7628 Biochemistry2004,43, 7628-7636

The Region Adjacent to the Highly Immunogenic Site and Shielded by the Middle
Domain Is Responsible for Self-Oligomerization/Client Binding of the HSP90
Molecular Chaperorie

Takayuki K. Nemoto,# Yutaka Fukumd, Shin-ichi Yamadd, Takeshi Kobayakaw# Toshio Ono}, and
Yuko Ohara-Nemotb

Division of Oral Molecular Biology and Dision of Oral and Maxillofacial Surgery, Department of zopmental and
Reconstructie Medicine, Course of Medical and Dental Sciences, Nagasakiddsity Graduate School of Biomedical Sciences,
1-7-1 Sakamoto, Nagasaki 852-8588, Japan, and Department of Oral Microbiology, lwate Mediealdityi School of
Dentistry, 1-3-27 Chuodori, Morioka 020-8505, Japan

Receied December 12, 2003; Reed Manuscript Recegéd March 23, 2004

ABSTRACT:. We here investigated the mechanism of self-oligomerization of the 90-kDa heat shock protein
(HSP90) molecular chaperone, because it is known that this oligomerization reflects the client-binding
activity. The transition temperatures for the self-oligomerization of the full-length forms of human EISP90
and HtpG (bacterial HSP90), i.e., 45 and D) respectively, were identical to those for the dissociation

of the recombinant N domain (residues400 of human HSP30 and residues-1336 of HtpG in our
definition) from the remainder of the molecule. The N domain of human H&R8pressed ifEscherichia

coli was oligomeric, and the oligomerization activity was localized within residues-33%Q, i.e.,
C-terminally adjacent to the highly immunogenic site (residues-3@4). Particularly, residues 341

350 were critical on oligomerization. On the other hand, residues-389 were indispensable for the
interaction with the M domain (residues 40818) of the molecule. Oligomer formation of the N domain

was efficiently suppressed by its extension until Lys546, i.e., residues®4H, which is required for the
interaction with the N domain. Among highly conserved amino acids at residuesiR89Trp297, Pro379,

and Phe384 were essential for the interaction with the M domain. With these observations taken together,
we propose as the activation mechanism of HSP90 molecular chaperone that heat stress induces the
liberation of the oligomerization/client-binding site of residues-33%0 by disrupting the intramolecular
interaction between residues 28%89 and 401+546.

The 90-kDa heat shock protein (HSPB® either tran- merization of HSP90 seems to be mediated by the binding
siently or stably associated with various but specific client with each other of HSP90 molecules via the client-binding
proteins that are unstable unless chaperoned with HSP90site (1). In fact, the binding ofEscherichia coliHtpG to
HSP90 generally functions in cooperation with other mo- glutathioneStransferase (GST), a model client protein, was
lecular chaperones and cochaperones. Yonehara et)al. ( also activated at elevated temperatures, and the oligomer-
reported that the molecular chaperone activity of mammalian jzation of E. coli HtpG occurred at these temperatur@s (
HSP90 was activated at temperatures higher thahCAth These studies indicate that heat-induced activation is gener-
vitro and that the purified form of HSP90 became self- ally observed on the HSP90-family molecular chaperones.

oligomerized under these condition¥).(Thus, self-oligo Various regions of HSP90 have been proposed to be
Thi . involved in its interactions with target proteins. For instance,
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HSP82, Beyer et al.7j proposed that residues 32340, BTH101 [F, cya-99 araD139 galE15 galK16, rpsL1(Str),
equivalent to residues 34860 of human HSPQQ possess  hsdR2mcrAl mcrBJ and plasmids pKT2%"and pUT18E™

an amphipathic structure and potentially bind to a client were generously provided by Dr. L. Selig (Hybrigenics, S.
protein. A., Paris, France). All other reagents were of analytical grade.

