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Background:Hsp90 binds to functional domains of protein clients, including the ligand-binding domain of the aryl hydro-
carbon receptor (AhR).
Results: Hsp90- and ligand-binding sites spatially overlap, and ligand displaces Hsp90 in AhR activation.
Conclusion: Hsp90 binding affects AhR activation and not just protein stability.
Significance: This might be the first mechanism of Hsp90 dissociation in activation of client proteins.

Hsp90 (heat shock protein of 90 kDa) is often found associ-
ated with functional domains of client proteins, including those
for ligand binding, dimerization, DNA binding, and enzymatic
activity. Although Hsp90 can maintain the conformation of
functionally important domains prior to activation of the client
protein, its specific binding site and themechanism(s) of Hsp90
dissociationduring activation areunknown.Here,wehave iden-
tified and characterized residues involved in Hsp90 binding
within the aryl hydrocarbon receptor (AhR) ligand-binding
domain and demonstrate that they overlap with those involved
in ligand binding. In agreement with this spatial model, ligand
binding results in Hsp90 dissociation from the AhR Per-ARNT-
Sim B fragment. Interestingly, whereas Hsp90-binding residues
within the ligand-binding domain were not involved in Hsp90-
dependent AhR protein stability, several of these residues are
important for ligand-dependent AhR activation, and their
mutation resulted in conversion of two AhR antagonists/partial
agonists into full AhR agonists. These studies reveal co-localiza-
tion of a tentative Hsp90-binding site with that for AhR ligand
binding and provide the first molecular mechanism for Hsp90
dissociation in the activation of a client protein.

Hsp90 (heat shock protein of 90 kDa) is a molecular chaper-
one involved in multiple signal transduction pathways and a
popular target in cancer therapy. In addition to being responsi-
ble for correct conformational folding of client proteins, it is
thought to stabilize them against degradation, with exposure to
the antibiotic geldanamycin or its derivatives resulting in dis-
ruption of Hsp90 protein binding and reductions in cellular
levels ofHsp90 client proteins (reviewed inRef. 1).Hsp90-bind-
ing sites on client proteins are generally located within func-

tionally important domains, such as the kinase domains of
Akt1, Lck, and Cdk2; the regulatory Polo box domain of Plk1;
the DNA-binding domains of p53 and the aryl hydrocarbon
receptor (AhR)2; the protein dimerization domains of hypoxia-
inducible factor-1� (HIF1�), the AhR, and soluble guanylyl
cyclase; and the ligand-binding domains of steroid receptors
and the AhR (2–11). Although Hsp90 canmaintain the confor-
mation of functionally important domains of client proteins
prior to their activation, the mechanism of Hsp90 dissociation
during activation events is not known. One of the main limita-
tions in Hsp90 biology has been the lack of a defined consensus
Hsp90-binding site on client proteins. Although several studies
identified specific amino acids or small regions involved in
Hsp90 binding to client proteins (2, 5–7, 10, 12, 13), no actual
consensus binding site was identified. It is currently thought
thatHsp90 bindingmay occur through a specific charge pattern
present on the surface of client proteins rather than through a
specific amino acid consensus sequence (12, 14).
The AhR is an Hsp90-binding ligand-dependent transcrip-

tion factor that mediates the toxic and biological effects of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and a wide vari-
ety of structurally diverse compounds (15). Hsp90 has been
shown to bind to both the AhR basic helix-loop-helix (bHLH)
and Per-ARNT-Sim B (PASB) domains of the AhR (8, 9), and
these interactions have several functional roles, including pro-
tecting the AhR from degradation and maintaining the AhR
PASB ligand-binding domain (LBD) in a ligand binding-com-
petent state, although ligand binding to theHsp90-freeAhRhas
been reported (16). Hsp90 binding to the ligand-free cytosolic
AhR maintains it in an inactive state by masking its nuclear
localization sequence and ARNT (AhR nuclear translocator)
dimerization interface (8, 17–19). During ligand-dependent
conversion of the AhR into its high affinity DNA-binding form
(referred to as AhR transformation), ligand stimulates AhR
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tion sequence. Once in the nucleus, Hsp90 appears to be dis-
placed by ARNT due to their mutually exclusive overlapping
binding sites in the AhR (17, 20). Although ligand binding is
thought to result in a conformational change(s) in the AhR
PASBdomain that alters/weakensHsp90 binding and enhances
interaction of ARNT with the AhR Per-ARNT-Sim A (PASA)
domain (20), the Hsp90-binding site within the PASB domain
and the mechanisms responsible for ligand-dependent effects
on Hsp90 and ARNT dimerization remain to be elucidated. In
the study described here, we have identified specific amino acid
residues involved in Hsp90 binding within the AhR PASB LBD
and demonstrate a novel role for these residues in modulating
AhR ligand-dependent activity.

