytoplasm in a tetrameric 9S
core complex, consisting of the AhR ligand-binding subunit, a dimer of hsp90, and the hepatitis B virus
X-associated protein 2 (XAP2), an immunophilin-related protein sharing homologous regions with FKBP12
and FKBP52. Interactions between the recently identified XAP2 subunit and other members of the
unliganded AhR complex and its precise role in the AhR signal transduction pathway are presently unknown.
Mapping studies indicate that XAP2 requires the PAS, hsp90, and ligand binding domain(s) of the AhR
for binding, and that both proteins directly interact in the absence of hsp90. XAP2 is also able to interact
with hsp90 complexes in the absence of the AhR, and C-terminal sequences of XAP2 are required for
this interaction. XAP2 binds to the C-terminal end of hsp90, which contains a tetratricopeptide repeat
domain acceptor site, whereas the AhR binds to a domain in the middle of hsp90. XAP2 was not found
to be associated with the ARRArnt heterocomplex either in vitro or in nuclear extracts isolated from
Hepa 1 cells treated with TCDD. Transient expression of XAP2 in COS-1 cells resulted in enhanced
cytosolic AhR levels, suggesting a role for XAP2 in regulating the rate of AhR turnover.

The aryl hydrocarbon receptor (AhR$ a member of the ~ which are involved in circadian rhythm regulation and
bHLH-PAS (basic helixloop—helix Per-Arnt-Sim) protein midline development, respectivel9,(10). This region has
superfamily and mediates the response to halogenatedbeen demonstrated to be a dimerization interface of the
aromatic hydrocarbons such as 2,3,7,8-tetrachlorodibenzo-AhR—Arnt heterodimer and is also required for ligand
p-dioxin (TCDD) and planar polycyclic aromatic hydrocar- binding and hsp90 interactiof,(8, 11). The C-terminus of
bon compoundsl-3). This superfamily includes the AhR the AhR contains a complex transactivation domain that
dimerization partner, the aryl hydrocarbon nuclear translo- mediates transcriptional activatiob2—14).

cator (Arnt), the hypoxia inducible factor 1a (HIF, and The unliganded AhR resides in the cytoplasm in a
others, which have a bHLH motif and a PAS domaing). tetrameric 9S core complex consisting of the AhR ligand
The N-terminal half of the AhR contains the bHLH motif;  pinding subunit, a dimer of hsp90, and the hepatitis B virus
the HLH acts as a dimerization interface with Arnt, and the x-gssociated protein 2 (XAP2)1L5—18). XAP2 was origi-
basic region mediates the ability of the AkRmt het- nally observed to interact and suppress the hepatitis B virus
erodimer to bind to dioxin responsive elements (DREs) (X protein, a promiscuous transactivatg). XAP2 is related
8). The PAS region is composed of highly conserved to the FK506 binding class of immunophilins, and shares
hydrophobic A and B repeats. Both of these highly conserved regions of homology with FKBP12 and FKBP52. However,
regions are homologous Brosophilaproteins Per and Sim,  ynlike these immunophilins, XAP2 is unable to bind to
FK506 (0). XAP2 is also termed AIP and ARA9 by
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been demonstrated to mediate protgimotein interactions  format was used to describe XAP2-FLAG deletion mutants.
(22). FKBP52 (FKBP59, hsp56, HBI, p56), an FK506 The FLAG epitope was added to the mAhR deletion mutant
binding immunophilin has been demonstrated to form pcDNA3/N315/AhR 6) and pcDNA3/C38ImAhR using
complexes with the glucocorticoid (GR), progesterone (PR), the procedure described above. The nucleotide sequences of
estrogen (ER), and androgen receptors (AR) with an hsp90all cloned PCR products were confirmed by DNA sequenc-
dimer @3, and references therein). The FK506 binding ing. pcDNA3/bmAhR, pcDNAmMAhR-FLAG, and pcD-
domain of FKBP52 is located in its N-terminal portion, NA1/Arnt-FLAG have been previously describegB( 34).
whereas three TPR domains reside in its C-termira4. ( In Vitro Protein—Protein Interaction Analysisin vitro
FK506 binding to the FK506 binding domain of FKBP52 protein—protein interaction assays were performed by gen-
does not appear to affect the GR signal transduction pathwayerating proteins using a coupled transcription/translation
(25). The TPR domains, however, have been demonstratedsystem in rabbit reticulocyte lysate (RL) (Promega). In
to mediate its ability to bind to hsp9@®). The specific role several experiments, proteins were labeled wifiS]me-

of FKBP52 in these complexes is yet to be determined, thionine (1000 Ci/mmol) (Amersham). Immunoadsorption
although it has been suggested that it mediates nuclearof FLAG epitope-tagged constructs was performed with a
translocation of the GR2(7). The immunophilin CyP-40, a 25 uL packed bed volume of M2 anti-FLAG affinity gel
cyclophilin, has also been isolated in complexes with hsp90 (Sigma). All immunoadsorptions were performed #oh at
and ligand-activated transcription factors such as the GR, 4 °C with rocking in IP buffer [MENG [25 mM MOPS, 2
PR, and ERZ3, 28). CyP-40 contains an N-terminal domain  mM EDTA, 0.02% NaN, and 10% glycerol (pH 7.5)], 2
that binds to the cyclosporin class of immunosuppressive ug/mL ovalbumin, 2«g/mL bovine serum albumin, 50 mM
drugs, and contains three TPR domains in its C-terminal NaCl, 0.5% Triton X-100, and 10 mM sodium molybdate].
region, which have been demonstrated to mediate its bindingFollowing immunoadsorption, the M2 affinity gel was
to hsp90 29, 30). Recently, CyP-40 has been demonstrated washed three times in IP buffer, followed by two washes in
to inhibit c-Myb DNA binding activity, and this inhibition =~ MENG buffer. The immunoadsorbed complexes were eluted
is blocked by cyclosporin A31). Thus, an important role  with FLAG peptide (Sigma), followed by addition of an
for immunophilins in soluble receptor and transcription factor equal volume of 2 tricine sample buffer (2 TSB), resolved

