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Abstract The aryl hydrocarbon receptor (AhR) is a ligand-inducible transcription factor that mediates biological re-
sponses to halogenated aromatic hydrocarbons. The unliganded AhR is a cytoplasmic, tetrameric complex consisting
of the AhR ligand-binding subunit, a dimer of hsp90, and the hepatitis B virus X-associated protein 2 (XAP2). The role
of XAP2 as a member of the AhR core complex is poorly understood. XAP2 shares significant homology with the
immunophilins FKBP12 and FKBP52, including a highly conserved, C-terminal, tetratricopeptide repeat (TPR) domain.
XAP2 forms a complex with hsp90 and the AhR but can also bind to both independently. This binding is mediated by
the conserved TPR domain. Single-point mutations in this region are sufficient to disrupt the association of XAP2 with
both the AhR and hsp90 in cells. Cotransfection of the AhR and XAP2 in COS-1 cells results in increased AhR levels
compared with cells transfected with the AhR alone. In contrast, coexpression of the AhR with the TPR containing
proteins FKBP52, protein phosphatase 5 (PP5), or XAP2 TPR-mutants deficient in binding to the AhR and hsp90 does
not affect AhR levels and coexpression of the AhR with the TPR domain of PP5 results in AhR down-regulation. These
results demonstrate that XAP2 is apparently unique among hsp90-binding proteins in its ability to enhance AhR levels.
A yellow fluorescent protein (YFP)-XAP2-FLAG was constructed and biochemically characterized, and no loss of func-
tion was detected. YFP-XAP2-FLAG was transiently transfected into NIH 3T3 and was found to localize in both the
nucleus and the cytoplasm when visualized by fluorescence microscopy. Treatment of Hepa-1 cells with the hsp90-
binding benzoquinone ansamycin, geldanamycin, and the macrocyclic antifungal compound radicicol resulted in AhR
but not XAP2 or FKBP52 turnover. Taken together, these results suggest that XAP2/hsp90 and FKBP52/hsp90 com-
plexes are similar yet exhibit unique functional specificity.

INTRODUCTION

Heat shock protein 90 (hsp90) is highly abundant, ac-
counting for approximately 1% to 2% of the total cyto-
plasmic protein pool. Hsp90 can act as a general molec-
ular chaperone by facilitating the folding of proteins that
are misfolded or denatured (reviewed in Csermely et al
1998). Most studies on hsp90 have focused on its role in
maintaining soluble receptors in a conformation that is
competent for ligand binding (reviewed in Pratt and Toft
1997; Buchner 1999). This chaperone activity has been
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shown to require other proteins, such as Hip, Hop, and
heat shock protein 70 (reviewed in Bukau and Horwich
1998). Steroid hormone receptors (SHRs) that require
hsp90 for formation into mature complexes include the
progesterone (PR), estrogen (ER), and glucocorticoid re-
ceptors (GR) (reviewed in Pratt and Toft 1997). Protein
kinases, such as Raf-1 and pp60v-src, have also been dem-
onstrated to require hsp90 for proper function (reviewed
in Buchner 1999). Mature SHR complexes consist of the
SHR ligand-binding subunit, a dimer of hsp90, p23, and
an immunophilin. The immunophilins associated with
these complexes bind to the C-terminal end of hsp90 by
their tetratricopeptide repeat (TPR) domains. These do-
mains are believed to bind to the C-terminus of hsp90 by
a MEEVD recognition site, which is part of a proposed
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TPR-binding motif (Carrello et al 1999). The immuno-
philins FK506-binding protein (FKBP) 52, FKBP51, and
Cyclophilin 40 (CyP-40) have been identified in different
SHR complexes (reviewed in Pratt and Toft 1997). FKBP52
has been observed to complex with the GR, mineralocor-
ticoid receptor (MR), and progesterone receptor (PR) (Tai
et al 1992; Milad et al 1995; Bruner et al 1997). FKBP51
interacts with unliganded GR and PR complexes and, to
a lesser extent, with ER complexes (Barent et al 1998).
CyP-40 has also been identified in GR and PR complexes
(Johnson and Toft 1995; Milad et al 1995; Johnson et al
1996; Owens-Grillo et al 1996). The serine/threonine
phosphatase PP5 has also been observed to complex with
the GR and has certain properties similar to the FK506-
binding immunophilins (Silverstein et al 1997).

Recently, a protein-sharing homology to the immuno-
philins FKBP12 and FKBP52, the hepatitis B virus X-as-
sociated protein 2 (XAP2), has been demonstrated to exist
in complexes with hsp90 and the AhR (Carver and Brad-
field 1997; Ma and Whitlock 1997; Meyer et al 1998). Hu-
man XAP2 was first identified by its ability to bind to the
hepatitis B virus (HBV) X-protein in a yeast 2-hybrid
screen and to repress the transactivation of the HBV X-
protein (Kuzhandaivelu et al 1996). A murine homolog
and another XAP2 human cDNA clone were later isolated
in a yeast 2-hybrid screen with the aryl hydrocarbon re-
ceptor (AhR) and referred to as Ah-interacting protein
and Ah receptor–activated 9, respectively (Carver and
Bradfield 1997; Ma and Whitlock 1997). A simian cDNA
clone of XAP2 was isolated as a member of the AhR-
hsp90 core complex following the biochemical purifica-
tion of XAP2 (Meyer et al 1998). This immunophilin-re-
lated protein contains a highly conserved TPR domain in
its C-terminus, which is required to bind to hsp90 com-
plexes both in vitro and in vivo (Meyer and Perdew 1999).
The C-terminal TPR domains in FKBP52 and CyP-40 have
also been demonstrated to be required for binding to
hsp90 complexes, and their TPR domains compete for
binding to hsp90 (Ratajczak et al 1993). Unlike FKBP52,
however, XAP2 does not bind to an FK506 affinity col-
umn and is found in unliganded tetrameric AhR com-
plexes (Carver and Bradfield 1997; Ma and Whitlock
1997; Carver et al 1998; Meyer et al 1998). XAP2 was re-
cently demonstrated to bind to a C-terminal hsp90 do-
main, whereas the AhR was shown to bind to the middle
of hsp90 (Meyer and Perdew 1999).