EXPERIMENTAL PROCEDURES

Antibodies and Chemicals—Anti-Hsp90 monoclonal anti-
body 3G3p90was produced atAntibodies Inc. (Davis, CA) from
hybridoma cells kindly provided by Dr. Gary Perdew (Pennsyl-
vania State University). Controlmouse IgMwas fromRockland
Immunochemicals, and AffiniPure goat anti-mouse IgM from
Jackson ImmunoResearch Laboratories. TCDD was obtained
from Dr. Steven Safe (Texas A&M University). �-Naphthofla-
vone (ANF) and 3�-methoxy-4�-nitroflavone (MNF) were
obtained from Sigma-Aldrich.
Plasmid Constructs—pcDNA3-m�AhR, pcDNA3-

m�AhR�PASB, pcDNA3-GST-PASB, and pcDNA3-
m�ARNT have been described previously (20, 21). AhR
point mutations were generated using the QuikChange sys-
tem (Agilent).
Co-immunoprecipitation and Western Blot Assays—COS-1

cells were maintained in �-minimal essential medium supple-
mentedwith 5%FBS at 5%CO2 and 37 °C. COS-1 cells grown in
100-mmculture plateswere transiently transfectedwith 8�g of
AhR expression vectors and 20�l of Lipofectamine 2000 (Invit-
rogen). Twenty-four hours after transfection, cells were rinsed
once with PBS, plates were scraped, and cells were lysed on ice
for 30 min using co-immunoprecipitation assay buffer (25 mM

MOPS (pH 7.5), 10% (v/v) glycerol, 1 mM EDTA, 1% (v/v) IGE-
PALCA-630, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS,
and 0.5% (v/v) protein inhibitor mixture (Sigma)). Lysates were
centrifuged at 14,000 � g for 10 min, and 400-�l aliquots of
supernatant (0.8–1.2 mg of protein) were incubated with anti-
body 3G3 bound to Bio-Rad Affi-Gel 10 substrate (prepared as
described previously (20)) for 1 h at 4 °C with shaking. Samples
were washed three times with co-immunoprecipitation assay
buffer. Proteins were resolved by SDS-PAGE and detected
byWestern blotting as described (20) using anti-AhR antibody
M20 (Santa Cruz Biotechnology) and anti-�-actin antibody
(Santa Cruz Biotechnology). For Hsp90 dissociation studies,
transiently transfected COS-1 cells were incubated in the pres-
ence of 10 nM TCDD (or 0.1% (v/v) solvent control dimethyl
sulfoxide (DMSO)) for 3 h prior to cell lysis. Hsp90 co-immu-
noprecipitation/AhR Western blot analysis was as described
above except that instead of antibodyM20 (directed against the
AhR bHLH domain and used to detect wild-type AhR
(wtAhR)), antibody SE-8 (directed against the AhR PASB
domain) (22) was used to detect the AhR GST-PASB fragment.
In geldanamycin-dependent degradation experiments, tran-

siently transfected COS-1 cells were incubated in the presence
of 0.1 �M geldanamycin or 0.1% (v/v) DMSO for the indicated
periods of time prior to lysis and Western blot analysis.
Reporter Gene Induction Assays—COS-1 cells were tran-

siently transfected in 24-well plates with (per well) 40 ng of
wild-type or mutant AhR expression vector, 200 ng of pGud-
Luc6.1 (23), 40 ng of pRL-TK (Promega), 520 ng of pcDNA3.1�

(Invitrogen), and 2 �l of Lipofectamine 2000. Twenty-four
hours after transfection, cells were incubated with 1 nM TCDD
and/or the indicated concentrations of ANF orMNF for 20–24
h and lysed, and aliquots were analyzed for firefly and Renilla
luciferase activities using the Dual-Luciferase reporter assay
system (Promega) and an Orion microplate luminometer
(Berthold Detection Systems).