activity is emerging. on 8% tricine SDSPAGE, followed by fluorography and
Recently, XAP2 was identified as a protein that was autoradiography. _ o
capable of stably interacting with the AhR7 18), and Protein—Protein Interaction Analysis in COS-1 Cellsor

identified as a member of the unliganded tetrameric AhR Protein—protein interactions, COS-1 cells were grown in 10
core complex 16). Although its precise role in the AhR cn? tissue culture dishes (Falcon) and transfected witlg 9
signal transduction pathway is unknown, XAP2 transient Of pCI/XAP2-FLAG and pCI/XAP2-FLAG deletion mutants
expression above endogenous levels is capable of enhancingsing Lipofectamine according to the manufacturer’s instruc-
AhR-mediated transcriptional activity§, 17). In this report, ~ tions (Gibco BRL). Following the transfection procedure,
XAP2 was demonstrated to interact directly with the AhR cells were rinsed once in PBS, trypsinized, washed once in
in the absence of hsp90, bind at or near the PAS domain ofPBS, and lysed in MENG buffer containing 10 mM sodium
the AhR, bind to the C-terminal end of hsp90 in the absence Molybdate, 1% NP-40, andxl protease inhibitor cocktail

of the AhR, and enhance the level of the AhR when (Sigma) for 15 min at #C. Lysates were centrifuged at
transiently expressed in COS-1 cells, suggesting a role for10000@ for 1 h at 4°C. Lysate was incubated with 25 mL

XAP2 in regulating AhR turnover. of packed M2 affinity gel in IP buffer fio2 h at 4°C with
rocking, washed in IP buffer three times, washed in MENG
EXPERIMENTAL PROCEDURES buffer two times, eluted with FLAG peptide (Sigma),
followed by addition of an equal volume ofx2 TSB,
Bacterial Strains and Cell Culture. Escherichia cBIH5a resolved on 8% tricine SDSPAGE, and transferred to a
(Gibco BRL) was used for all plasmid expression. COS-1 pyDF membrane for immunoblot analysis.
and Hepa 1clc7 (Hepa 1) cells were grownoiminimal Antibodies Used in Immunoadsorption and Immunoblot

essential medium Supplemented with 10% fetal bovine Serum,Ana|ysiS RPT]_’ an anti-AhR mouse monoclonal antibody'
100 IU/mL penicillin, and 0.Jug/mL streptomycin at 37C was used to detect AhR in immunoblot analy&s)( RPT9,
in 94% air/6% CQ. an anti-AhR mouse monoclonal antibody, was used in
Construction of Plasmid$-orward oligonucleotide primers  immunoadsorption analysis3%). C1p50, an anti-p3ec3’
containing a restriction endonuclease cleavage site, Kozakmouse monoclonal antibody, was used for detection of p50
consensus sequen@?), and an ATG start codon were used in immunoblot analysis 36). 2B10, an anti-Arnt mouse
in a standard PCR protocol with reverse oligonucleotide monoclonal antibody37), and hsp84, hsp86, and anti-hsp84/
primers that encode a FLAG amino acid epitope (DYKD- 86 rabbit polyclonal antibody were used for detection of
DDDK) and restriction endonuclease cleavage site to gener-hsp90 by immunoblot analysis3g). M2, an anti-FLAG
ate XAP2-FLAG and mAhR-FLAG deletion mutants. PCR mouse monoclonal antibody, was used in immunoblot
was performed using pCI/XAP2 and pcDNA3/bmAhR as the analysis to detect FLAG-tagged proteins (Sigma). Anti-
templates to generate XAP2-FLAG and mAhR-FLAG dele- FKBP52 and anti-FKBP52 rabbit polyclonal antibody were
tion mutants, respectively. Oligonucleotide primer sequencesused to detect FKBP529). Rabbit polyclonal anti-XAP2
and PCR conditions will be made available on request. Full- antibodies were provided by E. Crose (Berlex). For immu-
length XAP2-FLAG and XAP2-FLAG deletion mutants were noblot analysis, primary antibodies were visualized with 5
cloned into pCl (Promega). The designation380 denotes  uCi of [*?4]SAM IgG or 5 uCi of [*?9]DAR 1gG (Amer-
full-length XAP2-FLAG (amino acids-1330), and the same  sham) followed by visualization by autoradiography. In some
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experiments, primary antibodies were visualized with GAM  the unliganded AhR tetrameric complex. The XAP2 binding
HRP or DAR-HRP (Jackson ImmunoResearch). site on the AhR was mapped using a coupled in vitro
GST-hsp90 Fusion Protein Interaction AssaySST— transcription/translation system in rabbit reticulocyte lysate
hsp90 fusion proteins were generatedEircoli and isolated ~ (RL). A series of FLAG epitope-tagged AhR cDNA con-
as previously describedt(). Equivalent amounts of each structs were generated, and C-terminal AhR deletion mutants
protein were incubated with glutathionagarose (Sigma)  (6) were used for AhRXAP2 interaction studies (Figure
in PBS for 2 h and washed three times in PBS and two times 1A). First, FLAG-tagged AhR constructs were radiolabeled
in binding buffer (MENG, 1% w/v Chaps, 100 mM NaCl, Wwith [3*S]methionine, mixed with*S]methionine-labeled
and 20 mM sodium molybdate)355]Methionine-labeled ~ XAP2, immunoadsorbed with anti-FLAG M2 resin, resolved
proteins were then incubated in 0.5 mL of binding buffer by SDS-PAGE, and transferred to a PVDF membrane. The
overnight, washed three times in binding buffer and two FLAG-tagged AhR constructs and XAP2 were visualized by
times in MENG buffer, resuspended in an equal volume of autoradiography, and hsp90 was visualized by immunoblot
2x TSB, resolved by SDSPAGE, and Coomassie Blue analysis with anti-hsp90 antibodies (Figure 1B). These data