The role of XAP2 in protein complexes is unknown,
although it has been demonstrated to enhance the tran-
scriptional activation of endogenous and transiently
transfected AhR and increases cytosolic AhR levels when
overexpressed (Ma and Whitlock 1997; Meyer and Per-
dew 1999). To further characterize the function of XAP2
in AhR complexes, the ability of XAP2 to affect AhR sta-
bility was compared to the TPR-containing hsp90-bind-

ing proteins FKBP52, full-length PP5, and the TPR do-
main of PP5. These results would indicate that XAP2 is
uniquely able to enhance AhR levels. In addition, the role
of the conserved TPR in XAP2 was evaluated for its abil-
ity to facilitate the assembly of the AhR/hsp90 complex.
To further compare the biochemical properties of XAP2
and FKBP52, the hsp90-binding antibiotic geldanamycin
(GA) and the antifungal agent radicicol were assayed for
their effect on XAP2 and FKBP52 stability. These studies
demonstrate that XAP2 and FKBP52 protein levels are not
altered by GA and thus reveal an additional similarity
between these proteins.

MATERIALS AND METHODS

Bacterial strains and cell culture

Escherichia coli strain DH5a (Gibco BRL) was used for all
plasmid preparations. Mammalian cells were grown in a-
minimum essential medium (Sigma, St Louis, MO, USA)
supplemented with 10% fetal bovine serum, 100 IU of
penicillin/mL, and 0.1 mg streptomycin/mL at 378C in
94% air, 6% CO2.

Construction and sources of vectors utilized

pcDNA3/bmAhR was used for expression of mAhR (Fu-
kunaga and Hankinson 1996). The mammalian expres-
sion constructs pCMV6/PP5-Flag and pCMV6/PP5/
TPR-Flag were provided by Michael Chinkers (Chen et al
1996). The vector pCI/FKBP52 was obtained from David
Smith. Site-directed mutagenesis was performed on the
conserved TPR domain of XAP2 with the QuikChangey

Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA,
USA) using pCI/XAP2-FLAG as the template (Meyer and
Perdew 1999). HPLC-purified oligonucleotides for site-di-
rected mutagenesis of the XAP2 TPR were obtained from
Operon Technologies, Inc. (Alameda, CA, USA). The nu-
cleotide sequences of all XAP2-FLAG TPR mutants were
confirmed by automated DNA sequencing. pCI/XAP2-
FLAG (Meyer and Perdew 1999) was digested with Xho
I and Sma I and the digested insert cloned into pEYFP-
C1 (Clontech, Palo Alto, CA, USA) to generate pEYFP-
XAP2-FLAG. The QuikChangey Site-Directed Mutagen-
esis Kit was then used to insert 4 nucleotides 59 to the
XAP2 ATG start sequence, resulting in an in-frame fusion
of EYFP and XAP2-FLAG.

Transient transfections of COS-1 cells

COS-1 cells were transfected at 70% confluency in 10 cm2

tissue culture plates by the lipofectAMINE procedure as
specified by the manufacturer (Life Technologies, Gai-
thersburg, MD, USA). Transfected COS-1 cells were har-
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vested 24–36 h after the beginning of the transfection
with trypsin-EDTA and washed once in 1X PBS. The cells
were lysed in MENG buffer (25 mM MOPS, 2 mM EDTA,
0.02% NaN3, 10% glycerol, pH 7.5), 1% NP-40, plus pro-
tease inhibitor cocktail (Sigma) for 15 min at 48C. Cell
lysates were centrifuged at 48C at 10 000 3 g for 15 min.
The total amount of protein was quantitated using the
bicinchoninic acid assay (Pierce, Rockford, IL, USA).

XAP2-FLAG immunoprecipitations

Cytosol isolated from transfected COS-1 cells was im-
munoprecipitated with the anti-FLAG M2 affinity gel
(Sigma). XAP2-FLAG immunoprecipitations were per-
formed in IP buffer (MENG buffer, 2 mg/mL ovalbumin,
2 mg/mL bovine serum albumin, 20 mM sodium molyb-
date) for 2 h at 48C with rocking, in a total volume of 750
mL. Each immunoadsorption was washed 3 times in IP
buffer, followed by 2 washes in MENG buffer 1 20 mM
sodium molybdate. The XAP2-FLAG complexes were
eluted from the M2 affinity gel by incubating with FLAG
peptide (Sigma) for 1 h at 48C. Each eluted immunopre-
cipitation was centrifuged at 107 3 g for 2 min at 48C and
the eluted fraction collected. Each eluted fraction was
mixed with an equal volume of 2X tricine sample buffer
(2X TSB), heated at 948C for 5 min, and resolved by Tri-
cine sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (TSDS-PAGE) (8% polyacrylamide) for 2 h at 30
V followed by 16 h at 60V. The gel was equilibrated in
transfer buffer (20 mM Tris, 185 mM glycine, 20% [v/v]
methanol), then transferred to a polyvinylidene difluoride
(PVDF) membrane (Millipore, Bedford, MA, USA) at 15
V for 3 h at 48C in a Genie blotter (Idea Scientific Co.,
Minneapolis, MN, USA).