RESULTS

Previous mutational and functional analyses of the AhR
revealed that deletion of amino acids 288–418 (which removes
the PASB LBD) results in an AhR that is not only deficient in
Hsp90 binding and constitutively active (i.e. exhibits ligand-
independent transformation/DNA binding) but with an overall
level of DNA binding that is much higher than that of the
wtAhR (20). These results confirm that Hsp90 maintains the
AhR in an inactive state in the absence of ligand and also sug-
gest that Hsp90 binding in the LBDmodulates the overall level
of AhR transformation/DNA binding. Coincidentally, our pre-
liminary results using in vitro synthesized AhR revealed that a
single mutation in the AhR PASB LBD, K284A, dramatically
increased the AhR transformation/DNA binding level (to 148%
of that obtained with wtAhR (data not shown)), suggesting that
an Hsp90-binding site may be located nearby. Intriguingly, the
region of the AhR PASB domain encompassing this amino acid
is rich in aromatic, basic, and threonine residues (Fig. 1A), a
characteristic similar to a region in the Plk1 kinase domain that
contains two previously reported natural mutations (P509A
and R512W) that eliminate its Hsp90 binding (6). Utilizing
these observations as a guide for site-directed mutagenesis and
functional analysis, we attempted to identify and characterize
amino acid residues involved in Hsp90 binding contained
within the PASB LBD of the AhR.
Identification of Residues Involved in Hsp90 Binding—The

AhR PASB region surrounding Lys-284 was aligned with the
homologous regions of the closely related proteins HIF1�,
which also binds Hsp90 in its PASB domain, and ARNT, which
does not bind Hsp90 (9, 11). Because the alignment did not
reveal a clear distinction between Hsp90-binding AhR and
HIF1� and non-Hsp90-binding ARNT (Fig. 1A), we attempted
to identify key residues by individually mutating each of the
AhR residues contained within this region (amino acids 276–
290) to alanine. Hsp90 binding analysis of the resulting mutant
AhRs was performed using lysates from transiently transfected
COS-1 cells. The wild-type and mutant AhR expression con-
structs produced similar levels ofAhRprotein (see inputs in Fig.
1B); no protein was expressed from the empty vector. Although
several alanine substitutions within this region had no signifi-
cant effect on Hsp90 binding, others resulted in a dramatic
decrease in Hsp90 binding (F281A, T283A, H285A, and
D288A) or a moderate decrease in Hsp90 binding (I280A,
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L287A, and F289A) compared with the wtAhR (Fig. 1B and
Table 1). Hsp90 binding to the K284A mutant AhR was not
significant different from that to the wtAhR (Table 1), indicat-
ing that the relative increase in AhR transformation/DNA
binding observed with in vitro synthesized AhR containing the
mutationwas not simply due to a loss ofHsp90 binding like that
proposed for AhR�PASB. This could also result from func-
tional differences in ligand-dependent activation and/or Hsp90
binding to AhR proteins expressed in transient transfections
and compared with those synthesized in vitro.

Although the AhR has two Hsp90-binding sites, namely in
the bHLH and PASB domains (8, 9), the decrease in Hsp90
binding observed with several pointmutations spanning amino
acids 280–288 suggests that these residues are part of an
Hsp90-binding site within the PASB domain. Additional anal-
ysis of the specificity of this tentative Hsp90-binding site using
AhR point mutations generated in previous studies (24, 25)
revealed that whereas some mutations (T283M and H285F)

had little or no loss ofHsp90 binding, comparedwith an alanine
substitution, mutation of Phe-281 to a bulky hydrophobic but
non-aromatic leucine residue did not restore Hsp90 binding
(Fig. 1C). These findings indicate the importance of Phe-281 in
the binding site specificity. Visualizing the position of the key
amino acids affecting Hsp90 binding (Phe-281, Thr-283, His-
285, Leu-287, and Asp-288) using our homology model of the
AhR PASB LBD (25) revealed that the side chains of these res-
idues form a continuous stretch within the ligand-binding cav-
ity (Fig. 2A).
Although alignment of the AhR with ARNT, which does not

bind Hsp90 (9), demonstrated that the specific residues of the
putative AhR PASB LBD Hsp90-binding site were relatively
conserved (Phe-286, Ser-288, His-290, Ile-292, and Glu-293,
respectively, in ARNT (Fig. 1A)), residues surrounding the crit-
ical Phe-281 (i.e. Phe-279, Ile-280, and Arg-282) were poorly
conserved (Thr, Glu, and Ile, respectively, in ARNT) (Fig. 1A).
However, individual mutations of these residues to alanine did
not result in significant reduction in Hsp90 binding (Table 1).
To test the possible effect of multiple mutations within this
region on Hsp90 binding, the combined mutation of all three
residues in the AhR to those found in ARNT (referred to as the
3M AhR) was generated and, surprisingly, resulted in a dra-
matic reduction in Hsp90 binding compared with the wtAhR
(Fig. 1C and Table 1). This reduction in Hsp90 binding could
result from a change in structure of this region of the AhR LBD,
demonstrating that amino acids surrounding Phe-281 can dra-
matically affect Hsp90 binding and may contribute to the dif-
ferential ability of Hsp90 to bind to the AhR and not ARNT.
Involvement of theHsp90-binding Residues in LigandBinding

and AhR Activation—The majority of side chains of the amino
acids at positions 279–290 that are involved in Hsp90 binding