Another approach using model client proteins has been Definition of DomainSACCOI’ding to our preViOUS results
employed to clarify the client-binding sites of HSP90. When on limited proteolysis and regional interactions, we could
citrate synthase and insulin were used as client proteins,divide human HSP3® as well asE. coli HtpG into three
mammalian HSP90 was found to possess two distinct client- domains. Amino acid residues-300, 40}-618, and 619
binding sites 8, 9): one of them was located in the 732 of human HSP30(14, 15) and 1-336, 337552, and
N-terminal 210 amino acids, and its activity was modulated 553-624 of E. coli HtpG correspond to the N, M, and C
by ATP and geldanamycin, a specific inhibitor of HSP90 domains 16), respectively (see Figure 1laJhe domain
molecular Chaperone; and the other was in the C domain.border between the N and M domains is distinct from that
Minami et al. (L0) confirmed the existence of respective defined by Stebbins et al1{) and Prodromou et al1f).
client-binding sites in the N and C domains. Similarly, the Our definition of the N domain is based on the cleavage
C-terminal fragment (residues 49482) of human 94-kDa  Site most susceptible to limited proteolyslgi{-16), whereas
glucose-regulated protein protects the catalytic subunit of the others define the N-terminal core region (residue820/
protein kinase CK2 against thermal aggregatib) (Inter- 230) as that highly resistant to proteolysis’(18). In the
estingly, we recognized only a single client-binding site in Present study, truncated forms of the two HSP90 species were
E. coli HtpG, which was solely localized in the N domain €Xpressed mainly on the basis of domain units, which were
(residues 1-336) of this 624 amino acid proteifi). Amino referred to as N, M, and MC for the N domain, M domain,
acid substitution of human HSP&Orevealed that the and MC domain, respectively. In the case of other regions
hydrophobic segment (residues 66&78) of the C domain  being expressed, we added the number of amino acid residues
was essential for both dimer formation and the client-binding such as +521 and +400/421-560.
activity (13). Thus, at present, the client-binding activity of ~ Construction of Bacterial Expression Vectoffie DNAs
the C domain is indistinguishable from the dimer-forming €ncoding the full-length form of human HSR9Q19) and
interaction of HSP90I@). Thus, it seems necessary to further E. coli HtpG (20) were generously provided by Drs. K.
investigate whether the site at the C-terminal side is truly Yokoyama (Riken Life Science Center, Tsukuba, Japan) and
involved in the client binding under physiological conditions. E. A. Craig (University of Wisconsin Medical School,
In contrast, the client-binding site at the N-terminal side Madison, WI), respectively. Construction of the pQE9
should be directly involved in the function of the molecular Plasmid (Qiagen) encoding the domains of HS®%hd
chaperone, although its precise location is still obscure.  HtpG and residues-1312 of HSP9@. tagged with a histidine
hexamer was described previous®; 21). Y1090[pREP4]
was transformed with constructs and selected on Luria broth
agar plates containing 5@y/mL ampicillin and 25u«g/mL
kanamycin. For expression of amino acids320, 1-330,

In the present study, we investigated the mechanism on
self-oligomerization of the HSP90 molecular chaperone in
order to elucidate the N-terminal client-binding site and the
mechanism of the heat-induced activation of the client-

o - . : 1o 1—340, 1-350, 1-360, 1-372, 1-386, 1-389, 1-521
binding activity. We demonstrate herein that amino acids ' ' ’ ’ ' ' '
311-350, which are C-terminally proximal to the highly 1-541, 1-546, 1-560, and 289400 of human HSPQ

immunogenic site (residues 29804) of HSP90 14), are DNA fragments 'encodi'ng thesg regions were_amplified by
responsible for the self-oligomerization. We propose that the PCR and then dlre_ctly mse_rted into the pT_rcHls-TOPO TA
heat-induced liberation of residues 28389 from residues ~ ¢/oNiNg Vvector (Invitrogen) in-frame according to the manu-

; ; ot facturer's recommendation. For expression of residues
401-546 triggers the self-oligomerization and, presumably,
client binding as well. 1-400/421560 and +400/561560, DNA fragments