XAP2-AhR interaction analysis in a cell-free system

The anti-AhR antibody RPT9 was used to immunopre-
cipitate AhR/XAP2-FLAG complexes. RPT9 (5 mg) was
bound to 35 mL of protein G sepharose (Sigma) in MENG
buffer for 1 h. The resin was then washed in MENG buff-
er 3 times, followed by washing in IP buffer containing
0.75% w/v CHAPS and 20 mM sodium molybdate
(IPCM buffer). The mAhR was in vitro translated using
a Promega TNT coupled translation/transcription sys-
tem, then added (50 mL) to the protein G-sepharose-mAb
RPT9 in a total volume of 750 mL in IPCM buffer and
incubated for 2 h at 48C. The bound AhR was then
washed in the same buffer 2 times, followed by washing
3 times in phosphate buffered saline (1X PBS) to remove
hsp90 bound to the AhR from the translation mixture.
The AhR-bound complexes were then washed in IPCM
buffer 2 times prior to binding to XAP2-FLAG or XAP2-
FLAG TPR mutant proteins. To generate XAP2-FLAG and

XAP2-FLAG TPR mutant proteins, pCI/XAP2-FLAG and
pCI/XAP2-FLAG TPR mutant constructs, respectively,
were generated in an in vitro translation system. A 50 mL
translation mixture was incubated with 50 mL of M2 af-
finity gel (Sigma) in MENG buffer at 48C for 2 h with
rocking. Immunoabsorbed complexes were washed 3
times in MENG buffer, then eluted with FLAG peptide
for 1 h at 48C. The M2 affinity gel and eluted proteins
were centrifuged at 107 3 g for 2 min at 48C and the
eluted supernatant fraction collected. An aliquot of the
eluted fraction (80%) was incubated with the AhR im-
mobilized on protein G sepharose for 2 h in IPCM buffer.
AhR-XAP2-FLAG complexes were then washed in the
same buffer 2 times, followed by washing in MENG buff-
er plus 20 mM sodium molybdate 2 times. An equal vol-
ume of 2X Tricine sample buffer was then added to the
samples, heated at 948C for 5 min, resolved by TSDS-
PAGE (8% acrylamide), and immunoblotted to PVDF
membrane as described previously.

Antibodies used in immunoabsorption and immunoblot
analysis

RPT1, an anti-AhR mouse monoclonal antibody, was
used to detect AhR in immunoblot analysis (Perdew et al
1995). Anti-hsp84/86 rabbit polyclonal antibodies were
used to detect hsp90 by immunoblot analysis (Perdew et
al 1993). M2 anti-FLAG mouse monoclonal antibody was
used in immunoblot analysis to detect FLAG-tagged pro-
teins (Sigma). The anti-FKBP52 mouse monoclonal anti-
body that was used to detect FKBP52 was provided by
David Smith at the University of Nebraska (Nair et al
1997). Rabbit polyclonal anti-XAP2 antibodies were pro-
vided by E. Croze (Berlex Laboratories). Secondary anti-
body was added at a ratio of 1:1000 for 1 h at room tem-
perature with rocking. Secondary antibodies were visu-
alized with either HRP-conjugated GAM IgG, HRP-con-
jugated DAR IgG, 5 mCi [125I]-SAM IgG, or 5 mCi
[125I]-DAR, depending on the assay. HRP-conjugated an-
tibodies were visualized using the Vector VIP substrate
Kit (Vector Laboratories, Inc., Burlingame, CA, USA).
Blots were visualized by autoradiography or phosphori-
mager analysis after the use of radiolabeled secondary
IgG.

Epifluorescence and laser scanning confocal
microscopy analysis of YFP-XAP2

NIH 3T3 fibroblasts were grown on sterile coverslips in
6-well tissue culture dishes in a-MEM supplemented
with 10% fetal bovine serum, 100 IU of penicillin/mL,
and 0.1 mg streptomycin/mL. Cells were transfected us-
ing Lipofectamine (Gibco BRL) according to the manu-
facturer’s instruction but with the following modifica-
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Fig 1. XAP2 is expressed in various established cell lines. Eight
different cell lines were cultured, harvested, and homogenized. Total
cytosolic extracts were isolated, and 75 mg of each lysate was re-
solved by SDS-PAGE, transferred to PVDF membrane, and ana-
lyzed by immunoblot analysis. XAP2 was detected with an XAP2
polyclonal antibody as primary antibody and [125I]-DAR as secondary
antibody.

tions. Transfection mixtures were supplemented with
10% fetal bovine serum after 1 h. After an additional 5
h, the medium was removed, cells were washed with PBS,
and complete medium was added and incubated over-
night. Before visualization, cells were rinsed twice with
PBS, fixed for 30 min in 4% formaldehyde/PBS at room
temperature, and rinsed twice with PBS, and the inverted
coverslips were mounted on slides with Vectashield
mounting medium (Vector). Epifluorescence micrographs
were obtained on a SPOT SP100 cooled CCD camera us-
ing a Nikon Optiphot-2 upright microscope with EFD-3
episcopic-fluorescence attachment with a Nikon Pan Fluor
100X oil immersion objective. Confocal images were ob-
tained on the same samples using a Zeiss Axiovert mi-
croscope with 63X oil immersion objective equipped with
a BioRad MRC 1024 laser scanning confocal optical sys-
tem using Lasersharp 3.1 image acquisition software.