FIGURE 1. Identification of amino acid residues contributing to Hsp90
binding. A, alignment of a section of the PASB domain of mouse (m) AhR,
HIF1�, and ARNT proteins. B and C, lysates from COS-1 cells transiently trans-
fected with the indicated AhR expression constructs were subjected to co-
immunoprecipitation (CoIP) assay with anti-Hsp90 antibody 3G3 or control
IgM as described under “Experimental Procedures.” Samples were separated
by SDS-PAGE, and protein was detected by Western blotting with anti-AhR
antibody M20 or anti-�-actin antibody. The 3M AhR contains substitutions
F279T, I280E, and R282I. Results are representative of three independent
experiments.

TABLE 1
Hsp90 binding to the transiently transfected AhR proteins
Binding to the indicated mutant or wild-type AhR was analyzed in triplicate using
the co-immunoprecipitation/Western blot protocol described under “Experimental
Procedures.” Values are expressed as a percent of the wtAhR and presented as the
means� S.D. of three replicate reactions adjusted for nonspecific binding reactions
(IgM controls). Statistical comparisons were performed using the corresponding
wtAhR controls, and only one representative wtAhR value is presented.

AhR mutation Hsp90 binding

T276A 111 � 8
K277A 105 � 16
N278A 105 � 15
F279A 105 � 10
I280A 65 � 16
F281A 5 � 10a
R282A 83 � 19
T283A �1 � 10a
K284A 90 � 8
H285A 9 � 6a
K286A 89 � 2
L287A 29 � 7a
D288A 13 � 2a
F289A 63 � 4a
T290A 73 � 17
F281L 17 � 8a
T283E 20 � 6a
T283M 64 � 16a
H285F 123 � 25
3M (F279T/I280E/R282I) 13 � 6a
A375L 64 � 17a
A375V 77 � 18
wtAhR 100 � 18

a Statistically different from the wtAhR at p � 0.05 as determined by Student’s t
test.
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(judged by our individual mutations) are pointing into the
ligand-binding cavity of the PASB LBD (Fig. 2A) and are spa-
tially close to Ala-375, a residue previously implicated in ligand
binding (24, 26). To examine the possible overlap ofHsp90- and
ligand-binding sites within this region, Hsp90 binding analysis
was performed using two AhRs containing single mutations at
Ala-375 that either have decreased TCDD-binding affinity
(A375V) or lack TCDD binding (A375L) (24). Consistent with
our hypothesis that Hsp90 binding occurs within the PASB
LBD cavity, we observed a reduction in Hsp90 binding to an
AhR containing the A375L substitution (Fig. 2B and Table 1), a
mutation that reduces the available space within the cavity and
impinges on the side chain of His-285, a residue critical for
ligand (24) and Hsp90 (Fig. 1B) binding. In contrast, Hsp90
binding to an AhR containing an A375V substitution (which
only lowers ligand-binding affinity) was statistically similar to
binding to the wtAhR (Fig. 2B and Table 1). These results sug-
gest thatHsp90- and ligand-binding sites in theAhRPASBLBD
spatially overlap but are not identical. The overlapping nature

of the ligand- and Hsp90-binding sites suggests that ligand
binding in the PASB domain may displace Hsp90, at least to
certain extent, from its binding site. However, results in the
literature are contradictory with regard to the experimental
demonstration of ligand-dependent dissociation ofHsp90 from
either the full-length AhR or a GST-tagged AhR PASB frag-
ment (GST-PASB) (8, 20). To examine this, COS-1 cells tran-
siently transfected with full-length AhR or GST-PASB expres-
sion vectors were incubated with 10 nM TCDD (or 0.1% (v/v)
DMSO) for 3 h, and Hsp90 binding to each protein was exam-
ined. These experiments demonstrated a ligand-dependent
reduction in Hsp90 binding to the AhR GST-PASB fragment,
but no significant change in Hsp90 binding to the full-length
AhR was observed; there was no change in inputs (Fig. 2C).
Statistical analysis of four replicate reactions revealed that
Hsp90 binding to the AhR GST-PASB fragment was signifi-
cantly decreased (by 45%; p� 0.001), whereasHsp90 binding to
the wtAhR was not significantly changed. Interestingly, we did
not previously observe a TCDD-dependent decrease in Hsp90
binding to the same AhR GST-PASB fragment when it was
expressed in vitro (20). One possible explanation for the appar-
ent discrepancy is the difference in stringency of the washing
buffer used in these two studies (with amore stringent washing
buffer used in the current study). Additionally, ligand-depen-
dent Hsp90 dissociation from the AhR appears to require p23
(27), and the limited amount of p23 in this expression system
(28) may contribute to the previously observed lack of Hsp90
dissociation from in vitro synthesized GST-PASB.
To determine the impact of decreased Hsp90 binding on

