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ABSTRACT: The arylhydrocarbon receptor (AhR) functions as a ligand-activated transcription factor that
regulates the transcription of genes encoding xenobiotic metabolizing enzymes and also mediates most of

the toxic effects caused by dioxins and polycyclic aromatic hydrocarbons. The cytosolic AhR complex
exists as a transcriptionally cryptic complex, consisting of the 90 kDa heat shock protein (HSP90) and
the hepatitis B virus X-associated protein 2 (XAP2). The posttranslational modifications, especially
phosphorylation, of the cytosolic ARRHSP9G-XAP2 complex are poorly understood, although the
phosphorylation of a transcriptionally active heterodimer of AhR and an AhR nuclear translocator is
critically involved in AhR function. To reveal the phosphorylation status involved in AhR function, we
used mass spectrometry to determine the site-specific phosphorylation of the steady-state cytosolic AhR
complex, prepared from Chinese hamster ovary cells stably expressing mouse AhR. We identified
phosphorylations of the HSP90 subunits within the AhR complex at Ser225 and Ser254 of 890
Ser230 of HSP9@. By site-directed mutagenesis, these serine residues were substituted with alanine and
glutamic acid to elucidate the role of the HSPB96erine phosphorylations in the AhR function.
Immunoprecipitation assays using COS7 transfectants showed that the replacement of Ser225 and Ser254
by Ala, S225/254A, increased the binding affinity for AhR, as compared with the Glu replacement. In a
ligand-induced AhR transcription activity assay using Hepal transfectants, the S255/254A mutant exhibited
more potent transcription activity than the S225/254E mutant, which had activity similar to that of wild-
type HSP9@. These results suggest that the phosphorylations in the charged linker region of the HSP90
molecule modulate the formation of the functional cytosolic AhR complex.

The arylhydrocarbon receptor (AhR$ a ligand-activated
transcription factor that is a member of the basic helix
loop—helix Per/ARNT/Sim (bHLH-PAS) family of proteins
(1—4). The AhR, which is also known as the dioxin receptor,
mediates the toxic effects of environmental pollutants.
Exposure of laboratory animals to the most potent dioxin,

2,3,7,8-tetrachlorodibenzo-dioxin (TCDD), results in im-
mune system alterations, liver damage, and teratogenicity,
as well as carcinogenesis=10).

Studies of AhR, especially the induction of xenobiotic

metabolizing enzymes, revealed an induction mechanism of
the cytochrome P450 1AIC{YP1A) gene by polycyclic
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aromatic carbons. In the cytosol, the unliganded AhR is of HSP90 46—48). Especially, in exponentially growing
present in a multiprotein complex containing one molecule Hela cells, HSP90 is an abundant, cytosolic phosphoprotein
of AhR, two molecules of 90 kDa heat shock protein (49, 50). Taken together, the eukaryotic HSP90 molecule
(HSP90) (1—-14), and an immunophilin-like protein, named probably exists in various states, reflecting its functional
hepatitis B virus X-associated protein (XAP2, also called diversity.

AIP or ARA9) (15-17). Upon binding a ligand, such as  protein phosphorylation is one of the most common
dioxins and other polycyclic aromatic hydrocarbons, the AhR celjular regulatory mechanisms. The accurate determination
complex translocates into the nucleus, where the AhR of phosphorylation sites is essential to fully understand
dissociates from the HSP90 complex to form a heterodimer phosphoprotein function and regulation in cellular signaling
with another specific bHLH-PAS protein, the AhR nuclear eyents. Although there are considerable data indicating that
translocator (ARNT) This heterodimer binds the xenobiotic phosphory|ati0ns at both serine/threonine and tyrosine resi-
responsive elements (XRE) in the promoters of the target ques are necessary for the normal activity of the nuclear
genes, leading to their enhanced expression. AhR—ARNT complex 61—59), little is known about the
HSP90 is an abundant molecule representing up to 2% ofsteady-state phosphorylation status of the cytosolic AhR
the total cytosolic proteinl@, 19). Its role as a molecular  complex @0). In the present study, we have specifically
chaperone, to prevent protein aggregation and to promoteaddressed the question of phosphorylation in the cytosolic
refolding of denatured proteins, has been studied in much AhR complex and its possible functional role in the AhR
detail @0, 21). HSP90 also plays a key role in the function. Our data suggest that the HSP90 phosphorylations
conformational maturation of oncogenic signaling proteins, within the cytosolic AhR complex modulate the affinity of

including HER-2/ErbB2, Akt, and Raf-P@-25). Moreover,  HSP90 for AhR and may negatively regulate the ligand-
nuclear hormone receptors, such as the glucocorticoid andinduced transcription activity of AhR.