stained to visualize GSThsp90 fusion proteins. Thé®g]- indicated that the carboxyl-terminal AhR mutant C386/AhR/
methionine-labeled proteins were visualized by autoradiog- FLAG, which lacks the 386 carboxyl-terminal amino acids
raphy. of the AhR, but includes the bHLH, PAS A, PAS B, and

Hepa 1 Nuclear Extract IsolatiorHepa 1 cells were grown ligand/hsp90 binding domains of the AhR, is able to bind to
to confluency in 175 citissue culture flasks (Falcon). XAP2 as does full-length AR (Figure 1B, lanes 3 and 5).
Following induction with 20 nM TCDD or carrier solvent ~Next, the N315/GAL4/AhR-FLAG mutant, which lacks the
for 1 h, cells were washed once in PBS, trypsinized, washedfirst 315 amino-terminal amino acids of the AhR, mqludlng
once in PBS, and homogenized in a dounce homogenizer inthe PHLH, PAS A, and a portion of the PAS B domain, was
0.5 mL of MENG buffer containing 20 mM sodium used in XAP2 binding studies (Figure 1A). In this mutant,
molybdate and & protease inhibitor cocktail at 2C. The ~ the bHLH, PAS A, and a portion of the PAS B domain has
cytosolic fraction and nuclear extracts were prepared exactly P&€n replaced with a Gal4 DBB) This Gal4 domain does
as previously described4f). Immunoadsorption of the ~ NOt bind to XAP2 using the yeast two-hybrid systefiT)(
AhR—Armnt heterocomplex from nuclear extracts was per- 1his deletion resulted in the almost total loss of XAP2
formed with 5ug of the anti-Arnt monoclonal antibody 2B10 specific binding, suggesting that the region spanning the
or mouse IgG as a control absorbed to &0 of Protein N-terminal end of the AhR is necessary. However, AhR
G—Sepharose (Sigma). Immunoadsorbed heterocomplexeonstructs with bHLH and PAS A domain deletions were
were washed three times in MENG and 500 mM NacCl, also tested and were found to interact with XAP2 (unpub-
followed by one wash in MENG, incubated in an equal lished data). These results suggested that the PAS B domain,
volume of 2« TSB, resolved by SDSPAGE, and trans- ~ Or including a region between PAS A and B, was important
ferred to a PVDF membrane for immunoblot analysis. ~ for XAPZ2 binding. A significant amount of hsp90 sitill

Stabilization of AhR by XARZOS-1 cells were grown complexed with the N315_/GAL4/AhR mutant (Figure 1B,
in 10 cn? tissue culture dishes (Falcon) and transfected with !ane 2), as has been previously report@dl(), demonstrat-

3 40 of pcDNA3BMAhR and of bCI/XAP2 or Cl as ing 'ghat hspgp binding to the AhR Was_not sufficient for
aﬁgntrorl) using L[igpofectamineaggcorging to the mgnufactur- efficient recruitment of XAP2. Arnt was utilized as a control

er's instructions (Gibco BRL). Following the transfection P€Cause itis unable to interact with hsp90 or XAP2 (Figure

procedure, cells were rinsed once in PBS, trypsinized, washed:B: Ie_me 4) 17, 18). Similar mapping experiments using AR
once in PBS, and lysed in MENG buffer containing 10 mM deletion mutants and XAP2 have also been performed, and
sodium mol;}bdate 1% NP-40, anck Iprotease inhibitor it was demonstrated in these studies that an N-terminal

. : . tant lacking the first 130 amino acids of the AhR
cocktail (Sigma) for 15 min at 4C. Lysates were centrifuged mutarn X - ’
at 100009 for 1 h at 4°C. The total cell lysate (150g) including the bHLH region, but containing the PAS A and