AhR functionality, TCDD-dependent AhR-responsive reporter
gene inductionwas analyzed inCOS-1 cells transiently cotrans-
fected with a mutant or wild-type AhR expression plasmid and
an AhR-responsive luciferase reporter plasmid. These experi-
ments revealed that most mutant AhRs that showed dramati-
cally reduced levels of Hsp90 binding (F281A, T283A, H285A,
and D288A) (Table 1) also exhibited reduced TCDD-inducible
reporter gene activity (Fig. 3A). These decreases in functional
activitymay be a result of specificmutation-dependent changes
in Hsp90-dependent AhR protein stability. This mechanism of
Hsp90-dependent AhR protein stability is analyzed below for
selected mutations. It is also possible that some of these muta-
tions affect AhR functional activity through Hsp90 binding-
independent mechanisms because mutagenesis can cause
changes in overall protein conformation. Although some
mutant AhRs exhibited moderate reduction in Hsp90 binding
(i.e. I280A and L287A) (Table 1), their ability to stimulate
TCDD-inducible gene expression was similar to that of the
wtAhR (Fig. 3A). Interestingly, although the 3M AhR had even
lower levels of Hsp90 binding (only 13 � 6% of the wtAhR)
(Table 1), it exhibited slightly increased reporter gene induc-
tion comparedwith the wtAhR (Fig. 3,A andB). Thus, this AhR
construct appears to be fully functional despite its decreased
association with Hsp90. These results indicate a limited role of
Hsp90 association in TCDD-mediated AhR activation, in
agreement with our previous report (16).
In contrast to otherHsp90 binding-deficient AhRmutations,

the side chains of the residues mutated in the 3M AhR point
outside of the ligand-binding cavity (Fig. 2A, inset) and there-

FIGURE 2. The putative Hsp90-binding site spatially overlaps with the
ligand-binding site in the PASB LBD. A, structure and labels are from the
AhR PASB homology model (25). Internal Hsp90-interacting resides are
shown in cyan, and Ala-375 (implicated in ligand binding) is shown in green. B,
Hsp90 binding for mutant AhRs was carried out as described in the legend to
Fig. 1B. C, TCDD treatment results in Hsp90 dissociation from the AhR PASB
LBD. COS-1 cells transiently transfected with either the GST-PASB (left panel)
or wtAhR (right panel) expression plasmid were incubated with TCDD (or sol-
vent control) for 3 h, and cell lysates were subjected to co-immunoprecipita-
tion (CoIP) assay as described in the legend to Fig. 1B. Western blot analysis
was carried out using anti-PASB fragment antibody SE-8 for GST-PASB and
anti-AhR antibody M20 for the wtAhR. Antibody SE-8 also detected an addi-
tional slower migrating nonspecific band (left panel), which did not bind
Hsp90 and likely does not represent the functional AhR fragment. Results are
representative of three independent experiments.
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fore are not likely to interfere with ligand binding directly. Con-
sistent with this observation, the EC50 values for TCDD-in-
duced reporter activity of both the wtAhR and 3M AhR are
comparable (Fig. 3B), indicative of similar binding affinities.
Because the side chains of the mutated amino acids in the 3M
AhR are external to the binding cavity, the decreased Hsp90
binding of the 3MAhRmust result from amutation-dependent
change in the structure of the AhR PASB LBD that selectively
impacts Hsp90 binding but not ligand (TCDD) binding within
the cavity. In addition to modification of specific interaction
sites with ligand, Hsp90, and other factors, mutagenesis can
also result in nonspecific changes inAhRprotein structure con-
formation that can change the functional properties and pro-
tein-protein interactions of the mutant AhR in unexpected
ways. Although these nonspecific effects of mutagenesis on
protein conformation can never be fully excluded, they are less
likely with mutant AhRs that retain full functional activity (i.e.
the 3M AhR, which has similar ligand binding and transcrip-
tional activation as the wtAhR yet demonstrated a 87% reduc-
tion in Hsp90 binding).
Differences in the ability of ligands to bind to and activate the