progesterone receptors, are well-characterized substrates of
the HSP90-mediated chaperoning proc&s.(In addition MATERIALS AND METHODS
to steroid hormone receptors, HSP90 also regulates AhR
function by retaining AhR as a complex in the cytoplasm.  Transient and Stable Transfection of Mouse ABRinese
This prevents AhR from forming a transcriptionally active hamster ovary (CHO) cells were cultured in minimum
heterodimer with its nuclear partner ARNT, indicating that €ssential medium alphatflEM) supplemented with 10%
HSP90 may be important for the repression of AhR functions calf serum. The expression plasmid pcDNA-mAhR was
(27—29). Studies on AhR-transfected yeast cells with defec- constructed as follows. A forward oligonucleotide primer was
tive HSP90 expression revealed the absolute requirement ofused in a standard PCR protocol with a reverse oligonucleo-
HSP9O for the formation of a fully functional AhR complex tide primer that encodes a factor Xa cleavage site, a FLAG
(13, 30). Consequently, it was postulated that HSP90 has €pitope, and a stop codon. The plasmid pBSKmAhR,
several distinct functional roles in the regulation of AhR €ncoding the full-length mouse AhR, was used as the
activity, such as the maintainance of AhR in its correctly template. The amplified DNA was cloned into pcDNA3.1/
folded form for high-affinity ligand binding activity and the ~ Zeo(+) (Invitrogen) to create the plasmid pcDNA-mAhR.
repression of AhR nuclear accumulation, dimerization with The recombinant plasmid thus constructed was confirmed
ARNT, and DNA binding activity. by DNA sequence analysis. CHO cells were transfected with
The HSP90 family consists of highly conserved members, the plasmid by the FUGENE6 (Roche) method, according
such as HSP30and HSP9@ in human, HSP84 and HSP86  to the manufacturer's recommendations. Stable transfectants
in mouse, HSP83 in fly, HSC83 and HSP82 in yeast, and Were selected with zeocin, and then AhR expression was
other members3(1—33). HSP90 usually exists as a constitu- confirmed with an anti-FLAG M2 monoclonal antibody
tive dimer, with its main intersubunit contacts within 12 kDa (Sigma).
C-terminal domains. Previous experiments suggested that Isolation of Chinese Hamster HSR®0and HSP9@
HSP90 existed as an heterodimer as well as a homodimer cDNAs and Construction of the Human HSB®Xpression
and that neither HSP80nor HSP9@ had any preferential ~ Plasmid. The cDNAs encoding Chinese hamster HS&®90
affinity for AhR (14, 34). A highly conserved 25kDa  and HSP9f were isolated by PCR from a Chinese hamster
N-terminal domain is the competitive binding site for ATP cDNA library prepared from CHO cells with an “RNeasy
and geldanamycin, which is a specific inhibitor of HSP90. kit” (Qiagen) and “ReverTra Plus” (Toyobo). Each set of
A conserved, though structurally flexible, 35 kDa middle two primers (5>ATAAGAATGCGGCCGCTAAGCCAA-
domain is the binding site for the client proteir®3(35). A GATGCCTGAGGAAACCCAGACC-3 and 3-GCTCTA-
divergent charged sequence, the “charged linker region”, GAGCTTAGTCTACTTCTTCCATGCGTGATG-3 for
separates the N-terminal domain from the other part of the HSP9@; 5-ATAAGAATGCGGCCGCTAATCAAGAT-
molecule 86, 37). The HSP90 chaperone activity requires GCCTGAGGAAGTGCACC-3 and 3-GCTCTAGAGC-
its ATPase activity, which is coupled to a conformational CTAATCGACTTCTTCCATGCGAGACGCATCCTCAT-
cycle, involving the opening and closing of a dimeric CGC-3 for HSP9() was designed on the basis of the human
“molecular clamp” via the transient association of the HSP9@ and HSP90 sequences to addlot and Xba
N-terminal domains in the dimeBg, 39). HSP90 in tumor recognition sequences at the &nd 3-ends, respectively.
cells exists in a functionally distinct molecular form, whereas The amplified Chinese hamster HSEOGNnd HSP90Q
HSP90 from normal tissue is in an uncomplexed st&@. ( cDNAs were cloned to analyze the DNA sequences. The
HSP90-protein complexes can be stabilized by molybdate expression plasmid, pcDNA-hHSP90was constructed as
and by other transition metal oxyanions, such as vanadatefollows. A forward oligonucleotide primer was used in a
(41—45). Several studies have shown the phosphorylation standard PCR protocol with a forward oligonucleotide primer
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that encodes an HA epitope. The plasmid pKN1-3 (kindly transferred from the SDSPAGE gel to a PVDF membrane.
provided by Yasufumi Minami, Oita Medical University, An anti-FLAG M2 monoclonal antibody (Sigma), an anti-
Oita, Japan), encoding the full-length human HSR30as HA monoclonal antibody (Roche), an anti-HSP90 polyclonal
used as the template. The amplified DNA was cloned into antibody (H-114, SantaCruz), an anti-HSB9polyclonal
pcDNAS.1/Hygrof) (Invitrogen) to create the plasmid antibody (HSP86 Ab-1, Neo Markers), and an anti-HSP90
pcDNA-hHSP9@. polyclonal antibody (HSP84 Ab-1, Neo Markers) were used
Purification of the Cytosolic AhR CompleStable trans-  as primary antibodies. Primary antibody-bound protein bands
fectants producing recombinant mouse AhR were maintainedwere detected with HRP-conjugated secondary antibodies by
usingoMEM supplemented with 10% calf serum, 100 units/ the ECLplus system (Amersham Pharmacia). For N-terminal
mL penicillin, and 10Q:g/mL streptomycin. For large-scale amino acid sequence analyses, the protein band of interest
suspension cultures, the transfectants were growa 6 L on the PVDF membrane, stained by amido black, was
bottle by a Cell Master system (Wakenyaku). The harvestedexcised and analyzed with an Applied Biosystems protein
cells were washed with phosphate-buffered saline (PBS) andsequencer equipped with an on-line 120A PTH analyzer.
stored in a 10% glycerol solution at30 °C. All further steps Site-Directed Mutagenesis, Immunoprecipitation, and Re-