RESULTS AND DISCUSSION

Previous studies have demonstrated that the immuno-
philin-related protein XAP2 is associated with and is a
member of the unliganded aryl hydrocarbon receptor
core complex (Carver and Bradfield 1997; Ma and Whit-
lock 1997; Meyer et al 1998). Recently, XAP2 has been
demonstrated to directly interact with the AhR in a cell-
free system in the absence of hsp90 (Meyer and Perdew
1999). Additionally, XAP2 associates with hsp90 in COS-
1 and Hepa-1 cells in the absence of the AhR (Ma and
Whitlock 1997; Meyer and Perdew 1999). Overexpression
of XAP2 in cells results in increased AhR-mediated tran-
scriptional activity. However, the actual role of XAP2 in
the unliganded complex is poorly understood. In this re-
port, studies have focused on addressing whether XAP2
is unique among hsp90-binding proteins in its ability to
enhance AhR stabilization.

XAP2 is expressed in a wide range of cell lines

After obtaining antibodies to XAP2, initial studies fo-
cused on examining whether various cell lines may ex-
press XAP2. Considering that rabbit reticulocyte lysate
does not contain detectable levels of XAP2, we decided
to see whether a cell line exists that has very low levels
of XAP2 expression. Cytosol from 8 cell lines was ex-
amined on a protein blot for XAP2 levels; CV-1 cells ex-
hibited the lowest level of expression (Fig 1). It is impor-
tant to note that the level of expression did vary consid-
erably in the cell lines tested, further underscoring the
possibility that the pool size of XAP2 could mediate cell
line–dependent differences in AhR regulation. COS-1
cells were chosen for further use in this report because of
their ability to be easily transfected and their relatively
low level of XAP2 expression.

XAP2 overexpression enhances the level of AhR in
COS-1 cells, while FKBP52 or PP5 overexpression has
essentially no effect on AhR levels

Previous studies have demonstrated that XAP2 is able to
enhance AhR levels following its overexpression in COS-
1 cells (Meyer and Perdew 1999). To further identify
whether XAP2 specifically enhanced cytosolic AhR levels
relative to other hsp90-binding proteins, immunophilin
FKBP52 was selected for comparison to XAP2 because of
its role in steroid receptor unliganded complexes. Increas-
ing amounts of pCI/XAP2 or pCI/FKBP52 were cotrans-
fected with pcDNA3/bmAhR in COS-1 cells. Following
the transfection, cell lysates were isolated, resolved by
SDS-PAGE, transferred to PVDF membrane, and ana-
lyzed by immunoblot analysis. The relative amounts of
AhR in the 4 titration experiments described were quan-
titated by phosphorimaging analysis, and the results are
depicted in Figure 2B. These results indicated that in-
creasing amounts of XAP2 stabilized the AhR pool,
whereas FKBP52 did not enhance cytosolic AhR levels
(Fig 2A), suggesting that XAP2 specifically enhances the
AhR pool when overexpressed.

Expression of another TPR-containing hsp90-binding
protein, the serine/threonine phosphatase PP5, and its
TPR domain alone were examined for their ability to en-
hance AhR levels. A titration of increasing amounts of
pCMV6/PP5-FLAG or pCMV6/PP5TPR-Flag were co-
transfected with pcDNA3/bmAhR in COS-1 cells. These
results indicated that AhR levels remained unchanged
with increasing amounts of PP5-FLAG (Fig 2A). Increas-
ing amounts of PP5-FLAG-TPR, however, resulted in
down-regulation of the AhR (Fig 2A). These results sug-
gest that XAP2 specifically enhances AhR levels when
compared to FKBP52 and full-length PP5. In contrast, ex-
pression of the PP5 TPR domain acted to down-regulate
AhR levels (Fig 2B).

XAP2 represents a new member of the C-terminal
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Fig 2. XAP2 specifically enhances the level of AhR in COS-1 cells
when compared to other hsp90-binding TPR-containing proteins.
COS-1 cells were transfected in 6 well dishes with 1 mg of pcDNA3/
bmAhR and 0, 0.2, 0.4, 0.6, 0.8, or 1.0 mg of pCI/XAP2, pCI/FKBP52,
pCMV6/PP5-FLAG, or pCMV6/PP5-TPR-FLAG (shaded triangle) and
brought to a total of 2 mg vector/dish with pCI vector. (A) Total cell
lysates were isolated, and 75 mg of each lysate were resolved by
SDS-PAGE, transferred to PVDF membrane, and analyzed by im-
munoblot analysis. XAP2 and FKBP52 were detected with XAP2 poly-
clonal and FKBP52 monoclonal antibodies. PP5-TPR and PP5-TPR-
FLAG were detected with anti-FLAG M2 antibody. AhR was detected
with the anti-AhR monoclonal antibody RPT1. XAP2 was visualized
with [125I]-DAR, and the AhR, FKBP52, PP5-FLAG, and PP5-TPR-
FLAG were visualized with [125I]-SAM. (B) The graph depicts the fold
change in AhR levels obtained in the presence of TPR-containing pro-
teins after phosphorimaging of the blots. This experiment has been
repeated 3 times with essentially the same results.