AhR have been proposed to account for the structural diversity
and activity of AhR ligands (agonists and antagonists) (15).
Given the alterations in the PASB LBD of the 3MAhR involved
in Hsp90 binding, it was of interest to examine AhR activation

by ligands that are suggested to interact with the AhR in a dis-
tinctly different manner compared with TCDD. The AhR
antagonists ANF and MNF, which exhibit agonist activity only
at higher concentrations (i.e. they are partial agonists), can bind
to the AhR PASB LBD at lower concentrations without initiat-
ing transformation (Hsp90 displacement and ARNT dimeriza-
tion), and as such, they must interact differently from TCDD
within the AhR ligand-binding pocket in these conditions (28–
31). To test whether the 3M AhR has altered transactivation
properties with respect to these partial agonists/antagonists,
COS-1 cells were transiently transfected with the wtAhR or 3M
AhR and an AhR-responsive luciferase reporter plasmid and
then incubated with varying concentrations of ANF and MNF
in the absence or presence of TCDD prior to the analysis of
reporter gene expression. Not only was the 3M AhR able to
activate reporter gene activity to a greater degree with ANF or
MNF compared with their effect on the wtAhR (enhanced ago-
nist activity), but their antagonist activity against TCDD was
either eliminated (with ANF) or dramatically reduced (with
MNF) (Fig. 3,C andD). At 10�M, both ANF andMNFwere full
agonists of the 3MAhR but were antagonists of the wtAhR (Fig.
3, C and D). Other AhR constructs that exhibited decreased
Hsp90 binding (F281A and L287A) (Fig. 1B) did not demon-
strate this dramatic ANF/MNF antagonist-to-agonist switch in
AhR transcriptional activation activity (Fig. 4), indicating that

FIGURE 3. The 3M AhR exhibits differences in transformation/DNA binding by partial agonists/antagonists. A–D, transiently transfected COS-1 cells were
incubated with the indicated ligands in the absence or presence of the AhR antagonists ANF and MNF, and the luciferase activity of cell lysates was analyzed
as described under “Experimental Procedures.” Results are presented as the means � S.D. of three independent reactions. Values significantly different from
the corresponding wtAhR (*) or the TCDD reaction (#) values at p � 0.05 as determined by Student’s t test are indicated. Results are representative of three
independent experiments.
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this effect with the 3M AhR was not simply the direct conse-
quence of decreasedHsp90 binding butwas due to an alteration
in ligand-dependent functionality. Moreover, the L287Amuta-
tion demonstrated dramatically decreased agonist activity with
ANF and MNF relative to the wtAhR (Fig. 4), indicating a pos-
sible role of this amino acid residue in ligand-specific AhR
transformation mechanisms. Additionally, given the decreased
agonist activity and unchanged antagonist activity of the AhR
containing this specific mutation (Fig. 4), it is likely that there
are distinct mechanisms of agonism and antagonism with ANF
(orMNF). Together, the mutagenesis data in this study suggest
that distinct amino acid determinants may mediate (i) binding
and activation by different AhR ligands, (ii) the mechanism of
agonist and antagonist activation by partial agonists/antago-
nists, and (iii) the switch from antagonist to agonist observed
with these compounds. However, nonspecific effects of
mutagenesis on the overall protein conformation and func-
tional properties of thesemutantAhRs cannot be excludedwith
certainty.
Given the previously reported stabilizing effect of Hsp90

binding on AhR levels (19, 32, 33), it was of interest to analyze

whether the decreased Hsp90 binding observed with our
mutant AhRs resulted in decreased Hsp90-dependent protein
stability as indicated by changes in geldanamycin-dependent
degradation. COS-1 cells were transiently transfected with the
F281A, 3M, or wild-type AhR and incubated for 1–4 hwith 100
nM geldanamycin, a concentration previously shown to affect
AhR stability negatively (18). Whole cell lysates were resolved
by SDS-PAGE and analyzed by Western blotting, and these
studies revealed significant but comparable time- and geldana-
mycin-dependent decreases in wild-type and mutant AhR pro-
tein levels (Fig. 5, A and B). A similar degree of geldanamycin
sensitivity of wild-type and mutant AhRs (F281A and 3M) was
also observed in COS-1 cells expressing low levels of each AhR
(corresponding to the DNA amounts used in reporter assays),
indicating that the effects on AhR stability did not depend on
AhR expression levels (data not shown). Thus, these two
mutant AhRs (F281A and 3M) do not appear to have an alter-
ation in Hsp90-dependent protein stability compared with the
wtAhR.