were performed at 4C or on ice. After the addition of an  porter Gene AssaysThe site-directed mutagenesis was
equal volume of 40 mM Tris buffer (pH 7.5), 0.5 M sucrose, performed with the QuickChange Il XL site-directed muta-
1 mM EDTA, 4 mM MgCh, 40 mM sodium molybdate  genesis kit (Stratagene), according to the manufacturer's
(NaMoQy), 2 mM dithiothreitol (DTT), protease inhibitor =~ recommendations. The mutation in the HSP3®&quence
cocktail (cocktails for mammalian cell and tissue extracts, was confirmed by DNA sequence analysis. COS7 and Hepal
Nacalai Tesque), and phosphatase inhibitors (40 frdll/c- cells were cultured in Dulbecco’s modified Eagle’s medium
erophosphate, 20 mM sodium fluoride, and 2 mM sodium (DMEM) containing 10% calf serum. For the immunopre-
orthovanadate), the cells were homogenized with 15 strokescipitation assays, the cells were cultured in a six-well plate
in a Potter homogenizer. Nuclear pellets were removed by and cotransfected with 0.6g of the HSP9@ expression
centrifugation of the cell lysates at 1apdor 15 min. vector (wild type or mutant) and 0.xg of the AhR
Following the addition of 0.05% Triton X-100, the super- expression vector (wild type) by the FUGENE6 method,
natant was further centrifuged at 3@for 10 min to remove according to the manufacturer’s recommendations. After a
the residual cell debris. The cytosolic fraction was loaded 36 h transfection period, the cells were washed with PBS
onto a DEAE-Sephacel (Amersham Pharmacia) column and scraped in lysis buffer, consisting of 10 mM Tris buffer
equilibrated with 20 mM Tris buffer (pH 7.5), 20 mM sodium  (pH 7.5), 10 mM NaCl, 3 mM MgGl 20 mM sodium
molybdate, 1 mM EDTA, and 0.05% Triton X-100 (buffer molybdate, 1 mM EDTA, 0.6% Triton X-100, 1 mM DTT,
A). The column was washed with 50 mM NacCl in buffer A, protease inhibitors (cocktails for mammalian cell and tissue
and then the protein was eluted with 400 mM NaCl in buffer extracts, Nacalai Tesque), and phosphatase inhibitors (20 mM
A. The eluent was passed three times over an anti-FLAG S-glycerophosphate, 10 mM sodium fluoride, and 1 mM
M2 affinity gel (Sigma) column equilibrated with 20 mM  sodium orthovanadate), followed by freezing and thawing.
Tris (pH 7.5), 20 mM sodium molybdate, 1 mM EDTA, 400 The cell suspension was then incubated at room temperature
mM NaCl, and 0.05% Triton X-100 (buffer B). Bound for 10 min, followed by freezing and thawing again. The
proteins were recovered by an elution with 2@3mL FLAG resultant lysate was centrifuged at 1§@0r 5 min, and the
peptide in buffer B. Following the addition of 1 mM DTT, supernatant was collected. After a 5-fold dilution with IP
the eluent was loaded onto a HitrapDEAE (Amersham buffer, consisting of 10 mM Tris buffer (pH7.5), 10 mM
Pharmacia) column equilibrated with 20 mM Tris buffer (pH NaCl, 3 mM MgCh, 20 mM sodium molybdate, 1 mM
7.5), 20 mM sodium molybdate, 1 mM DTT, and 0.1% EDTA, 0.05% Triton X-100, protease inhibitors, and phos-
CHAPS (buffer C). The column was washed with buffer C, phatase inhibitors, the solution was recentrifuged at 4000
and then the bound proteins were eluted with 400 mM NaCl for 5 min to remove the insoluble materials. The collected
in buffer C (buffer D). The eluent was concentrated with a supernatant was incubated with @D of anti-FLAG or HA
Centricon-50 (Millipore) membrane and then applied to a agarose (50% slurry, Sigma)rf@ h with gentle agitation.
Superdex 200 column equilibrated with buffer D. The peak The resin was then washed with the IP buffer three times,
containing the AhR complex was separated from the void and the bound proteins were separated by SPAGE and
peak containing the aggregated AhR and then was concen-analyzed by immunoblotting. For the reporter gene assay
trated with a Centricon-50 membrane. The purified AhR using the Hepal cells or stably transfected CHO cells
complex was stored at80 °C. expressing AhR, the cells were cultured in a six-well plate
SDS-PAGE, Immunoblotting, and N-Terminal Amino Acid and cotransfected with 0.ag of the HSP90 expression
Sequence AnalysiShe protein content was determined with  plasmid (wild type or mutant) and O:&) of the pXRE4tRLuc
a protein assay kit (Bio-Rad) usingglobulin as a standard.  reporter plasmid, containing the luciferase gene under the
SDS-PAGE and immunoblot analyses were performed control of four tandem copies of the XRE element, by the
according to the standard method. The samples wereFUGENE6 method, according to the manufacturer's recom-
analyzed by the standard SBBAGE method, using 10%  mendations. For the reporter gene assay using the CHO cells
polyacrylamide gels. The gel bands were visualized with that did not express AhR, the cells were cotransfected with
Coomassie Brilliant Blue (CBB) staining or zinc staining 0.5ug of the HSP90 expression plasmid, @¢of the AhR
using a negative gel stain MS kit (Wako). To examine the expression plasmid, and Qg of the pXRE4tRLuc reporter
relative ratio of the two HSP90 forme,andf, SDS-PAGE plasmid. In the experiments using the Hepal cells intrinsi-
under a maximum resolution condition was used with the cally expressing AhR or the CHO cells stably expressing
CBB stain 61). For immunoblot analyses, proteins were AhR, the AhR expression plasmid was omitted. After an 18
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h transfection period, the cells were treated withuI¥
3-methylcholanthrene (3MC) or with an equivalent volume
of vehicle (0.01% DMSO). Following an incubation for 18
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kit") several times. After dehydration by soaking in aceto-
nitrile and evaporation of the solvent, the gel was treated
with 20 MM DTT in 25 mM NHHCO; at 56°C for 60 min.