encoding the corresponding regions of HS®9@re ampli-
EXPERIMENTAL PROCEDURES fied together with the plasmid DNA by High Fidelity PCR
(Roche, Mannheim, Germany) with appropriate primers that
Materials The following materials were used: expression introduced the intended deletionk. coli TOP-10 was
vector pQE9 and plasmid pREP4 from Queen Inc. (Chat- transformed with these PCR products following digestion
sworth, CA); pTrcHis-TOPO from Invitrogen (Carlsbad, of the template DNA byDpnl. Amino acids 289-372 and
CA); pGEXAT-1, glutathione Sepharose, and low-molecular- 311—372 were expressed as glutathighansferase (GST)
weight markers from Amersham Biosciences (Piscataway, fusion proteins by insertion of the appropriate PCR products
NJ); restriction enzymes and DNA-modifying enzymes from in pGEX4T-1 (L4). The DNA insertion was confirmed by
Nippon Gene (Tokyo, Japan); the kaleidoscope prestainedHot Star PCR (Qiagen Inc., Chatsworth, CA), and mutations
molecular standard from Bio-Rad (Richmond, CA); Talon were confirmed by DNA sequencing (ABI PRISM 310, PE
metal affinity resin from Clontech Laboratories Inc. (Palo Applied Biosystems).
Alto, CA); trypsin (5200 USP units/mg of protein) am- Bacterial Two-Hybrid SystenThe intramolecular inter-
acetyli-tosyl+-phenylalanine chloromethyl ketone from action between the N and M domains was examined by using
Sigma (St. Louis, MO); alkaline phosphatase-conjugated goatthe bacterial two-hybrid system according to the method of
anti-mouse IgG from EY Laboratories Inc. (San Mateo, CA); Karimova et al. 22) as described previousljt?). Construc-
and rabbit anti-mouse Ig(G- A + M) from Zymed tion of pKT25eHSP9® 1—320, 1-372, and +400 (N
Laboratories Inc. (San Francisco, CA). Anti-human HSP90 domain) and pKT28“HtpG 1-336 (N domain) and that
monoclonal antibodies (MADbs), K41102, K41110, and K41218, of pUT18C™HSP9@ 401732 (MC domain) and HtpG
were prepared as reported previouglyl). Bacterial strain 337-624 (MC domain) were described previousi®3).
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Similarly, DNA fragments encoding amino acids 386 and 1 mM dithiothreitol, did not affect the mobility of recom-
1-389 of HSP9@ were amplified by PCR and inserted in  binant proteins and their interactions. Accordingly, purified
a Pst/BanHI site of pKT23@" The apparent complex proteins were directly subjected to PAGE. Electrophoresis
formation between coexpressed recombinant proteins, i.e.,was performed at room temperature at a constant voltage of
the wild or mutated type of the N domain and the MC 50 V. Separated proteins were stained with Coomassie
domain was distinguished by color development of the brilliant blue or subjected to immunoblotting. Because
colonies on MacConkey indicator media agar plates contain-HSP90 is an acidic protein with an isoelectric point) (pf

ing 1% maltose. Quantitative data were obtained by mea- 5.2 (24), we chose ovalbumin (45 kDal §.6), bovine serum
surement of thg-galactosidase activity that was enhanced albumin (66 kDa as monomer, 132 kDa as dimer, and 198

by complex formationZ2, 23). kDa as trimer, p4.8), and catalase (240 kDad, $.5) with
Substitution of Amino Acids Consed within Residues  similar pls as references to neutralize the charge effect.
289-400. Eleven amino acids within residues 28200 of Immunoblotting Analysidroteins (0.10.5ug) separated