from each transfection was incubated in an equal volume of PAS B domains, was able to bind to XAP2 (ARA%OI'
2x TSB, resolved on 8% tricine SDSPAGE, and trans- Taken together, these results suggest tha_t aregion pejween
ferred to a PVDF membrane for immunoblot analysis. the PAS A and PAS B domains is required for efficient
binding of XAP2.
RESULTS AND DISCUSSION To determine if additional sequences proximal to the PAS
region were required for XAP2 binding, a series of progres-
Several laboratories have demonstrated that XAP2 is partsively truncated AhR constructs (Figure 1A) deleted at the
of the unliganded cytosolic AhR complex¥-18). Previous  C-terminal end ) were radiolabeled with*{S]methionine,
studies have shown that XAP2 is not required for the AhR mixed with 5S]methionine-radiolabeled XAP2, immunoad-
to bind to hsp90 16). In addition, transient expression of sorbed with the anti-AhR monoclonal antibody RPT9
XAP2 leads to enhanced AhR-mediated transactivation coupled to Protein GSepharose, resolved by SBBAGE,
activity (16, 17). The goal of this study was to further and visualized by autoradiography (Figure 1C). XAP2
characterize the properties of XAP2 in the AhR unliganded interacted with AhR deletion mutant C313, which contains
tetrameric complex, explore possible mechanism(s) of its role poth the PAS A and PAS B domains and 157 amino acids
in enhancing AhR activity, and test whether it is capable of C-terminal to the PAS B domain. XAP2 was unable to bind
interacting with the AhR-Arnt heterocomplex. to mutant C425, however, which contains both the PAS A
XAP2 Requires the PAS, hsp90, and Ligand Binding and PAS B domains and 44 amino acids C-terminal to the
Domain(s) of the AhR for Bindindt is unknown if XAP2 PAS B domain. These results indicate that XAP2 binding
directly interacts with the AhR, hsp90, or both proteins in also requires sequences in the hsp90/ligand binding domain
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Ficure 1. XAP2 requires the PAS, hsp90, and ligand binding domain(s) of the AhR for binding. (A) Schematic representation of mAhR
deletion mutants used in immunoadsorption experiments and for binding to XAP2; the asterisk denotes partial binding to XAP2. (B) mAhR-
FLAG, mAhR FLAG deletion mutants, and ARNT-FLAG were labeled wit§]methionine in RL, mixed with3fS]methionine-labeled

XAP2, immunoadsorbed with M2 resin, resolved by SEFAGE, and transferred to a PVDF membrane. (Top) AhR deletion mutants
visualized by autoradiography. (Middle) Immunoblot analysis of top panel to detect hsp90 using anti-hsp90 antibodies (hsp84/86). (Bottom)
[33S]Methionine-labeled XAP2 co-immunoadsorbed with AhR and visualized by autoradiography. (C) mAhR and mAhR C-terminal deletion
mutants were labeled with?35]methionine in RL, mixed with 3pS]methionine-labeled XAP2, immunoadsorbed with RPP®otein
G—Sepharose, resolved by SBBAGE, and visualized by autoradiography.

of the AhR in addition to the PAS A and B domains. During formed using these AhR mutants, with the results supporting
the preparation of this paper, mapping studies were per-the observations presented here that XAP2 binding requires
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‘? elution was resolved by SDSPAGE followed by immu-
@ %‘ noblot analysis to assess the efficiency of binding to the AhR
- and control 1gG (Figure 2, lane 3). The amount of XAP2
that bound to the AhR was significant, when compared to
AhR- F the input of XAP2-FLAG (Figure 2). These results indicate

that XAP2 can stably bind to the AhR in the absence of
hsp90 in a cell-free system.

XAPZ-FLAG- » — -’H.AF?-FLAE It has also been established by chemical cross-linking
INPUT studies that the AhR can bind directly to hspa®)( In
FiGURE 2: XAP2 binds to the AhR in the absence of hsp90 in a addition, XAP2 is not required for AhRhsp90 assembly
cell-free system. mAhR and XAP2-FLAG were labeled witts]- in rabbit RL (16). Thus, the AhR is capable of interacting

methionine in RL independently. mAhR was immunoadsorbed with , . . el .
RPT9-Protein G-Sepharose, and XAP2-FLAG was immunoad- with XAP2 and hsp90 independently. Cross-linking studies