h, the cells were washed with ice-cold PBS and collected After being washed with 25 mM NHHCO;, the gel was
for the luciferase assay using the Promega luciferase assayreated with 55 mM iodoacetamide in 25 mM HHHCO; at

system with reporter lysis buffer. Experiments were carried
out in triplicate, and the luciferase activities were normalized

room temperature for 45 min, in the dark. After being washed
with 25 mM NH;HCO; and dehydrated in acetonitrile, the

for the total protein contents. To examine the expression gel was treated with 20 ngl trypsin (sequencing grade

levels of the different HSP90 forms, equal amounts of cell
lysates, without the 3MC stimulation, were subjected to an
immunoblotting analysis with anti-HA antibodies.
Phosphoprotein and Phosphopeptide Mappikgr the
phosphoprotein mapping, the normal SEFFAGE system
was utilized along with the Pro-Q Diamond phosphoprotein
gel stain (Pro-QD, Molecular Probes), according to the
manufacturer’'s recommendations. To identify the phos-
phorylation modification, the purified AhR complex (zQ
of 1 mg/mL) was divided into two aliquots, of which one

modified trypsin, Promega) or V8 protease (sequencing grade
endoproteinase Glu-C, Sigma) in 25 mM MHCO; at 37

°C overnight. The peptides were extracted with 0.1% acetic
acid and then acetonitrile/0.1% acetic acid (1:1). The extracts
were concentrated to about 24 by evaporation, mixed
with 25 uL of 5% acetic acid, and then stored -aB0 °C

until the LC-MS/MS analysis. To selectively fractionate the
phosphopeptides from the peptide mixture, immobilized
metal affinity chromatography (IMAC) was performed using

a “phosphopeptide isolation kit” (Pierce), according to the

was subjected to phosphatase treatment, prior to the electromanufacturer’s recommendations, except that 0.2 M am-
phoresis. One-tenth volume of calf intestinal phosphatase (3monium carbonate buffer (pH 9.2) was used for elution. The

unitsitL, Toyobo) was mixed with the analyte, and the
reaction mixture was incubated at 3€ for 2 h. The
phosphate content of the HSP90 subunit within the purified

peptide mixtures were desalted on a C18 column (50 mg of
SPE cartridge, Silicycle) with 2% acetonitrile containing
0.1% trifluoroacetic acid,and were recovered by elution with

AhR complex was estimated by a densitometry analysis on 70% acetonitrile containing 0.1% formic acid. The eluents
a Pro-QD stain gel, according to the manufacturer’s product were concentrated to about 1 by evaporation, mixed

information. To construct a calibration curve, the following

with 10 uL of 2% acetonitrile containing 0.5% formic acid,

standard phosphoproteins were used: ovalbumin (2 phos-and then stored at80 °C.
phates/mol, Sigma), pepsin (1 phosphate/mol, Nacalai Tesque), LC-MS/MS Analyse&lectrospray ionization (ESI) analy-

and bovine serum albumin (0O phosphate/mol, Sigma).

ses were performed on a Q-Tof Ultima (API or Global type,

For the phosphopeptide mapping, a tryptic digest was Micromass-Waters) equipped with a Z-Spray nanoflow
separated with a 40% alkaline polyacrylamide gel system electrospray ion source. The mass spectrometer was operated

under nondenaturing condition82), fixed in 30% formal-

in the electrospray positive ion mode with a source temper-

dehyde, and detected by the Pro-QD stain, as follows. Theature of 80°C, a cone voltage of 80100 V, and a cone gas

purified AhR complex (about 5@g) was precipitated by

flow of 50 L/h. A voltage of 3.5-4.2 V was applied to the

addition of 10% trichloroacetic acid and then was washed nanoflow probe tip. A Waters nano-LC system, CapLC
with cold acetone. After the solvent was evaporated, the driedsystem, was used with a PepMap C18 analytical column (75

residue was dissolved 8 M urea containing 100 mM NH
HCGO; and was treated with 5 mM DTT at 5€ for 15 min.
The solution was then treated with 10 mM iodoacetamide
at room temperature for 15 min, in the dark. After a 4-fold
dilution with 100 mM NHHCO;, the protein sample was
treated with 10 ngiL trypsin (sequencing grade modified
trypsin, Promega) at 37C overnight. After the addition of
100 mM Tris buffer (pH 8.8), the tryptic peptide solution
was divided into two aliquots, of which one was treated with
six units of alkaline phosphatase at 3C for 2 h. The

um i.d. x 150 mm, LC Packings-Dionex) and a PepMap
C18 precolumn (30@m i.d. x 5 mm, LC Packings-Dionex).
The flow from pump C was used to load and wash the sample
with an aqueous solution of 0.1% formic acid, and the bound
peptides were then passed through the analytical column
using a 0.1% formic acid/acetonitrile gradient elution. Mobile
phases A and B consisted of 0.1% formic acid in acetonitrile/
water (5/95) and 0.1% formic acid in acetonitrile/water
(95/5), respectively. The flow from pumps A and B was 5.5
uL/min, and this was split to reduce the flow rate through

resolving and stacking gel solutions, the reservoir buffer, and the column to approximately 200 nL/min. The LC eluent

the sample buffer were as described by West et@4).
Following electrophoresis for 60 min at 20 mA/gel constant

was directed to the nanoflow ESI source on the mass
spectrometer. To identify the protein constituting the cyto-

current, the gel was soaked in 30% formaldehyde and solic AhR complex, tryptic peptides were analyzed by the
incubated at room temperature with gentle agitation for 60 peptide sequence tag meth@); The product ion spectrum
min. This fixation step was repeated once more. The gel wasdata were searched using the MASCOT program (Matrix
then incubated in water for 30 min, and this step was repeatedScience) against a mammalian database (NCBInr).