pKT25HSP9@ were substituted by Gly or Ala by using on SDS-PAGE or native PAGE gels were subjected to
PCR-based, site-directed mutagenesis in combination Withimmunoblotting analysis as described previoudl$)( The
Dpnl degradation for elimination of template DNA. Among  epitopes of mAbs K41102 and K41110 were localized at
them, three amino acids, i.e., Trp297Gly, Pro379Ala, and Lys,,—Glu,s; (immunogenic site la) and Asn—lles,
Phe384Ala, were further mutagenized by using degenerate(immunogenic site Ic) of human HSP@respectively 14).
primers (5-NNN at the corresponding codons: NG, A, The epitope of K41218 was localized within LgtGlu;gs
T, or C). Pro379Ala was also mutagenized with another set (14) and was further defined to Asp-llesg by the Fli-Trix
of primers (3-NSN at the codon: S= G or C; N= G, A, flagellin fusion display system (Invitrogen) (Y. Fukuma and
T, or C). Eight amino acids and one stop codon could be T, K. Nemoto, unpublished observation). According to the
formed with this primer set. The resulting plasmids, pKF25 class (IgG or IgM) of mAbs used, alkaline phosphatase-
HSP9@.-N-Gly297Xaa, Ala379Xaa, and Ala384Xaa (Xaa, conjugated goat anti-mouse IgG or rabbit anti-mouse 1g(G
any amino acids), were subjected to the two-hybrid analysis + A + M) was used as the second antibody. First and second
as described above. Mutated amino acids of positive clonesantibodies were used at-B and 0.2ug/mL, respectively
that developed red color on MacConkey indicator plates were Blots were finally visualized by incubation with 5-bromo-
deduced by DNA sequencing. 4-chloro-3-indolyl phosphate and nitro blue tetrazolium
Expression and Purification of Recombinant Proteins (Promega, Madison, WI).
Recombinant proteins encoded by the pQE9 and pTrcHis-  protein ConcentrationProtein concentrations were de-
TOPO vectors were denoted with Bis HHSP9@, because  termined by use of the bicinchoninic acid method (Pierce,
a histidine hexamer tag was present within the N-terminal Rockford, IL).
12 and 35 amino acids, respectively, encoded by the two
vectors. After cultivation of the transformed bacteria at 37 RESULTS
°C overnight, recombinant proteins were expressed 4€30 Temperature-Dependent Changes in the Oligomerization
for 5 h in thepresence of 0.2 mM isoprop-p-thiogalac- and Domair-Domain Interaction of HSP9Ohe N domain
topyranoside. Recombinant proteins were purified with a (HsHSP9@-N and HHtpG-N), the M domain of HtpG (kt
Talon affinity column according to the manufacturers HtpG-M), and the MC domains @HiSPO9@-MC and H-
protocol except that 10 mM imidazole was included in the HtpG-MC) were expressed and purified to homogeneity
lysis/washing buffer. Bound proteins were eluted with 0.1 (Figure 1a,b). In contrast to the monomeric nature gf H
M imidazole (pH 8.0) containing 10% (v/v) glycerol. GST- HtpG-N, HHSP9@.-N existed as oligomers, migrating near
HSP9@ 289-372 and 311372 were expressed as above the top of a separation gel of PAGE under nondenaturing
and purified on a glutathione Sepharose column accordingconditions (Figure 1c, compare lanes 1 and 2). Oligomer-
to the manufacturer’s procedure. Proteins were immediately ization of HHSP9@-N was ascertained by its elution at void
used for experiments or were stored-é80 °C until used.  volume on size-exclusion gel chromatography of Sephacryl
Sodium Dodecyl SulfatePolyacrylamide Gel Electro- S200 (data not shown). We attempted to prepare the
phoresis (SDSPAGE) Electrophoresis was performed in  monomeric form of HHSP9@-N by expressing the recom-
the presence of 0.1% SDS at a polyacrylamide concentrationbinant protein at lower temperatures, but it was still oligo-
of 12.5% unless otherwise stated. Generally,~5:g of meric even when expressed at 2C. Immunoblotting
proteins was loaded onto SBPAGE. Separated proteins analysis indicated that the recombinant protein was already
were stained with Coomassie brilliant blue or subjected to oligomerized in the bacterial lysate prior to the purification
immunoblotting. Low-molecular-weight markers (Amer- step (data not shown).
sham) or kaleidoscope markers (Bio-Rad) were used as The N and M domains associated with each other through
molecular markers. an intramolecular interaction, and this interaction was even
Polyacrylamide Gel Electrophoresis under Nondenaturing accomplished across the species (Figure 1c, lanés &nd
Conditions To estimate molecular configurations, recom- ref 12). The positions of the complexes on PAGE were
binant proteins (32 ug) or their mixtures were subjected comparable between the N domains of human HSP&
to PAGE on a 7.5% polyacrylamide gel under nondenaturing E. coli HtpG (Figure 1c, compare lanes 5 and 7 and lanes 6
conditions (5). We found that elution buffers, i.e., 0.1 M and 8). These results indicated that, although mogt H
imidazole (pH 8) containing 10% (v/v) glycerol forsHiagged HSPO@-N existed as oligomers, a small portion of these
proteins and 40 mM Tris-HCI (pH 8.0) and 10% (v/v) oligomers dissociated into monomers and formed a complex
glycerol containing 10 mM glutathione for GST fusion with HgHtpG-MC and HHtpG-M. This also indicates that
proteins, as well as addition of 5 mM 2-mercaptoethanol and the site responsible for self-oligomerization is identical or
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FiGUre 1. Interaction between the N and M domains. (a) Schematic illustration of the three-domain structures of humamn &0

coli HtpG and the recombinant domains expressed. Residues2&23constitute the highly charged region specific to eukaryotic HSP90.

(b) Recombinant proteins were purified and separated on-$SIX&E. Lanes: 1, BHSPO@-N; 2, HHHSP9®-MC; 3, HgHtpG-N; 4,

HgHtpG-M; and 5, HHtpG-MC. (c) Recombinant proteins in various combinations as indicated on the top were electrophoresed on PAGE
gels under nondenaturing conditions. The amount of proteins loaded was &&ept for HHSP9®@-N (3 1g). Asterisks represent complexes

formed, and double asterisks indicate oligomeric forms. (H$P9@-N (lane 1, 4ug), HsHtpG-MC (lane 2, 0.54g), or their mixture

(lane 3) was electrophoresed on the first dimension PAGE under nondenaturing conditions. After the electrophoresis of the mixture (three
times of lane 3), proteins were further developed on the second dimensionFSAEE. An arrow represents complexes formed. Arrowheads
represent the protein constituents of the complexes. Lane M represents molecular markers. Electrophoretic images (panels b and d) are
representatives of two separate experiments, and the image of panel c is representative of three separate experiments.