hsp90-binding TPR-containing proteins. This protein ap-
pears to be specifically located in both AhR-hsp90 and
hsp90 complexes. The ability of XAP2 to interact directly
with the AhR supports the hypothesis that XAP2 in
hsp90 complexes specifically recruits de novo synthesized
AhR (Meyer and Perdew 1999). FKBP52 and PP5 have not
been directly observed to interact with the AhR and have
not been detected in AhR complexes along with hsp90
by immunoblot and silver stain analysis (Prokipcak et al
1989; Chen and Perdew 1994; Meyer et al 1998). Thus,
FKBP52/hsp90 and PP5/hsp90 complexes may be unable
to recruit the AhR or the resulting complexes are unsta-
ble. The mechanism by which the PP5-TPR domain down-
regulates the AhR may be similar to the mechanism of
PP5-TPR domain-mediated altered GR gene reporter ac-
tivity (Chen et al 1996). It is not known, however, if the
PP5 TPR is able to alter GR levels (Chen et al 1996). The
overexpressed PP5-TPR domain may be able to efficiently
compete with XAP2 for hsp90 C-terminal binding sites
in the cell, resulting in predominantly PP5-TPR domain/
hsp90 complexes. These complexes may not be recog-
nized by de novo synthesized AhR, which may result in
AhR turnover. In addition, overexpressed FKBP52 and
PP5 may not compete with XAP2 as efficiently for hsp90,
which results in the assembly of the AhR with an unal-
tered XAP2-hsp90 pool. Additional support for this mod-
el can be found by examination of the ability of XAP2,
FKBP52, and PP5-TPR domain to complex in vitro with
GST-C90, a C-terminal domain hsp90 fusion protein
(Meyer and Perdew 1999). Results indicated that PP5-TPR
binds with the highest efficiency to GST-C90. This result
may explain the observation that transiently expressed
FKBP52 or PP5 were unable to suppress AhR levels. Thus,
transient expression of the PP5-TPR domain in cells
would appear to be useful in assessing whether hsp90 is
necessary for a given protein’s activity.

Amino acid residues in a conserved tetratricopeptide
repeat domain of XAP2 are required for interaction
with hsp90 complexes in COS-1 cells

Previous studies have demonstrated that the conserved
TPR domain and additional C-terminal amino acid resi-
dues of XAP2 are required for efficient hsp90 binding in
COS-1 cells (Carver et al 1998; Meyer and Perdew 1999).
To further characterize the role of this TPR domain, site-
directed mutagenesis was performed on this highly con-
served region. Each of the mutants was generated in the
pCI vector and has a C-terminal FLAG epitope, which
served 2 primary functions. The FLAG epitope was used
to immunoadsorb XAP2-hsp90 complexes from COS-1
cells, and it was used as a recognition epitope to differ-
entiate between endogenous XAP2 and XAP2-FLAG-TPR
mutants. Five individual amino acid residues that were
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Fig 3. Schematic representation of
XAP2 TPR mutants and their ability to
bind to hsp90 in COS1 cells. (A) Top
panel: Black boxes indicate amino acid
substitutions in the respective mutant.
Bottom panel: Black boxes indicate
conserved amino acid residues be-
tween XAP2 and FKBP52. The TPR
consensus was generated from
CDC16, CDC23, CDC27, SSN6, and
SK13 (Lamb et al 1995). (B) COS-1
cells were transiently transfected with
pCI/XAP2-FLAG, pCI/XAP2-FLAG-
TPR mutants, or pCI (control), and cell
lysate was isolated, immunoabsorbed
with the M2 anti-FLAG affinity resin,
eluted with FLAG peptide, resolved by
SDS-PAGE, and transferred to PVDF
membrane, followed by immunoblot
analysis. Hsp90 was visualized with
polyclonal antibodies raised against
hsp84/86 and [125I]-DAR, and XAP2-
FLAG was visualized with anti-FLAG
M2 antibody and [125I]-SAM.

selected for mutation in the conserved TPR domain are
depicted in Figure 3A. The G272D, G272E, and A284T
mutations were selected on the basis of previous studies
that demonstrated their functional significance in other
TPR-containing proteins. The glycine at position 8 of the
conserved TPR unit in the ‘‘A’’ domain is one of the most
highly conserved residues in the TPR (Sikorski et al 1990;
Lamb et al 1995). Additionally, mutation of this amino
acid to either an aspartic or a glutamic acid residue re-
sults in a loss-of-function phenotype in both S. cerevisiae
and human protein. The G-to-D mutation was observed
in TPR 7 of the CDC23 gene in S. cerevisiae (Sikorski et al
1993). This mutant, designated 23-1, is unable to progress
through the G2/M transition of the cell cycle (Sikorski et
al 1993). The G-to-E mutation was observed to occur in