sorbed with M2 resin and eluted with FLAG peptide. Each Performed with other 9S complexes, including the GR, PR,
immunoadsorption mixture was washed in PBS to remove hsp90: and ER complexes, have revealed that they also exist as
Ialnteeé,frignnr:l&bziliées(iinrr}gggzmiiﬁﬁovt\;:}g :o(l)(:ﬁ) r?tfrctﬂtle éAnTii-eFdLvAvi?h heterotetrameric complexes, similar to results obtained with
elu : , o .
40% of the XAP2-FLAG; and lane 3, 20% of purifieg XAP2-FLAG :geoﬁp En%%vlcgggecoen;(gte:ltﬁ at4 ?Kgg\g; VZ:,]' Eigggd_ ?)?r:: ;’n g
resolved by SDSPAGE, followed by immunoblot analysis using . o ' - ' )
the M2 antibody. immunophilin, which has been isolated in the 9S GR
complex, directly interacts with the GR in the absence of
sequences in the PAS, ligand, and hsp90 binding domainshsp90 45). Thus, the AhR-XAP2 interaction is the first
of the AhR for binding 20). If it is considered that XAP2  demonstration of a ligand-activated receptor that directly and
requires sequences in this region for binding, it is possible stably interacts with an immunophilin-related protein within
that it modulates the ability of the ligand to bind to the AhR. the context of a heterotetrameric hsp90 complex.
For example, a steric change imparted by XAP2 on the AhR  The C-Terminal End of XAP2 Is Required for Binding to
could influence its ability to bind to specific classes of hsp90 in COS-1 Cellfreviously, it has been observed that
ligands. XAP2 is unable to interact with hsp90 in rabbit RL, yet is a
XAP2 Binds to the AhR in the Absence of hsp90 in a Cell- member of hsp90 complexes in cells?). To determine the
Free SystemStudies using the yeast two-hybrid system region of XAP2 that mediates its interaction with hsp90, a
demonstrated that XAP2 (AHPARA9) interacted with the  series of XAP2 N- and C-terminal sequence deletion mutants
AhR (17, 18). These results suggested that XAP2 could were generated (Figure 3A). Each mutant was epitope-tagged
interact with the AhR. It was unknown, however, if hsp90 at the C-terminal end with a FLAG epitope for immunoad-
was a member of, or participated in, the two-hybrid interac- sorption studies using the anti-FLAG M2 affinity gel. To
tion complex. Thus, a cell-free system was used to determinedetermine if each mutant could be recognized by the M2
if there was a direct interaction between the AhR and XAP2 affinity gel, each mutant was labeled witf?$]methionine
in the absence of hsp90. To address this issue, plasmidsn RL, immunoadsorbed by the M2 gel, resolved by SDS
pcDNA3/SmAhR and pCI/XAP2-FLAG encoding the AhR  PAGE, and visualized by autoradiography (Figure 3B). These
and XAP2-FLAG, respectively, were transcribed and trans- results demonstrated that each mutant migrated at its
lated independently in RL. The AhR was immunoadsorbed calculated molecular weight and was recognized by the
with the anti-AhR monoclonal antibody RPT9 coupled to affinity gel. Next, plasmids encoding each construct were
Protein G-Sepharose, and XAP2-FLAG was immunoad- transiently expressed in COS-1 cells for hsp90 binding
sorbed with the anti-FLAG M2 affinity gel. The immunoad- studies. COS-1 cells were selected because they essentially
sorbed AhR was washed sulfficiently in PBS to remove hsp90 lack AhR expression; thus, XAPzisp90 interactions could
which forms a complex with the AhR following its transla- be studied in the absence of AhR in cells. Following transient
tion (16). The immunoadsorbed XAP2-FLAG was also transfection of XAP2 full-length and deletion constructs,
washed in PBS, although it has been previously demonstratedXAP2-FLAG—hsp90 complexes were immunoadsorbed with
that XAP2 does not form a complex with hsp90 directly in the anti-FLAG M2 affinity gel, resolved by SDSPAGE,
RL (16). The presence of hsp90 was examined using and analyzed by immunoblot analysis with anti-hsp90
immunoblot analysis in each purified sample, and no hsp90 antibodies and M2 anti-FLAG antibodies to detect hsp90 and
was detected (data not shown). XAP2-FLAG was then eluted XAP2-FLAG proteins, respectively. These results indicated
from the M2 affinity gel with the FLAG peptide for use in  that hsp90 was able to bind to N-terminal XAP2-FLAG
binding studies. Eluted XAP2-FLAG was incubated with mutant/17-330 as did full-length XAP2, indicating that the
immunopurified AhR immobilized to the RPFProtein N-terminal 17-amino acid sequence of XAP2 is not required
G—Sepharose, and an equal amount was incubated withfor binding to hsp90 (Figure 3C). It is important to note that
mouse |gG-Protein G-Sepharose in MENG and 150 mM  full-length XAP2 was expressed at a higher level than the
NaCl for 1 h, washed three times in the same buffer, resolved XAP2 mutant/17330, yet both mutants were able to bind
by SDS-PAGE, and transferred to a PVDF membrane. to equivalent amounts of hsp90 (Figure 3C). The lower level
Immunoblot analysis using the anti-AhR monoclonal anti- of expression of the XAP2 mutant/+B830 may be due to
body RPT1 and anti-FLAG M2 antibodies indicated that a higher turnover of this N-terminal mutant in cells when
portion of XAP2-FLAG bound directly to the AhR in the compared to full-length XAP2-FLAG. XAP2-FLAG mutants
absence of hsp90 (Figure 2, lane 1), whereas no specificlacking C-terminal sequences, however, were unable to bind
binding was observed in the control immunoadsorption to hsp90 (Figure 3C). Thus, C-terminal sequences of XAP2
(Figure 2, lane 2). Twenty percent of the total XAP2-FLAG are required for binding to hsp90. The XAP2 mutant/1
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Ficure 3: C-Terminal end of XAP2 required for binding to hsp90
in COS-1 cells(A) Schematic representation of full-length XAP2-
FLAG and XAP2-FLAG deletion mutants. (B) Constructs labeled
with [3S]methionine in RL, immunoadsorbed with M2 resin in IP
buffer, resolved by SDSPAGE, and visualized by autoradiography.
(C) COS-1 cells were transfected with pCI/XAP2-FLAG and pCl/
XAP2-FLAG deletion mutant constructs, cytosol isolated, immu-
noadsorbed with M2 resin in IP buffer, resolved by SEFSAGE,
followed by immunoblot analysis using anti-hsp90 antibodies
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folding (26). These results are consistent with the observation
that C-terminal sequences of the TPR domain in the
immunophilin FKBP51 are also required for binding to hsp90
(46). Recent results using truncated forms of XAP2 have
demonstrated that the C-terminal end of XAP2 (ARA9) are
required for complexing with the AhR and hsp90, whereas
deletion of 150 amino acids from the N-terminal end of
XAP2 (ARA9) did not affect its ability to bind to AhR
hsp90 complexes2(). Collectively, these results indicate
that the C-terminal sequences of XAP2 are required for
complexation with hsp90 and in AkFhsp90 complexes
(20). Future experiments will focus on understanding the role
of the C-terminal sequences of XAP2 in its ability to interact
with hsp90.