for a total of three washes. Stain and destain steps were To detect and identify the phosphopeptides, the precursor

carried out with the Pro-QD, according to the manufacturer’s
recommendations.
In-Gel Digestion and Phosphopeptide Fractionatidm:

ion discovery method was use@l7j. Mass spectra from the
first survey mode were acquired at a low collision energy
(10 V), and the collision energy was increased to 30 V for

gel digestion of the gel-separated proteins was performedthe second survey mode so that fragment ions were generated

according to a standard procedus8-(65). The CBB-stained

or zinc-stained gel pieces containing the AhR or Hsp90
proteins were washed with acetonitrile/20% NTO;
(1:1) or destaining solution (from the “negative gel stain MS

from the precursor ions present in the first survey mode
spectrum. Scanning for neutral loss of phosphoric acid
(97.9769 Da) under higher collision energy condition was
employed to detect phosphoserine- or phosphothreonine-
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Ficure 1: Transfected mouse AhR is responsive to 3MC in CHO
cells. CHO cells were transiently cotransfected with an XRE-driven
luciferase reporter gene, pXRE4tRLuc, and the mouse AhR
expression vector, pcDNA-mAhR (or the empty expression vector
as a control) (a). CHO cells stably expressing mouse AhR (or
normal CHO cells as a control) were transfected with pXRE4tRLuc
(b). These cells were pretreated witikl¥! 3MC, and the luciferase
activity and the protein concentration of the cell lysates were FIGURE 2: HSP90 is the major phosphoprotein constituting the
measured. Each transfection was performed in triplicate. Error barscytosolic AhR complex. Cytosolic fractions were isolated from
denote standard deviations. CHO cells stably expressing mouse AhR. The AhR complex was
purified and resolved by SDSPAGE with CBB or Pro-QD stain

. ; ; (@). The two HSP90 forms in the purified AhR complex were
containing peptidessd). From the product ion spectrum of separated under a high-resolution SEFAGE condition (b). The

the candidate preqursor ion, the .presence of phOSpI"Ose"in‘f)urified AhR complex was digested with trypsin, resolved by 40%
or phosphothreonine was confirmed, and the sequencepAGE, and visualized with the Pro-QD stain (c). Prior to SDS
information was provided. The product ion spectrum data PAGE analysis, the sample (2@) was treated without or with 6
were searched using the MASCOT program (Matrix Science) units of alkaline phosphatase (ALP) at 3C for 2 h.

against a FLAG-tagged mouse AhR sequence and they,q gni.FLaG antibody, and the 88 kDa protein reacted with
Chinese hamster HSP&(F sequences. the anti-HSP90 antibodies, which react with HS®%hd
RESULTS AND DISCUSSION HSPO® fro_m mouse, rat, and human origins (Tablg 1). In
the N-terminal amino acid sequence analysis, the first four
Recombinant Mouse AhR Associates with Chinese Hamstelamino acids (P, E, E, V/T) were identical to those of human
Endogenous HSP®@3 and XAP2 in CHO Cells.To HSP9®J/f. In the LC-MS/MS analysis, the 88 and 36 kDa
determine the posttranslational modifications of the steady- proteins were matched to mouse HSP86#84) and human
state cytosolic AhR complex, we generated a recombinantXAP2 with MASCOT scores of 907/666 and 513, respec-
mouse AhR, using CHO cells, which hardly express any tively (Table 1). In addition, the apparent molecular masses
intrinsic AhR 69), to facilitate the large-scale preparation. were almost the same as the expected molecular masses of
CHO cells were transfected with a mammalian expression AhR-FLAG, 92 kDa, mouse HSP&d)3, 85/83 kDa, and
vector, which directs the synthesis of the full-length mouse human XAP2, 38 kDa. Therefore, we identified the endo-
AhR with a C-terminal FLAG tag. Following selection with genous 88 and 36 kDa Chinese hamster proteins as the
zeocine, the CHO cells stably expressed mouse AhR. TheHSP9®/ mixture and XAP2, respectively. This observation
expression level was almost equivalent to that of the intrinsic is consistent with previous studies by many groups, demon-
AhR in Hepal cells (data not shown). Both transient and strating that HSP90 and XAP2 functionally associate with
stable CHO transfectants expressing FLAG-tagged mouseAhR to form the unliganded cytosolic AhR complek(-
AhR were responsive to 3MC, as detected by a luciferase 17, 70). From densitometry of the CBB-stained protein bands
assay (Figure 1). These results indicated that the FLAG-AhR on the SDS gel, the relative ratio of these three subunits
was functional in CHO cells and capable of activating an (AhR/HSP90s/XAP2) in the purified AhR complex was
XRE-luciferase reporter following induction by an agonist. determined as 0.8 0.11/2.0/0.84+ 0.27 (three different
After the cytosolic fraction was isolated from a large-scale preparations). Furthermore, the two HSP90 forms in the
culture of the stable CHO transfectants, the AhR complex purified AhR complex were separated under a high-resolution
was purified using anion-exchange chromatography, affinity SDS-PAGE condition, as described by Vamvakopou&H (
chromatography with an anti-FLAG antibody, and gel (Figure 2b). Inthe immunoblot analyses, the upper and lower
permeation chromatography. About 106 of the cytosolic bands reacted with the anti-HSROCand anti-HSP9®
AhR complex was purified frm 5 L of the suspension  antibodies, respectively (data not shown). Densitometry of
culture. At least three proteins, 96, 88, and 36 kDa, were the CBB-stained protein bands revealed that fhéorm
detected in the purified AhR complex, indicating that the predominated in the complex by the ratioaf; = 1.0/3.0
recombinant mouse AhR was complexed with two species & 0.1 (three different preparations).
of Chinese hamster endogenous proteins (Figure 2a). In HSP90 Is the Primary Phosphoprotein Constituting the
several experiments, some other bands were also detectedCytosolic AhR Complext is important to study events such
although these were variable among the experiments. Im-as phosphorylation in the context of the cell, because the
munoblot analyses, N-terminal amino acid sequence analysesproducts of phosphorylation reactions carried out in vitro
and LC-MS/MS analyses, by the peptide sequence tagmay not be detected under more physiological conditions.
method, were used to help to identify the endogenous First, an experiment was conducted to determine which
Chinese hamster proteins associated with the mouse AhRsubunit within the cytosolic AhR complex is a phospho-
In the immunoblot analysis, the 96 kDa protein reacted with protein. The purified AhR complex was resolved by SDS
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Table 1: Identification of Proteins Constituting the AhR Complex
mass reacting N-terminal MS/MS analysis followed by
(kDa) antibodies amino acid sequence MASCOT search (total score) identification
96 anti-FLAG nd human AhR (474) FLAG-tagged mouse AhR
88 anti-HSP90 PEEVIT mouse HSP84 (907), mouse HSP86 (666) endogenous Chinese hamsterHS PSP
36 nd human XAP2 (513) endogenous Chinese hamster XAP2

@ Each subunit constituting the purified AhR complex was digested with trypsin, and the resulting peptides were subjected to LC-MS/MS analysis.
The obtained peptide sequence tags were searched against NCBiamatddetermined.