Table 1: Interaction between the N and MC Domains of HSP90 \_Ne then Coml?ared the heat St_abi"ty of the N domain_ and
and HtpG of its complex with the MC domain. When heated at various
pKT 25k pUT18G™R activity + SD (%) temperatures fer 10 m.in,sl-ISPQ(Dx-N consistently .migrated
vector vector 3606 as oligomers with various molecular masses (Figure 2a). In
HSPO@-N vector 2.6+0.1 contrast, HtpG-N existed as a monomer and converted to

:ts?%-N HSFt’901-MC 84?;331[ (2)57-1 oligomers on exposure to temperatures of60and higher
pPG- vector . . . . i

HtpG-N HtpG-MC 100.0% 19.6 for 10 min (Figure 2b). The hybrid cemplex betweeg-H

HSPO®@-N HtpG-MC 925+ 4.8 HSPO9@-N and HHtpG-MC was labile at temperatures

HtpG-N HSP9@-MC 60.4+21.4 higher than 45C (Figure 2c); and that betweensHtpG-N

2 Binding activity of the HtpG-N to HtpG-MC was set at 100%. and HHtpG-MC, at temperatures higher than &0 (Figure
Values are means= SD of three independent colonies. Data are ). |nterestingly, the temperature required for the transition
representatives of two separate experiments. to oligomers of HHtpG-N was identical to that for dissocia-

tion of the HHtpG-N—HgHtpG-MC complex and was also
at least overlaps that for the domaidomain interaction.  comparable to the transition temperature for oligomerization
The complex between gSP9@-N and HHSPI@-MC of the full-length form of HtpG reported previously?)(
was not found under these experimental conditid. ( Similarly, the full-length forms of mousel) and human

The two-dimensional PAGE, i.e., the first dimension HSP90 @) converted to oligomeric forms at temperatures

PAGE under the nondenaturing conditions followed by the | . .
. ) . higher than 45C, which also corresponds to the temperature
second dimension SDSPAGE, directly demonstrated the inducing the dissociation of the HSRON—HtpG-MC

complex formation between 50-kDaHSP9@-N and 32- . : L
kDa HsHtpG-MC (Figure 1d). Moreover, the bacterial two- complex. Therefore, heat—mQuced oI|gomer|.zat|on ef the
hybrid system demonstrated that the complex was efficiently HSP90-family members was tightly coupled with the disrup-
formed in any combinations of the domains of HSR@Md tion of the intradomain interaction between the N and M
HtpG (Table 1). This high efficiency may be explained by domains. In this series of experiments we usgHtG-MC

the property of the two-hydrid system, in which recombinant as the partner for complex formation, becausei&P9@-

proteins were coexpressed, and hence, the dontimain MC itself has client-binding activity and is therefore self-

interaction could proceed before the self-oligomerization. oligomerized {3).
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Ficure 3: Oligomerization characteristics of the N domain tagged
with the truncated M domain. (a) HSP9@-N and that tagged
with various truncated M domains, as shown schematically, were
expressed. Purified proteins were electrophoresed on-$2&E

gel at a 7.5% polyacrylamide concentration (b) and a PAGE gel
2 under nondenaturing conditions (c). The arrowhead at the right of
HeHSP9@-N (3 1g) and HHtpG-MC (2ug), or (d) a mixture of  panel ¢ indicates the border between the concentration and
HeHtpG-N (1.540) and HHtpG-MC (2u:g) was exposed at various  separation gels. Numbers-7 in panels b and ¢ correspond to those
temperatures for 10 min. After having been cooled, they were of panel a. M= molecular markers. States of recombinant proteins
subjected to PAGE under nondenaturing conditions. Lanes: 1, 0 gre summarized in panel a. M monomer, D= dimer, and O=

°C; 2, 30°C; 3, 35°C; 4, 40°C; 5, 45°C; 6, 50°C; 7, 55°C; 8, oligomer. Electrophoretic images are representatives of three
60°C; 9, 65°C. M = molecular markers. Electrophoretic images separate experiments.

are representatives of three separate experiments.