XAP2 Binds to a C-Terminal Domain of hsp90, and the
AhR Binds to a Middle Domain of hsp9Btudies presented
here and from other laboratories indicate that XAP2 binds
to hsp90 complexes in cells in the absence of the AR (
The hsp90 domains involved in the XAP2 and AhR complex
formation are unknown. To address this question, GST
hsp90 fragment fusion proteins were used in interaction
studies with XAP2. Recently, GSThsp90 fragment fusion
proteins were used to demonstrate that the C-terminal domain
of hsp90 is the binding domain of p60, FKBP52, and CyP-
40 (40). Thus, similar experiments were performed to identify
the binding site of XAP2 on hsp90. Previously described
GST—hsp90 fusion proteins corresponding to the N-terminal
(residues 9-236), middle (residues 272617), and C-
terminal (residues 629732) ends of hsp90 were generated
in E. coli and bound to glutathioneagarose 40). Each
glutathione-agarose-GST—hsp90 fusion was then incubated
with [3*S]methionine-labeled XAP2, washed, and resolved
by SDS-PAGE. As a control, $S]methionine-labeled
FKBP52 and the TPR domains of the serine/threonine
phosphatase PP5 were also immunoadsorbed with each GST
fusion protein. The GST fusion proteins were visualized with
Coomassie Blue staining to demonstrate that an equal amount
of fusion protein was bound to glutathionagarose (Figure
4A). The gel was visualized by autoradiography to detect
radiolabeled XAP2, FKBP52, and PP5 TPR. These results
indicated that XAP2, like FKBP52, binds to the C-terminal
fragment of hsp90 (Figure 4B). Additionally, the TPRs of
PP5 also bound to the C90 fragment, which has been

(hsp86/84) to detect hsp90 and M2 anti-FLAG antibodies to detect demonstrated to compete for binding of full-length PP5 to
XAP2-FLAG, and visualized using]DAR IgG or [*#I]SAM hsp90 (Figure 4B)47). Collectively, these results demon-
IgG, respectively, followed by visualization by autoradiography. strate that XAP2, like other TPR-containing hsp90-associat-
319 was not expressed in COS-1 cells; thus, the ability of ing proteins, binds to the C-terminal end of hsp90, which
the 11 C-terminal amino acids of XAP2 to bind to hsp90 has been hypothesized to act as a TPR domain recognition
could not be addressed. This may be due to turnover of thissite. Recent studies have also demonstrated that a conserved
mutant in cells, as it efficiently translates in RL (Figure 3B). MEEVD motif in the C-terminal end of hsp90 is required
The requirement of XAP2 C-terminal sequences for binding for binding of the TPR-containing proteins Hop and CyP-
to hsp90 is consistent with the requirement of FKBP52 40 @8, 49). It is not known if XAP2 requires the same motif
C-terminal sequences for hsp90 binding. It has been dem-for binding to the C-terminus of hsp90.

onstrated that C-terminal residues in the TPR of FKBP52 In a similar experiment}S]methionine-labeled AhR was
are required for binding to hsp9@®). Given that the third incubated with each of the GShsp90 fusion proteins. As
TPR of FKBP52 and the conserved TPR in XAP2 are highly a control, the binding site of the estrogen receptor on hsp90
homologous, this TPR and C-terminal sequences maywas also examined. These results demonstrated that the
mediate the XAP2hsp90 interaction as has been previously binding sites of the AhR and steroid receptors are on the
described for immunophilins in hsp90 complexes. Thus, the M90 fragment of hsp90 (Figure 4B). This is the first report
TPR domain alone is not sufficient for binding of XAP2 or examining the binding sites of the AhR and XAP2 on hsp90.
FKBP52 to hsp90, but requires proximal C-terminal se- Collectively, these results suggest that XAP2, like immu-
guences of the TPR domains which may patrticipate in protein nophilins found in hsp90 complexes, binds to the C-terminal
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FIGURE 4. XAP2 binds to a C-terminal domain of hsp90, and the AhR binds to a middle domain of hsp98:-h&$I0 fragment fusion
proteins were bound to glutathionegarose in PBS and then mixed with an individud8]methionie-labeled protein, XAP2, FKBP52,
PP5 TPR, ER, and AhR. Bound complexes were resolved by-F2&E followed by (A) Coomassie Blue staining after a representative
experiment and (B) autoradiography of each experiment to identify hsp90 binding sites.