PAGE, and the gel was stained with Pro-QD (Molecular in a peptide mixture utilizes the preferred loss of a phospho
Probes) to detect the phosphoproteins selectively, accordinggroup upon low-energy collisional activatio67. In the
to the manufacturer’'s recommendations. The 88 kDa band positive ion mode with a positional analysis by the MS/MS
(HSP90) was strongly stained, while the 96 kDa band (AhR) sequence, scanning for the neutral loss of phosphoric acid
was only slightly detected, and the 36 kDa band (XAP2) (97.98 Da) was employed for peptides containing phospho-
was not stained (Figure 2a). Treatment of the purified AhR Ser/Thr 68). The MS/MS sequence analysis of the HSP90
complex with alkaline phosphatase prior to the SIPRAGE band digested with trypsin revealed that Ser225 and Ser254
analysis minimally affected the stained image (Figure 2a). of HSP9(® and Ser230 of HSP9(Q corresponding to Ser225
To examine the possibility that the alkaline phosphatase wasof HSP9(, were phosphorylated (Figure 3). This observation
not able to access the phosphorylation site because of sterigs consistent with a previous study on the phosphorylation
hindrance, the purified AhR complex was digested with of HSPO®@// purified from exponentially growing HelLa
trypsin, and aliquots were treated with or without alkaline cells. Using in vivo labeling with®?P, Lees-Miller et al.
phosphatase. The resultant peptides were analyzed by theevealed that the purified HSP&B mixture contains 2 mol
convenient phosphopeptide mapping method we developed.of phosphate/mol of HSP90 and that Ser230/225 and Ser262/
Many of the tryptic peptides resolved by 40% PAGE with 254 of HSP9@/ were constitutively phosphorylated@).
the Pro-QD stain were no longer detected after the phos-Furthermore, the phosphate content of the HSP90 subunit
phatase treatment (Figure 2c). These results indicate that thevithin the purified AhR complex was estimated by com-
cytosolic AhR complex is phosphorylated in the steady state parison to the standard phosphoproteins on a Pro-QD stain
and that the HSP90 subunit is the primary phosphoproteingel. Assuming that the molecular mass of 1 mol of the
among the subunits constituting the cytosolic AhR complex. purified AhR complex, containing 2 mol of HSP90, 1 mol
HSP9® within the Cytosolic AhR Complex Is Phos- 0f AhR, and 1 mol of XAP2, is about 300 kDa, we estimated
phorylated at Ser225 and Ser254 in the Charged Linker that 1 mol of the HSP90 subunit contained %70.3 mol
Region.LC-MS/MS is increasingly becoming the method (three different preparations) of phosphate. The present study
of choice for identifying phosphorylation sites, because suggested that the majority of the HSP90 associated with
radioactivity is not required for detection, the method is the AhR protein in vivo was phosphorylated at the same
inherently sensitive, and the mixture analysis is readily position as in the free HSP90 dimer in vivo, although we
performed. To identify the phosphorylation sites by the MS/ could not detect the Ser262 phosphorylation of HSP90
MS method, we first determined the amino acid sequencesAlthough HSP90 is a highly conserved protein that is
of Chinese hamster HSP&(B. On the basis of the nucleotide  required for viability in eukaryotes, the N- and C-terminal
sequences of human HSRe@nd HSP9P in the N- and ends have variable lengths in eukaryotes. The charged linker
C-terminal regions, two sets of oligonucleotide primers were connecting the highly conserved N-terminal domain with the
designed and used to amplify the Chinese hamster H&P90 middle and C-terminal domains of HSP90s is also variable

and HSP9P cDNAs from a CHO cDNA library by the PCR

among eukaryotic cells (Figure 3d) and almost completely

method. The amino acid sequences of Chinese hamste@bsent from the prokaryotic HSP90 homologues. This

HSP9@ and HSP9@, deduced from their cDNA sequences,
showed the highest similarity (99.7%) to mouse HS#90
and human HSP%) respectively (data not shown).

The purified AhR complex (about 1Q@)) was subjected

charged linker diversity suggests that it plays some roles in
the development of different HSP9O0 functions among various
eukaryotes. This view was strengthened by our observation
that, in mammalian cells, the HSP90s that were functionally
associated with a client protein were posttranslationally

to SDS-PAGE and then visualized by zinc staining. After . )
destaining, each of the gel slices containing AhR and HSP9oPhosphorylated in the charged linker.

was reduced, alkylated to modify the cysteine residues, and Mutations at the Phosphorylation Sites of HSp%@odu-
digested with trypsin or V8 protease. To determine the late the Interaction with AhRTo examine the possibility
precise phosphorylation sites, it is important to reduce the that the charged linker phosphorylations of HSP90s are
interference from the vast majority of nonphosphorylated involved in the association with AhR, we constructed two
peptides. The peptides extracted from the gel were further phosphorylation mutants, S225/254A and S225/254E, of
subjected to IMAC to enrich for phosphopeptides. The IMAC human HSP98. For the immunoprecipitation assay, we used
eluent was desalted and concentrated for a subsequent LCtransfected COS?7 cells that transiently expressed either wild-
MS/MS analysis. At this time, the phosphopeptide mapping type or mutant HA-tagged human HSPROMA-HSP9®),
technique described above, which combined the 40% PAGEtogether with the wild-type FLAG-tagged mouse AhR (AhR-
separation with the Pro-QD staining, was very useful for FLAG). The lysates prepared from the transfected cells,
monitoring the phosphopeptide fractionation. The specific which expressed the different HA-HSHB@orms almost
precursor ion discovery method for phosphopeptide detectionequally (Figure 4), were immunoprecipitated with anti-FLAG