the TPR region of the p67 phox protein, also referred to
as NADPH oxidase (de Boer et al 1994). This mutation is
associated with chronic granulomatous disease (CGD),
which results in the failure of immune cells to generate
superoxide in humans (de Boer et al 1994). The A-to-T
mutation was observed in the ninth TPR repeat in the S.
pombe gene cut9, which inhibits cell division at anaphase
(Samejima and Yanagida 1994). The Y-to-A and F-to-A
mutations were selected on the basis of the possibility
that the change of a large side-chain amino acid to an
amino acid with a methyl group would affect the function
of the TPR. However, no such mutations in the TPR do-
mains in other proteins have been observed or introduced
for functional studies. These mutants were used in inter-
action studies with the AhR and hsp90.
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The ability of XAP2-TPR mutants to assemble into
hsp90 complexes in cells was addressed. COS-1 cells were
transiently transfected with pCI/XAP2-FLAG, pCI/
XAP2-FLAG TPR mutants, or pCI vector alone. Total cell
lysate was isolated and incubated with the anti-FLAG M2
affinity gel. Immunoadsorbed XAP2-associating protein
complexes were washed in IP buffer, eluted with FLAG
peptide, resolved by TSDS-PAGE, blotted to PVDF mem-
brane, and followed by immunoblot analysis. These re-
sults indicated that, when compared to the nonmutated
XAP2-FLAG, each mutant was impaired in its ability to
associate in hsp90 complexes. The Y268A mutants had a
low level of binding when compared to the other TPR
mutants, in which no binding was detected (Fig 3B).

Mutants G272D, G272E, and F288A are unable to
interact with the AhR in the absence of hsp90 in a cell-
free system

Previous studies have indicated that XAP2 can bind the
AhR in the absence of hsp90 in a rabbit reticulocyte lysate
(RL) system (Meyer and Perdew 1999). To determine
whether the conserved TPR domain of XAP2 was re-
quired for this interaction, the same cell-free binding as-
say was performed. Plasmids pcDNA3/bmAhR and
pCI/XAP2-FLAG were transcribed/translated indepen-
dently in RL. The AhR was immunoabsorbed with the
anti-AhR monoclonal antibody RPT9 coupled to Protein
G sepharose, and XAP2-FLAG was immunoabsorbed
with the anti-FLAG M2 affinity gel. The AhR immuno-
adsorption was washed sufficiently in PBS to remove
hsp90, which complexes with the AhR following its trans-
lation (Meyer et al 1998). The XAP2-FLAG immunoad-
sorption was extensively washed and the presence of
hsp90 examined using immunoblot analysis, and no
hsp90 was detected (data not shown). It is worth noting
that XAP2 alone does not complex with hsp90 directly in
RL (Meyer et al 1998). XAP2-FLAG and XAP2-FLAG TPR
mutants were then eluted from the M2 affinity gel with
FLAG peptide for use in binding studies. Eluted XAP2-
FLAG or various XAP2-FLAG TPR mutants were then in-
cubated with immunopurified AhR immobilized to the
RPT9/Protein G sepharose, and an equal amount was in-
cubated with mouse IgG/Protein G sepharose in IP buff-
er for 1 h. All samples were washed 3 times in the same
buffer, resolved by SDS-PAGE, and transferred to PVDF
membrane. Immunoblot analysis, using the anti-AhR
monoclonal antibody RPT1 and anti-FLAG M2 antibod-
ies, indicated that XAP2-FLAG mutants Y268A and
A284T bound with equal efficiency to the AhR, as did the
nonmutated XAP2-FLAG (Fig 4A). XAP2-FLAG mutants
G272D, G272E, and F288A, however, did not bind to the
AhR (Fig 4A). These results indicated that amino acid

residues G272 and F288 are important in mediating the
direct AhR-XAP2 interaction in the absence of hsp90.

A conserved glycine residue in the XAP2 TPR is
required for interaction of XAP2 in AhR/hsp90
complexes in COS-1 cells

COS-1 cells were cotransfected with pCI/XAP2 or pCI/
XAP2-TPR mutants and pcDNA3/bmAhR to determine
whether any of the observed amino acid changes in the
conserved TPR domain affected the ability of XAP2 to
bind to the AhR/hsp90 complex in cells. Following trans-
fection, cell lysates were isolated, and complexes were im-
munoadsorbed with M2 anti-FLAG affinity resin, eluted
with FLAG peptide, resolved by SDS-PAGE, and ana-
lyzed by immunoblot analysis. These results indicated
that all pCI/XAP2 mutants, except G272D and G272E,
bound to the AhR and hsp90 in cells with the same ef-
ficiency as the nonmutated XAP2-FLAG (Fig 4B). It is in-
teresting to note that XAP2 mutant F288A was unable to
bind to the AhR in vitro and did not bind to hsp90 alone
yet was able to assemble into AhR/hsp90 complexes in
COS-1 cells; the reason for this result is unknown. Taken
together, these results suggest that the highly conserved
glycine residue is important for mediating the ability of
XAP2 to bind to either AhR or hsp90 alone or to AhR/
hsp90 complexes. In addition, the highly conserved TPR
domain also appears to be important for both AhR and
hsp90 binding. These results also suggest that XAP2 TPR
mutants that were unable to bind to hsp90 or to assemble
in AhR/hsp90 complexes apparently have a similar half-
life in COS-1 cells. This observation may indicate that
XAP2 is stable, even in the absence of binding to hsp90.

XAP2 TPR mutants fail to enhance AhR levels in COS-
1 cells

XAP2 TPR mutants G272D and G272E were compared
with XAP2 for their ability to enhance AhR expression in
COS-1 cells. Both of these mutant proteins were unable
to alter the amount of AhR, except at high expression
levels (Fig 5). These results would strengthen the asser-
tion that direct binding of XAP2 is necessary for the in-
creased level of AhR expression detected in this assay
system. The modest increase in AhR levels at very high
XAP2 mutant expression levels may reflect an ability of
these mutants to weakly interact with the AhR. Never-
theless, these XAP2 mutants should serve as useful con-
trols in studies examining the function of XAP2 in the
AhR complex as well as in other cellular functions.