fragment of hsp90, whereas the chaperoned protein, eithelby SDS-PAGE, followed by autoradiography. Immunoblot
the AhR or a steroid receptor, binds to the M90 fragment of analysis was then performed with the anti-FLAG M2
hsp90. antibody to detect immunoadsorbed Arnt. This assay allowed
The AhR-Arnt Heterocomplex Excludes XAP2 in Vitro for the detection of the heterocomplex in that the immuoad-
XAP2 has been previously demonstrated to be a stablesorption was specific for Arnt due to the presence of the
subunit of the unliganded 9S AhR core complex both in Hepa FLAG epitope, as demonstrated by the control (Figure 5A,
1 and in COS-1 cellsi, 17). Following ligand binding, lane 5). Immunoadsorbed ARFRArnt complexes were then
the AhR translocates to the nucleus where it binds to Arnt compared to the relative amounts of XAP2 that were
and hsp90 dissociates from the AhR in a process calledimmunoadsorbed with the 9S complex generated in vitro
transformation. It is not known if XAP2 dissociates along (Figure 5A, lanes 3 and 4). These results indicated that XAP2
with hsp90 in the nucleus or remains bound to the AhR is not a component of the AhRArnt heterocomplex. These
during heterodimerization with Arnt. Previous studies and results are consistent with the AhR mapping data, suggesting
those presented here have established that XAP2 does nathat XAP2 and Arnt may occupy, at least in part, the same
directly bind to Arnt (L7, 18). However, it is not known if or adjacent binding site on the AhR. It is possible that
XAP2 is able to bind to the AhR in the presence of Arnt. following ligand activation, Arnt may act to displace XAP2
Thus, to determine if XAP2 is a member of the ARRrnt from the 9S complex in the nucleus. It is also possible that
heterocomplex, an in vitro analysis was performed using an ligand binding coupled with hsp90 dissociation from the AhR
assembled AhRhsp90-XAP2 heterotetrameric complex may be the determining factors in the destabilization of XAP2
mixed with Arnt in the absence or presence of ligand. First, rather than displacement by Arnt. ARRArnt heterodimer
[35S]methionine-labeled mMAhR-FLAG and XAP2 were gen- formation was also observed in these studies in the absence
erated in RL, and then mixed to form the heterotetrameric of ligand. The formation of such AhRArnt heterodimers
complex, which has previously been demonstrated to form in RL may be due to an endogenous ligand in RL, as it has
a 9S complex16). The complexes were treated with 20 nM been previously observed by gel shift analysis that AhR
TCDD or carrier solvent, immunoadsorbed with an M2 Arnt heterodimers form in rabbit RL in the absence of ligand
affinity gel, and resolved by SDSPAGE, followed by (6).
autoradiography (Figure 5A, lanes 1 and 2). These results The AhR-Arnt Heterocomplex Excludes XAP2 in Hepa 1
demonstrated the relative amount of XAP2 that co-immu- Nuclear ExtractsTo determine if XAP2 was also excluded
noadsorbs with the AhRhsp90 complex, and also indicated, from the AhR-Arnt heterocomplex in cells, Hepa 1 cells
as previously described, that XAP2 can bind to the AhR in were treated with 10 nM TCDD for 1 h, the nuclear fraction
the presence of ligand.6). To determine if XAP2 was able  was isolated, and the transformed AhRrnt heterocomplex
to bind to the AhR-Arnt heterocomplex,3fS]methionine- was isolated by immunoadsorption using anti-Arnt 2B10
labeled mAhR and XAP2 were generated in RL, and then Protein G-Sepharose or IgGProtein G-Sepharose as a
mixed to form the heterotetrameric complex. Next, pcDNA1/ control. AhR was detected in the Arnt immunoadsorption,
Arnt-FLAG was generated in RL and added to the heterotet- whereas it was not in the control (Figure 5B). Immunoblot
rameric complex followed by the addition of 20 nM TCDD analysis using anti-XAP2 antibodies failed to detect XAP2
or carrier solvent. AhRArnt heterocomplexes were immu- in immunoadsorbed AhRArnt heterocomplexes (Figure
noadsorbed with the M2 affinity gel, washed, and resolved 5B). These results support the in vitro data which demon-
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FIGURE 6: XAP2 acts to enhance cytosolic AhR levels in COS-1
_46 cells. COS-1 cells were transfected with pcDNA3/bmAhR and pCl
or pCI/XAP2 in triplicate. The cytosol was isolated; 160 from
each transfection was resolved by SEFAGE, followed by
immunoblot analysis using RPT1, anti-p50 antibody C1p50, and
anti-XAP2 antibodies, and visualized with GAMHRP or DAR—
3“ HRP. (A) Representation of a single experiment. (B) Quantitation
o of an experiment whose results are depicted in panel A in triplicate.
FIGURE 5: XAP2 is excluded from the AhRArnt heterocomplex ~ PCl vs pCI/XAP2, controlp < 0.01.
in vitro and in Hepa 1 nuclear extracts. (A) mAhR, mAhR-FLAG,
and XAP2 were labeled witi#jS]methionine in RL in independent XAP2 Acts To Enhance Cytosolic AhRukks in COS-1

L?&%tciior;?éa{tneéhvevitfgsgamgrIgglt\e/z’n:ncﬁhZRO-ill_\/lA('lz' Cfg‘g Tn‘:‘rzin";:ae Cells Previously, we and others have demonstrated that
sorbed with M2 resin in IP buffer, resolved by SBBAGE, and overexpression of XAP2 resulted in enhanced AhR-mediated

visualized by autoradiography. In the last three lanes, AhR and transactivationX6, 17). To determine if XAP2 had an effect
XAP2 were mixed to form the 9S heterotetramer. Arnt-FLAG on AhR levels in the cell, COS-1 cells were used as a model

(Unlabeled) was mixed with heterotetrameric Complexes, treated System to address th|s quest|0n as th|s Ce” ||ne has been
with carrier solvent or 20 nMTCDD, immunoadsorbed with M2 '

resin, resolved by SDSPAGE, transferred to PVDF membrane, used previously to study the AhR 3|gnal_transduct|on pathway
and visualized by autoradiography to detect AhR and XAP2. (16). COS-1 cells were transfected with pcDNA3/bmAhR
Immunoblot analysis was used to detect Arnt using M2 antibody. and pCl or pCI/XAP2. Following transient transfection, cells
In the last lane, AhR and XAP2 were mixed in the absence of Arnt- \yere lysed, and the cytosolic fraction was isolated and

FLAG. (B) Hepa 1 cells were treated with 10 nM TCDD for 1 h, . - . . . .
and nuclear extracts were isolated, immunoadsorbed with 2B10 analyzed by immunoblot analysis using antibodies against