15516 Biochemistry, Vol. 43, No. 49, 2004 Ogiso et al.
Parent: m/z 815.85 (2+), Neutral loss: 48.99
a
( ) 100 [ t t t P t } PR ¥ =y ion series
K e = E il o A E D D ik | e
_%* g0 [ pS —H,PO,
c
2 L
£ 60
@
= |
T 40 ] )
] ' ;
e L ; ] ! ]
20 | ‘ | - : - :
: | | |||l|||JJJ by B 0 o bkt ANENESRGI0SE R B P ESE |
200 400 600 800 1000 1200 1400 1600 1800
miz
Parent: m/z 973.44 (2+), Neutral loss: 48.99
(b) = } il } } } } i i } ' } } } i } 'l
100 | | - e . . . ] e | . . g
K kellineatl o T resiiFmss S talloE D E E D Gl v D (= =i
= - | ‘L : 1 4
E 80 pS - H,PO, y ion series :
3 I : .
= 60
@
=
& 40
© : :
o : :
N L i | |
. 1l Ill“ll]llllﬂ il III Ll 5 M AT | |. | L. 1, .I‘ 1
200 400 600 200 1000 1200 1400 1600 1800
miz
( ) Parent: miz 737.31 (2+), Neutral loss: 48.99 pS - H,PO,
c - K E =l E D o, AP E KD
100 1 t =t ' t T, 1 1 =t yionseries
| ' M 1 i 1 1 -
B ! i T Sl ) I H b ion series /
ol U -
g L : ; - H;PO,
£ 60 :
@
Z =
® 40 i !
& I . : : ;
20 s ‘ : | :
0 |ﬂ ||J| [t I T TR ||| N . 1
200 400 600 800 s 1000 1200 1400 1600 1800
sp|P02829 |HSBZ_YEAST 208 : VTKEVEKEVEI PEEEKKDE - EKKDEEKKDEDDKKFKLEEVDEE- - - - - - - EEKKFKTKKVKEEVQEIEEL 269

(d)

sp|E24?24|HSQO_THEPA 214 :VEKTQETEVTDDEAELDEDKKPEEEKPKDDEVEDVTDEKVTDVTDEEEKKEEKKKEKREVTNVTREWEML 284
sp|061998 |HS30_BRUPA 211:VEKERDKEVSDDEAEEEK - - - KDEDKEK - - - - KEGEIEDVGEDEEEDKKDKDKE - KKK - IKEKYHEDEEL 271
$p|PG282E|HSBB_DROMR 209 :VEKEREKEVEDDEADDEK - - - KEGDEKKEMETDEPKIEDVGEDEDADKEDEDAK - KKKTIKEKYTEDEEL 274
59|Q9D4?4|HSQA_BRRRE 219 : IEKQREKEVDLEEGEKEQE- - - -EEEVAAGEDKDEPKIEDLGADEDEDSK-DGENKREEEVEEEYIDAQEL 283
5p|P11501|HSBh_CHICK 220 :VEKERDEEVSDDEAEEKE - - - EEKEEKEEKTEDKPE IEDVGSDEEEE - KEDGDEEEKKEIKEEKYIDEEEL 285
HSP%0alpha Chinese hamster 221:VEKERDKEVSDDEAEEKEDKEEEKEKEEKESDDKPEIEDVGSDEEEEEKKDGDEKEKKKIKEKYIDQEEL 220
sp|PC?900|HSQA_HUMAN 221 :VEKERDKEVSDDEAEEKEDKEEEKEKEEKESEDKPEIEDVGSDEEEE - KKDGDEKKKKKIKEKYIDQEEL 289
sp|05?b2l|HSBB_BRARE 214 :VEKERDKEISDDEAEEEK - - - AEKEEKEEEGEDKPKIEDVGSDDEEDTKDKDKK - KKKKIKEKYIDQEEL 280
sp|QG4615|HSBE CHICK 216 : VEKEREKEVSDDEAEEEK- - -VEKEEEESKDEEKPKIEDVGESDEEEEEGEKSKKKKTKKIKEKYIDQEEL 282
H5P90keta Chinese hamster 216 : LEKEREKEISDDEAEEEK GEKEEEDKDDEEKFPKIEDVGSDEEDDSG-KEDEEKKTEKIKEKYIDQEEL 2B1
$p|PGB?18|HS9H_HUMAN 216 :LEKEREKEISDDEAEEEK- - -GEKEEEDKDDEEKPEIEDVGSDEEDDSG- KDEEEETKEIKEKYIDQEEL 2B1

* A * ' * * it 00 ATAFFFEMPEPAAY FFFCAFEsett hpb et et | st *

=l
\ -
~ i
o e
~ o
| e
s : Wl
N charged linker _ -
i = i
NPP o
Chinese hamster N M c
HSP90 beta
1 M7 281 622 723
ATP binding client protein dimerization

interaction

Ficure 3: HSP90s in complex with AhR are phosphorylated at Ser225 and Ser254 of iaR8®er230 of HSP®0 Tryptic peptides

of HSP90s constituting the AhR complex were fractionated by IMAC and analyzed by LC-MS/MS. ESI-MS/MS spectra of several
phosphopeptides were obtained by scanning for the neutral loss of 98 Da to detect phosphopeptides. The product ion spectrum of the
precursor atn/z 815.85 (2+) identified Ser225 of HSP®as being phosphorylated (a). The product ion spectrum of the precunsiz at