2,
e -

Ficure 2: Stability of the N-MC complex at elevated temperatures.
(a) HHSPO@-N (3 ug), (b) HsHtpG-N (2 «Q), (c) a mixture of

. ) o under nondenaturing conditions clearly demonstrated that
Suppression of the Oligomerization by the Intramolecular residues 289400 existed as oligomers (Figure 4c, lane 4).
Interaction of Human HSP®0 It should be remembered | contrast, residues-1312 migrated as a monomer (Figure

that the full-length form of HSPADexists as a dimer (see  4p, |ane 3). Thus, the oligomer-forming activity was specif-
Figure 4c and refd5 and 25). Hence, it is reasonable t0 jcally localized within residues 289400.
postulate that the potential activity of oligomerization of  To further define the minimal region responsible for
HSP9@-N is suppressed in the intact dimer. To test the role gjigomerization, we expressed a series of truncated forms
of the domain-domain interaction, we expressed the N (Figure 5a,b). Figure 5c clearly demonstrates thit$Pe:
domain of HSP9@ attached to portions of the subsequent 1-312 1-330, and +340 were monomeric and thatsH
domain (Figure 3a,b). Polyacrylamide gel electrophoresis Hspo@ 1-320 was a mixture of monomer and dimer. In
under nondenaturing conditions revealed thgHBP9@.  contrast, HHSPI@ 1-350 and further extended forms were
1-521 and 1-400/461-560 predominantly existed as oli-  gligomeric (Figure 5¢, lanes-510, and summarized in Figure
gomers (Figure 3c, lanes 2 and 7). Monomeric, dimeric, and 5a).
oligomeric forms were evenly present iRSPO@ 1-541 To evaluate the N-terminal edge required for the oligo-
and 1-400/421-560 (lanes 3 and 6). To the contrary, the merization, we expressed residues 2892 and 313372
monomeric form was dominant ingHSP9@ 1-546 (lane (Figure 6a). To express such small fragments stablg.in
4), and HHSP9@ 1—560 was essentially monomeric (lane  colj, they were expressed as GST fusion proteins. As shown
5 and summarized in Figure 3a). It should be rememberedin Figure 6b, both were highly oligomeric, indicating that
that residues 401541 could not, but 402546 could, interact  residues from amino acid 311 to amino acid 372 were
with the N domain, as described previousBB). Thus, the  gyfficient for the oligomerization. Taken together, our data
liberation of the N domain from the M domain triggered the indicate that residues 3#B50 were sufficient for self-
self-oligomerization. oligomerization and residues 34350 were critical for it.
Minimal Region of the N Domain Responsible for Self- Amino Acids Essential within Residues 28®0 for the
Oligomerization Next we examined the minimal region of Interaction with the M DomainThe N domain of HSP3®
the N domain required for the oligomer formation. Initially, can associate with the M domain Bf coli HtpG as well as
we compared two truncated forms of the N domain, i.g:, H it does with that of HSP® (12). Thus, among residues
HSP9@ 1—312 and 289-400. Because the expression of 289-400, amino acids conserved among the HSP90-family
HsHSPO@ 289-400 was hardly detected with Coomassie members would appear to be important for this interaction.
staining (Figure 4b, left panel, lane 4), presumably becauseWe selected 11 such amino acids and mutated them to Gly
of the instability of small molecular exogenous proteins in or Ala (Table 2). Bacterial two-hybrid analysis revealed that
E. coli, the entity was confirmed by immunoblotting with mutations of Trp297, Pro379, and Phe384 caused complete
an anti-HSP90 mAb K4111a4) (right panel, lane 4). PAGE  loss of the binding to the M domain and that mutations of
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Ficure 4: Oligomerization characteristics of truncated N domains. qf HeHSP9®-N truncated at the C-terminus, shown schematically,
Various truncated N domains, shown schematically, were expressedyegre expressed (a). The amino acid number-2814 on the top