XAP2 levels are resistant to geldanamycin and
radicicol in Hepa-1 cells

XAP2 has been previously demonstrated to bind to the
C-terminus of hsp90, much like FKBP52 and CyP-40
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Fig 4. Mutants G272D, G272E, and
F288A are unable to interact with the
AhR in the absence of hsp90 in a cell-
free system, and a conserved glycine
in the XAP2 TPR complex is required
for assembly of XAP2 in AhR-hsp90
complexes in COS-1 cells. (A) XAP2-
FLAG, XAP2-FLAG-TPR mutants, or
control (RL) were labeled with [35S] me-
thionine in RL independently, immuno-
absorbed with M2 resin, and eluted
with FLAG peptide. mAhR was gener-
ated in RL (unlabeled) and immuno-
absorbed with RPT9/protein G sephar-
ose or with murine IgG/protein G se-
pharose (control, last 2 lanes). The
AhR immunoabsorption was washed in
PBS to remove hsp90. RPT9-sephar-
ose-mAhR was mixed with eluted
XAP2-FLAG or XAP2-FLAG TPR mu-
tants, and complexes washed, re-
solved by SDS-PAGE, and transferred
to PVDF membrane. Top panel: mAhR
visualized with RPT1 and [125I]-SAM by
autoradiography. Middle panel: XAP2-
FLAG visualized by autoradiography.
(B) COS-1 cells were transiently co-
transfected with pCI/XAP2-FLAG, pCI/
XAP2-FLAG-TPR mutants, or pCI
(control) and pcDNA3/pmAhR, and cell
lysate was isolated, immunoabsorbed
with the M2 anti-FLAG affinity resin,
eluted with FLAG peptide, resolved by
SDS-PAGE, and transferred to PVDF
membrane, followed by immunoblot
analysis. AhR was visualized with
RPT1 and [125I]-SAM, hsp90 was visu-
alized with polyclonal antibodies raised
against hsp84/86 and [125I]-DAR, and
XAP2-FLAG was visualized with anti-
FLAG M2 antibody and [125I]-SAM.

(Young et al 1998; Meyer and Perdew 1999). The chap-
eroned proteins, such as the AhR and the ER, have been
shown to bind to the middle segment of hsp90 (Meyer
and Perdew 1999). The antibiotic geldanamycin (GA)
and the antifungal agent radicicol bind to the ATP/
ADP-binding site in the N-terminus of hsp90 (Grenert
et al 1997; Schulte et al 1998). Binding of GA to hsp90
results in the down-regulation of several different pro-
teins, including the PR, AhR, and mutant p53, whereas
other hsp90-binding proteins, such as p50cdc37, a com-
ponent of Raf1/hsp90 complexes, are resistant to its ef-
fects (Smith et al 1995; Chen et al 1997; Whitesell et al
1998). Because of the observation that XAP2 is a new
member of the TPR-containing C-terminal hsp90-bind-
ing proteins, it was unknown whether XAP2 levels
would be affected by GA or radicicol. To determine
whether XAP2 would be affected, Hepa-1 cells were uti-
lized instead of COS-1 cells because they contain a rel-
atively high endogenous level of AhR. Hepa-1 cells were

treated with either 100 nM or 2 mM GA or radicicol for
6 h, and cytosol was isolated, resolved by TSDS-PAGE,
and transferred to PVDF membrane, followed by im-
munoblot analysis with antibodies specific for the AhR,
XAP2, or FKBP52. The results indicated that at 100 nM
GA, AhR levels were depleted, as has been previously
observed, whereas 100 nM radicicol did not affect the
AhR to the same extent as did GA (Chen et al 1997) (Fig
6). Treatment with 2 mM GA or 2 mM radicicol resulted
in total loss of the AhR. In contrast, XAP2 levels at all
concentrations of GA and radicicol were unaffected as
assessed by phosphorimaging analysis. FKBP52 levels
were also unaffected at all concentrations (Fig 6). These
results indicate that the chaperoned protein (eg, AhR)
binds to the middle of hsp90 and is susceptible to GA
or radicicol mediated turnover, whereas XAP2 and
FKBP52, 2 TPR-containing C-terminal hsp90-binding
proteins, are not altered. Thus, a general model is
emerging that proteins involved as cochaperones with
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Fig 5. XAP2 mutants G272D and G272E are defective in enhancing the level of AhR in COS-1 cells. COS-1 cells were transfected in 6
well dishes with 1 mg of pcDNA3/bmAhR and 0, 0.2, 0.4, 0.6, 0.8, or 1.0 mg pCI/XAP2-G272D or pCI/XAP2-G272E or with 0, 0.25, 0.5, or
1.0 mg pCI/XAP2. The vector pCI was used to bring each transfection to a total of 2 mg plasmid/dish. Total cell lysates were isolated, and
75 mg of each lysate were resolved by SDS-PAGE, transferred to PVDF membrane, and analyzed by immunoblot analysis. XAP2 was
detected with XAP2 polyclonal antibodies, and AhR was detected with the anti-AhR monoclonal antibody RPT1. XAP2 antibody was visualized
with [125I]-DAR, and AhR antibody was visualized with [125I]-SAM. The graph depicts the fold change in AhR levels obtained in the presence
of TPR-containing proteins after phosphorimaging of the blots. This experiment was performed twice with essentially the same results.