DISCUSSION

One of the major obstacles in Hsp90 biology has been the
lack of a definedHsp90-binding site, and although several stud-
ies reported selective amino acids or small fragments of diverse
client proteins involved in Hsp90 binding (2, 6, 10, 12, 13), no
consensus binding site has emerged. It is currently thought that
Hsp90 binds to multiple sites in a client protein and may rec-
ognize a specific charge pattern on the client protein’s surface
(12, 13). Unlike previous reports that identified only individual
residues involved in Hsp90 binding of client proteins, such as
Plk1, ErbB2, and PKC (6, 12, 13), here, we characterized the
tentative Hsp90-binding site in more detail (through alanine
scanning mutagenesis) and propose its spatial model. In com-
parison with the previous reports, no obvious similarities were
found with the tentative Hsp90-binding sites suggested in
ErbB2 and PKC, possibly due to multiple protein segments
comprising an Hsp90-binding site or to non-sequence-specific
effects of protein structure on Hsp90 binding, as proposed for
kinase Hsp90 clients and the glucocorticoid receptor, respec-
tively (2, 34). It is also noteworthy that the abovementioned
mutagenesis studies with ErbB2 and PKC did not test the func-
tional activity of themutant protein, whereas this study and the
Plk1 report described below determined Hsp90 binding levels
with functional proteins. Because pointmutagenesis could pro-
duce an incorrectly folded protein that has nonspecific effects
on Hsp90 binding, the use of functionally active mutations
(which minimize such incorrect folding effects) is desirable for
this type of analysis.
In contrast, comparison of our results with the tentative

Hsp90-binding site in the Polo box domain of Plk1 provides
some interesting novel insights. In Plk1, several naturally
occurring mutations that decreased Hsp90 binding were
reported (6). When we mapped these specific mutations onto
the crystal structure of the Plk1 Polo box domain (35), three of
these amino acids (Pro-509, Arg-512, and Asp-457) were
located in or near amino acid stretch Phe-515–Thr-513–Arg-
512–Tyr-510 (supplemental Fig. 1) similar in charge and polar-
ity distribution to Phe-281–Thr-283–His-285–Phe-289 in the

FIGURE 4. Transcriptional activation of the wtAhR and mutants F281A
and L287A by ANF and MNF. COS-1 cells were transiently transfected and
analyzed for activation of AhR-dependent transcription as described in the
legend to Fig. 3. L287A mutant AhR agonist activity that was significantly
different from the corresponding wtAhR values at p � 0.05 as determined by
Student’s t test is indicated (*). Results are representative of three independ-
ent experiments.
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tentative AhR PASB domain Hsp90-binding site identified
in this study (Fig. 2A). Although there is little obvious homology
in the primary sequences of the AhR and Plk1 that encompass
these regions, beyond both being rich in aromatic, basic, and
threonine residues, comparisons of the three-dimensional
models of each region revealed spatial similarities between
these tentative Hsp90-binding sites. Future studies will assess

whether these similarities represent an actual consensus
Hsp90-binding site (as determined by three-dimensional struc-
tural analysis).
Because the client protein binding region of Hsp90 has been

proposed to be contained within a flexible loop (plus one tryp-
tophan residue) (36), we envision that this flexible loop pro-
trudes into the AhR ligand-binding pocket and makes key con-
tacts with AhR residues involved in Hsp90 binding.
Considering the available internal space in the AhR ligand-
binding cavity (25), accessibility of Hsp90 to the modeled bind-
ing pocket might initially seem too restrictive. However, given
that the current homology model of the AhR LBD most likely
represents its ligand-bound, Hsp90-free closed conformation,
the binding pocket of the unliganded conformation of the AhR
is proposed to be significantly more open and would be more
readily accessible to Hsp90 and AhR ligands (24, 25).
Overlap of residues involved inHsp90 binding and the antag-