(@). Residues 291304 represent the epitope of K4111GHEP9@ indicates the recognition site of K41110. Purified proteins separated
(lane 1), HHSP9@-N (lane 2), HHSP9® 1—312 (lane 3), and on a 10% SDSPAGE gel (b) and on a PAGE gel under
HeHSP9@. 289-400 (lane 4) were electrophoresed on a SDS  pondenaturing conditions (c) were stained with CBB or by
PAGE gel (b) and on a PAGE gel under nondenaturing conditions jjymynoblotting (IB). The arrowhead in panel ¢ indicates the border
(c). Proteins were visualized by Coomassie brilliant blue (CBB) petween the concentration and separation gels. Numbet§ in
staining or immunoblotting (IB) with K41110. The arrowhead in panels b and ¢ are in accord with those of panel a Mholecular
panel c indicates the border between the concentration andmarkers. Molecular forms (M, monomer; D, dimer; and O,
separation gels. Numbers-2 in panels b and c are in accord with  jigomer) of recombinant proteins are summarized in panel a.
those of panel a. M= molecular markers. States of recombinant  Ejectrophoretic images are representatives of three separate experi-

1234 M 1234

proteins are summarized in panel a.#Mmonomer, D= dimer, ments.
and O= oligomer. Electrophoretic images are representatives of
three separate experiments.

a b
the remaining ones had no effect. To investigate whether _| b kDa
these three amino acids could be considered unique ones, | 66 e f;g
we further introduced a random mutation at these positions. o| a5 - 132
Positive transformants grew up with red colonies on plates
containing maltose and a pH indicator. As a result, hydro- -] 30 B 66
phobic amino acids such as lle, Phe, and Leu could partially - |45
(18.7-35.4%) substitute for Trp at position 297, and Met384 |23
showed approximately one-half of the activity of Phe384 12M 12 M

(Tablg 3). However, in_ 'ghree trials, one of which usgd Primers . e 6: Oligomerization of GST-HSP90289-372 and 31%
carrying NNN at position Pro379 and two of which used 372. purified forms of GST-HSP80289-372 (lane 1) and 311
primers carrying NSN at the position (8 G, A, T, or C 372 (lane 2) were separated by SBSAGE (a) and PAGE under
and S= G or C), no colony encoding other than Pro379 nondenaturing conditions (b). M= molecular markers. Proteins
was obtained, indicating that Pro379 was solely needed toWere stained with CBB. Electrophoretic images are representatives
. - of three separate experiments.

be located at this position.

As shown in Table 2, four amino acids, i.e., Asp390, dispensable, but further 3 amino acid truncation disrupted
Leu396, Ser399, and Arg400, located near the C-terminal the function (Table 4).
end of the N domain, were highly conserved but were Limited Proteolysis of the N Domaihe present study
dispensable for binding to the M domain. Thus, we supposedstrongly suggested that the client-binding site of HSB90
that the C-terminal end of the domain might be dispensable experimentally monitored by the self-oligomerization, was
for the function. In fact, the C-terminal 11 amino acids were localized within the N domain. However, there might be an
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Table 2: Effect of Point Mutations in the N Domain on the

Interaction with the M Domat

pKT25@HSP9IG 1-400

activity+ SD (%)

pKT25kan
wt
Asn291Gly
Trp297Gly

pKT25k@n
wit
Leu363Ala
lle370Ala
Pro379Ala
Phe384Ala
Gly387Ala
Asp390Ala
Leu396Ala
Ser399Ala
Arg400Ala

7.8+£0.5
100.0+ 0.4
99.8: 0.1
9.4+ 1.0

104+ 2.4
100.0+ 6.0
94.0+ 19.2
109.2+ 19.6
141 3.3
12514
96.7+ 17.6
113.8:32.7
112.6k 20.6
96.5- 16.6
102.74 6.6

aBinding activity of the N domain to the MC domain was set at
100%. Values are means SD of three independent colonies. Data

are representatives of three separate experiments.

Table 3: Screening of Amino Acids at Positions of Trp297, Pro379,
and Phe384 in the N Domain That Restore the Interaction with

HSP9®-MC?
nucleotides amino acid activity SD (%)
TGG Trp297 10Gt 5.3
ATT lle 354+ 125
TTT Phe 32.3+20.1
TTT Phe 28.0+ 8.7
TTA Leu 244+ 7.5
ATT lle 229+7.1
CTT Leu 20.8+ 8.8
TTT Phe 19.6+ 10.5
TTT Phe 18. 4 6.7
AAT Asn 17.9+ 6.2
TAT Tyr 12.0+ 4.4
CCT Pro379 100.& 1.2
CCG Pro 97.3t 8.1
CCC Pro 105.6£ 5.0
CCT Pro 108.6+ 1.3
TTC Phe384 100.& 7.1
TTT Phe 78.8+ 10.2
ATG Met 57.8+ 7.6
ATG Met 54,54+ 13.2
ATG Met 44,74+ 6.6
TTA Leu 16.1+5.0
vector 2.9+ 1.6

aBinding activity of the N domain to the MC domain was set at
100%. Values are meanis SD of three or four independent colonies.