Fig 6. Cellular XAP2 is unaffected by
geldanamycin or radicicol treatment.
Hepa-1 cells were treated with GA or
radicicol at 100 nM and 2 mM for 6 h.
Following treatment, cytosol was iso-
lated, and 100 mg were resolved by
SDS-PAGE and transferred to PVDF
membrane, followed by immunoblot
analysis with antibodies specific for the
AhR, XAP2, and FKBP52. AhR and
FKBP52 were visualized with [125I]-
SAM and XAP2 with [125I]-DAR and
subsequent autoradiography.
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Fig 7. EYFP-XAP2 binds to hsp90
and to AhR/hsp90 complexes in COS-
1 cells. Upper panels: pEYFP-XAP2-
FLAG or pEYFP alone was transiently
transfected in COS-1 cells, cytosol was
isolated, and 150 mg of protein were re-
solved by SDS-PAGE and transferred
to PVDF, followed by immunoblot anal-
ysis with XAP2 polyclonal antibodies or
anti-GFP monoclonal antibodies. Anti-
bodies were visualized with DAR-P and
GAM-P, respectively. Lower panels:
pEYFP-XAP2-FLAG or pEYFP were
transiently transfected in COS-1 cells
(left panel); pEYFP-XAP2-FLAG or
pEYFP were transiently cotransfected
with pcDNA3/bmAhR in COS-1 cells
(right panel). In both experiments, cy-
tosol was isolated and immunoab-
sorbed with the M2 affinity resin, and
complexes were eluted with FLAG pep-
tide and resolved by SDS-PAGE, trans-
ferred to PVDF membrane, and ana-
lyzed by immunoblot analysis. pEYFP-
XAP2-FLAG was visualized with the
M2 antibody, AhR with the RPT1 anti-
body, and hsp90 with rabbit polyclonal
antibodies against hsp84 and hsp86.
M2 antibody was visualized with GAM-
P, hsp90 with DAR-P, and AhR with
GAM-P by ECL.

hsp90 (eg, FKBP52, XAP2, and p50cdc37) are not depen-
dent on fully functional hsp90 complexes to maintain
their steady-state levels.

An EYFP-XAP2 fusion protein localizes in both the
nucleus and cytoplasm

Using immunocytochemistry and cellular fractionation
assays, previous studies have indicated that XAP2 is pre-
dominantly, if not entirely, cytoplasmic (Kuzhandaivelu
et al 1996; Ma and Whitlock 1997). To more carefully ex-
amine the subcellular localization of XAP2, an enhanced
yellow fluorescent protein (EYFP)-XAP2 fusion protein
was generated. EYFP is a yellow-shifted variant of GFP,
has a brighter emission spectra, is more resistant to pho-
tobleaching than GFP, and can be discriminated from oth-
er GFP variants with appropriate filters. The EYFP was
fused to the N-terminal end of XAP2 because of previous
observations that C-terminal sequences of XAP2 are re-
quired for its interaction with hsp90 and the AhR (Carver

et al 1998; Meyer and Perdew 1999). To demonstrate the
efficacy of the EYFP-XAP2 fusion protein, pEYFP-XAP2-
FLAG or pEYFP alone was transiently transfected in
COS-1 cells and the cytosol analyzed for the presence of
XAP2 and EYFP by immunoblot analysis. These results
indicated that a specific band at approximately 62 kDa
was recognized by both the anti-XAP2 and the anti-GFP
antibodies when compared to the control (Fig 7). To fur-
ther characterize the EYFP-XAP2-FLAG fusion protein, its
ability to complex with hsp90 alone or with the AhR and
hsp90 in COS-1 cells was examined. Immunoblot analysis
indicated that EYFP-XAP2- FLAG was indeed capable of
binding to hsp90 complexes and to both the AhR and
hsp90 in COS-1 cells (Fig 7). Fluorescence micrography
and laser scanning confocal microscopy (LSCM) were
used to study the intracellular location of EYFP-XAP2
protein in NIH 3T3 cells (Fig 8); this cell line was chosen
because of its relatively flat morphology. LSCM would
indicate that YFP-XAP2 distributes into both the cyto-
plasmic and the nuclear compartments. The distribution
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Fig 8. YFP-XAP2/Flag and YFP-
XAP2/Flag G272D are localized in both
the cytoplasmic and nuclear compart-
ments. NIH 3T3 cells were transiently
transfected with pEYFP (top panels),
pEYFP-XAP2/Flag (middle panels), or
pEYFP-XAP2 G272D (bottom panels).
After 24 h, the transfected cells were
visualized by either epifluorecence (left
panels) or scanning confocal micros-
copy (right panels). The confocal im-
ages represent a horizontal midsec-
tional view of the cell. Each image is
representative of the population of
transfected cells.

of the YFP-XAP2 G272D mutant appeared to be essen-
tially the same, indicating that mutation of the conserved
XAP2 TPR did not influence cellular distribution. This
data is in contrast to the predominantly cytoplasmic lo-
calization reported by Kuzhanaivelu et al (1996). This ap-
parent difference could be due to several factors, includ-
ing the use of different cell lines, data from the previous
report examined cells transfected with X protein, the an-
tibody was unable to recognize XAP2 in the nucleus, and
the localization of transiently expressed XAP2 vs endog-
enously expressed XAP2 could differ. Nevertheless, the
data in this report clearly indicates that XAP2 can be lo-
calized throughout the cell. Finally, the development of
YFP-XAP2 constructs should be useful in the further
analysis of the role of XAP2 in interacting with the AhR
and other possible targets of XAP2.
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