onist-to-agonist switch as demonstrated by decreased Hsp90
binding and altered functional activity of ANF and MNF with
the 3M AhR may suggest that Hsp90 binding is involved in the
mechanism of antagonism. However, other mutant AhRs with
decreased Hsp90 binding (F281A and L387A) (Fig. 4) did not
exhibit a similar antagonist-to-agonist switch with ANF or
MNF, indicating that simply decreasing Hsp90 binding is not
sufficient to allow conversion of an antagonist/partial agonist to
a full agonist. The precise role of Hsp90 binding (and ligand-
induced dissociation) in this antagonist-to-agonist conversion
effect remains to be elucidated. Relative to the mechanism of
AhR transformation, these data indicate that in addition to
Hsp90 dissociation resulting from ligand displacement as one
possible mechanism, additional factors and/or events, such as
exposure of the ARNT dimerization interface (20), may con-
tribute to ligand-dependent formation of AhR/ARNT dimers.
Interestingly, the existence of partial antagonists/agonists has
also been reported for other Hsp90 client proteins such as the
steroid hormone receptors (37, 38). In the estrogen and gluco-
corticoid receptors, Hsp90 binds to the LBD (similar to the
AhR); however, whether Hsp90 is directly displaced by bound
ligand and how this might affect the properties of partial antag-
onists/agonists remain to be determined.
ARNT has been previously implicated in the displacement of

Hsp90 from their overlapping binding sites within the AhR,
with AhR-ARNT binding interactions occurring primarily in
the AhR bHLH and PASA domains (8, 17, 18, 20). Although
these same mutagenesis and deletion analysis studies revealed
little functional requirement of the AhR PASB domain for
dimerization with ARNT (e.g. as indicated by constitutive acti-
vation of transformation and DNA binding by the AhR�PASB
construct), we have previously observed a small degree of
ligand-dependent AhR GST-PASB/ARNT dimerization (20).
However, in these experiments, even excess ARNT failed to
displace Hsp90 from the GST-PASB fragment, even though it
efficiently displaced Hsp90 from the wtAhR or AhR GST-
PASA-PASB (20). Thus, ligand-dependent Hsp90 dissociation
from GST-PASB observed in this study would likely be inde-
pendent of any effects ofARNT,which is present at low levels in
COS-1 cells. The lack of ligand-dependent Hsp90 dissociation
from the wtAhR may further indicate limited effects of ARNT

FIGURE 5. The wtAhR and select AhR mutants demonstrate similar sensi-
tivity to geldanamycin. COS-1 cells were transiently transfected with the
indicated AhR constructs (the wtAhR or 3M AhR (F279T/I280E/R282I)) under
conditions similar to the co-immunoprecipitation experiments, cells were
incubated with 0.1 �M geldanamycin (or 0.1% (v/v) DMSO) for the indicated
times, and AhR levels in cell lysates were determined by Western blot assay. A,
representative gels are shown, and protein quantitation of duplicate samples
is presented in the graph. Values represent the mean of two reactions, and
error bars indicate the range of the results. B, geldanamycin-induced decrease
in AhR levels is statistically significant and similar among AhR constructs.
Geldanamycin-dependent AhR protein degradation after a 4-h incubation
was measured as described for A, and the values are expressed as the
means � S.D. of three independent reactions. Values significantly different
from the corresponding DMSO reaction values at p � 0.05 as determined by
the Student’s t test are indicated (*).
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in this system. Although ARNT in COS-1 cells could not be
detected by our Western blot assay (data not shown), some
must be present as indicated by AhR-dependent induction of
reporter gene expression. Together, these data support the
mechanism of direct Hsp90 displacement by bound ligand
(TCDD) in the PASB LBD. In contrast, ARNT-dependent
Hsp90 dissociation effects were found to be important in the
context of the full-length AhR and specifically required the
presence of the PASA domain (20).
Themajority of Hsp90-related studies are focused on its role

in the protein stability of client proteins, and they have not
addressed its possible involvement in activation of client pro-
teins. Here, we have reported that decreasedHsp90 binding did
not affect Hsp90-dependent AhR protein stability but instead
dramatically altered the functional properties of AhR activa-
tion. Although the second Hsp90-binding site in the AhR (in
the bHLH domain) may be responsible for the Hsp90-depen-
dentAhRprotein stability, the residues involved inHsp90 bind-
ing in the AhR PASB domain appear to be also involved in the
mechanism of ligand-dependent AhR activation. Importantly,
several reports suggested that geldanamycin-induced Hsp90
dissociation resulted in temporary activation of diverse client
proteins, such as theAhR,HIF1�, and Src1 (39–41), suggesting
a common role of Hsp90 in maintaining client proteins in an
inactive state. Increased understanding of the mechanisms by
which Hsp90 can modulate client protein activity will require
detailed knowledge of its specific interactions with client pro-
teins and is an important area for future studies.
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