Protein G-Sepharose or control Ig&Protein G-Sepharose,  the AhR, XAP2, and pS0. A representative immunoblot of
resolved by SDSPAGE, followed by immunoblot analysis using ~ a single experiment and quantitation of the mAhR bands from
mAb RPT1 to detect_AhR_ and anti-XAPZ polyclonal ?zntibodies to three independent experiments are depicted in Figure 6.
?geéecfeﬁéei%’v glr;d f\glfgv?/gﬁegyu\?;gl?;?i]ziﬁgﬂnI%&;Jtcgrasgigggphy These results demonstrated that there was a statistically
' ' " significant 1.9-fold increasgp(< 0.01) in AhR levels in the
presence of XAP2 when compared to AhR levels in the
strate that XAP2 is excluded in the ARRArnt heterocom-  presence of control vector alone (Figure 6B). Thus, in the
plex. However, the possibility cannot be excluded that the unliganded form, XAP2 was able to stabilize AhR levels.
incubation and washing procedure used for isolation and Transfection of pCI/FKBP52 or pCI/XAP2-FLAG{263),
immunoadsorption of the AhRArnt heterocomplex caused a nonbinding AhR XAP2 mutant, did not result in enhancing
XAP2 dissociation. the level of AhR, and thus further demonstrates the specificity
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Ficure 7: Model of the AhR signal transduction pathway. This model suggests that de novo synthesized AhR binds to preassembled
XAP2—hsp90 complexes in the cytoplasm. Following ligand activation, the AhR core complex translocates to the nucleus and undergoes
transformation with its heterodimeric partner Arnt. The ANt heterodimer then binds to DREs in the promoters of genes such as
CYP1A1

of the XAP2-mediated effect (data not shown). Another complexes with TPR-containing proteins such as PP5 do not
hsp90 binding protein, p50, was used as a loading control. contain p56°°37 and it is thought that steric interference of
The mechanism by which XAP2 enhances cytosolic AhR the TPR-containing proteins prevents the binding of*f50
levels is unknown. One possibility is that XAP2 expression (53).

results in the assembly of more 9S unliganded core AhR  xaApP2 is a candidate protein that may bind to the TPR
complexgs. Another possibility is that XAP2 blocks the binding site of hsp90, much like FKBP52, CyP-40, and PP5.
proteolytic turnover of the AhR. Previous sucrose density gradient analysis revealed that most,
Hsp90 exists in distinct complexes with several different if not all, of the cytosolic XAP2 sedimented as a complex
proteins in the cell. For example, hsp90 has been isolated innear hsp90 in COS-1 extractsg]. This, coupled with the
complexes containing p50, a mammalian homologue of the fact that hsp90 complexes coprecipitate with XAP2 (Figure
Saccharomyces cearisiae cell cycle control protein Cdc37  3), would support the hypothesis that de novo synthesized
and the protein kinase pp606' or v-Raf 36, 50). Hsp90 AhR binds to preassembled XAPRsp90 complexes. It is
has also been isolated in complexes consisting of a steroidimportant to note that we have not been able to detect other
receptor, such as the GR, PR, or ER, and a TPR-containingproteins in AhR complexes by silver stain analysis of
protein, such as FKBP52 or CyP-40, two members of the immunoprecipitations. Additionally, neither FKBP52 nor
immunophilin family @3, and references therein). Other CyP-40 has been detected in the unliganded AhR core
proteins with TPR motifs, such as the serine/threonine complex (5, 54). Thus, it is possible that XAP2hsp90
phosphatase PP5, have also been isolated in hsp90 complexeomplexes are specific for de novo synthesized AhR. A
with the glucocorticoid receptob(). The TPR domains of  second less likely hypothesis is that the AhR binds to hsp90
FKBP52, CyP-40, and PP5 have been demonstrated tofollowed by the association of XAP2 with the AkFhsp90
mediate binding to hsp90 in these complexes. For example,complex. A model of the process by which de novo
the CyP-40 TPR domain is able to compete for the binding synthesized AhR binds to preassembled XAMR2p90
site of FKBP52 and CyP-40 on hsp%Pj. Thus, these data  complexes is depicted in Figure 7. Following the assembly
and other studies suggest that only one TPR-containingof the 9S heterotetrameric complexes in the cytosol, ligands
protein can associate with a given hsp90 heterocomplex.such as TCDD bind to these complexes followed by
Another example of hsp90 binding specificity is that hsp90 translocation to the nucleus. Once in the nucleus, Arnt may
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compete for the XAP2hsp90 binding site of the AhR,
resulting in the loss of the XAP2hsp90 complex and
heterodimerization of the liganded AhR with Arnt. The
AhR—Arnt heterodimer, which lacks XAP2, then binds to
the promoters of genes such@¥P1A1(Figure 7). Specific
aspects of this model that are currently unknown include the
following: (1) the possibility that XAP2 exists in preas-
sembled complexes with hsp90, (2) the possibility that Arnt
participates in the dissociation of XAPAsp90 complexes,
and (3) the fate of XAP2hsp90 complexes following
dissociation of the AhR.

This report established that (1) XAP2 requires the PAS,
hsp90, and ligand binding domain(s) of the AhR for efficient
binding, (2) XAP2 can directly interact with the AhR in the
absence of hsp90 in a cell-free system, (3) the C-terminal
end of XAP2 is required for binding to hsp90 complexes,
(4) XAP2 binds to the C-terminal end of hsp90 whereas the
AhR binds to the middle of hsp90, (5) XAP2 is excluded
from the AhR-Arnt heterodimer in vitro and in Hepa 1 cells,
and (6) XAP2 acts to enhance AhR levels in COS-1 cells.
This latter conclusion may suggest that the relative XAP2
concentration in a given cell type is an important determinate
of the steady-state level of the AhR.
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