973.44 (2r) identified Ser254 of HSP%¥as being phosphorylated (b). The product ion spectrum of the precursdz &37.31 (2+)

identified Ser230 of HSP®0as being phosphorylated (c). Amino acid sequence alignment of the charged linker regions (d). The sequence
alignment was performed using Clustal W(1.7). The observed fragments are shown in boldface type. Underlined residues indicate the
phosphorylation sites revealed in this study. A diagram of the domain structure of Chinese hamstef HSH#89 shown.

tag or anti-HA tag antibodies covalently linked to agarose HA-HSP9(Q adsorption and AhR-FLAG detection, the
beads. In the immunoprecipitation assay combination with replacement of both Ser225 and Ser254 by Glu, S225/254E,
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FiGure 4: Mutations at phosphorylation sites of HSPBS@ffect
their affinity for AhR. Wild-type or mutant HA-HSP9D(0.5 ug HSP90 beta  Mock Wild-type  S225/254A S$225/254E
of expression vector) was transiently coexpressed in an aliquot of
COS7 cells with AhR-FLAG (0.:g of expression vector). Equal 1.5
amounts of the cell lysate and the complex bound to the anti-HA 1 - -J
or anti-FLAG agarose were analyzed by immunoblotting with the : .
anti-FLAG or anti-HA antibodies. & y
had no effect on the interaction with AhR, as compared with g';f:ﬁ,?érezgiﬁﬁleagﬁg?géiﬁ&%ﬁigﬂf%ﬁgg%f;lrar'nﬁéznil
the wild-type HSP9B (Figure 4). Notably, the replacement HA-HSP9( was transiently coexpressed in an aliquot of Hepal
of both Ser225 and Ser254 by Ala, S225/254A, increased cells with the XRE-driven luciferase reporter gene. These cells were
the ining ity for ANR. T assay that combined AhR. - Hetisles Wik 1 JUC, and e Uotersse seiy spa e
FLAG adsorp_tloh and HA-HSP9DQet_chon_r(_avealed that IFi)ne indicates the basal level of)t/he AhR activity in Hepal cells.
the Glu substitution reduced the binding affinity of HSB90  Each transfection was performed in triplicate. Error bars denote
for AhR (Figure 4). These observations indicate that the standard deviations. The Student two-tailedest was used to
mutations at the phosphorylation sites of HSP@@odulate determine statistical significance ¢ 0.05). A value accompanied
the interaction with AhR and suggest that the negative by an asterisk (*) is significantly different from that of the wild-

. . type HSP9@. Equal amounts of cell lysates, without the 3MC
charges at the Ser_22_5 and_ Ser254 phosphorylation sites mag{imulation for the luciferase assay, were subjected to an immuno-
weaken the association with AhR. blotting analysis with anti-HA antibodies to confirm the equivalent

To further explore the issue of whether the mutations at levels of HSP9B mutant expression.
the phosphorylation sites of HSR®éffect the AhR function,
wild-type or mutant HA-HSP9®was transiently coexpressed GST-HSP90 fusion protein generatedEscherichia coli
in Hepal cells with the XRE-driven luciferase reporter gene, revealed that the middle and C-terminal domains of HSP90
and their transcriptional activities were compared. The were involved in binding to AhR and XAP2, respectively
transfected Hepal cells that transiently expressed the wild-(16). The present study suggested that the charged linker
type human HSP@enhanced the basal AhR transcription phosphorylations of HSP90 weaken the interaction of HSP90
activity, as compared to the level of the control Hepal cells with AhR. Therefore, the charged linker phosphorylations
(Figure 5). This observation suggests that the augmentedmay alter the domain orientation, so that the middle domain
expression of human HSP80n Hepal cells caused the partly restricts the interaction with AhR. The present results
formation of an additional functional complex with AhR, on the HSP90 phosphorylations within the cytosolic AhR
which was nonfunctional by itself in vivo. Although the complex are a further step toward understanding the com-
S225/254E mutant showed almost the same level of luci- plicated HSP90 molecule, which seems to regulate the
ferase expression as the wild-type HSP9he S225/254A  diverse functions of the different HSP90 client proteins.
mutant exhibited more potent ligand-induced transcriptional ~ Concluding Remark$osttranslational modifications are
activity than the wild-type HSP@)(Figure 5). This apparent a common regulatory mechanism for eukaryotic cells to
enhancement of the reporter gene activity is not due to acontrol protein function. In particular, protein phosphoryl-
different expression level of the HA-HSP®0nutants. It is ation modulates the DNA-binding activity, translocation, and
likely that the apparent enhancement of the ligand-induced protein—protein interactions of many protein factors. In this
AhR transcription activity resulted from the Ala substitution context, the electrostatic heterogeneity due to partial phos-
at the HSP9B phosphorylation sites. Together with the phorylation is a particular nuisance in preparing phospho-
immunoprecipitation result, in which the S225/254A muta- protein crystals for three-dimensional structure determina-
tion strengthened its association with AhR, our mutagenesistions, which will reveal the details of the AhR inactivation
study suggests that the phosphorylations of H$FPa0 and activation mechanisms. The information presented here
Ser225 and Ser254 in the charged linker may negatively provides a basis for further posttranslational modification
regulate the formation of the functional AhR complex in the analyses of the AhR complex and will be useful in designing
steady-state cytosol. new constructs of the cytosolic AhR complex that are suitable
Some putative roles of the charged linker in HSP90 for X-ray crystallography.
function have been previously discussed. Binert et al.
predicted that the charged linker of HSP90 may play a role REFERENCES
in the interaction of HSP90 with steroid hormc_me receptors 1. Poellinger, L. (2000) Mechanistic aspeetse dioxin (aryl
(37). Scheibel et al. proposed that the charged linker regulates ™ pyqrocarbon) receptoFood Addit. Contam. 17261—266.
the chaperone function of the N-terminal doma&6)( On 2. Hahn, M. E. (2002) Aryl hydrocarbon receptors: diversity and
the other hand, a previous study by Meyer et al., using a evolution,Chem.-Biol. Interact. 141131-160.
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