Data are representatives of three separate experiments.

Table 4: Role of the C-Terminal Region of the N Domain on the

Interaction with the MC Domai

pKT25 HSPIG activity + SD (%)
pKT25kan 3.3+15
1-400 (N) 100.0+ 8.5
1-389 108.3+ 2.6
1-386 4.9+ 1.2
1-372 2.1+ 05
1-320 3.7+ 0.9

aBinding activity of the N domain to the MC domain was set at
100%. Values are means SD of three independent colonies. Data

are representatives of two separate experiments.
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Ficure 7: Limited proteolysis of recombinant proteins in oligo-
meric forms. (a, b) HSP9@ (40 ug/50uL) or HsHSPO@-N (22
1ag/50uL) supplemented with 18g of bovine albumin (shown by

an asterisk) to adjust the total amount of proteins was incubated
overnight at 30°C without (lane 1) or with 0.001, 0.003, 0.01,
0.03, 0.1, and 0.9 (lanes 2-7) of trypsin that had been treated
with N*-acetyl+-tosyl+-phenylalanine chloromethyl ketone. There-
after, aliquots (4:g) of the samples were subjected to SEFAGE

at a 15% polyacrylamide gel. Separated proteins were either stained
with Coomassie brilliant blue (a) or subjected to immunoblotting
with mAb K41218 (left) or K41102 (right) (b). Apparent molecular
masses on the right represent the bands specific for proteolyzed
HsHSP9@, and those on the left represent the bands common in
the two samples. In panel a, an asterisk indicates the position of
bovine serum albumin. (c) #iSP9@ 1—340 or +-350 (6ug/40

uL) was incubated without (lane 1) or with 0.001, 0.003, 0.01, 0.03,
and 0.1ug (lanes 2-6) of trypsin overnight at 30C. Thereatfter,

an aliquot (1ug) was subjected to SDFAGE at a 15%
polyacrylamide gel, followed by immunoblotting with K41218. M

= kaleidoscope molecular markers. Electrophoretic images are
representatives of two separate experiments.

lecular configuration of EHSP9®@-N and HHSP9@x by
limited proteolysis.

All tryptic fragments of HHSP9@-N, i.e., 32-, 33-, and
40-kDa species, as well as 50-kDaHBP9@-N itself
(molecular masses represented on the left of Figure 7a), were
also present in proteolyzedsHSP9@ and were recognized
by both K41218 and K41102 (Figure 7b). The 32- and 33-
kDa species, which were recognized by K41218, but not with
K41102, should contain the N-terminal ATP-binding domain
(residues +220/230) but lost the highly charged region
(residues 223289) (14, 17), The remaining 15-, 20-, 22-,

alternative interpretation. That is, the bacterially expressed and 27-kDa fragments (indicated on the right of Figure 7a)

N domain of HSP9@ might be misfolded and thereby

specific for digestion of FHSP9@ should be derived from

aggregated. To test this possibility, we compared the mo-the MC domain, and actually, they were not recognized by
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28 390 350 4 oligomerization of the N domain, completely overlap the
v : ; . . i .
311 350 region (residues 335348) essential for the interaction with
(341-350) Akt/PKB (Figure 8).
Oligomerization i One might make the criticism that truncated forms of
289 389 i . .
(289-310) (387-389) HSP90 expressed in the present study might simply form
BindingtoM  Hll—0d aggregates or inclusion bodies, because recombinant proteins
Trp297 Pro379 Phe384 expressed iit. coli, especially truncated forms of proteins,
Amphipathic site 347-360 I tend to form such products. However, the present observa-
AKtPKB binding 335345 Il tions on the N domain make this an unlikely possibility. That

Ficure 8: Regions of human HSP80required for the self- IS, (I) the. oligomeric_form W_a? essentlally SOlL.JbI.e on
oligomerization/client binding and association with the M domain. Centrifugation at 3000@for 0.5 h; (i) an analysis by limited

Residues 311350 are sufficient for self-oligomerization, and proteolysis indicated the molecular configuration of the
residues 341350 are critical. Residues 28389 are sufficientfor  oligomerized form to be indistinguishable to the other forms,

e S80S TSR B and e are SUEN 28 he N domain of the fulllengh proein (Figure 7)
e ; P . : iii) the oligomer formation of the N domain tightly cor-
critical. Residues 347360 constitute an amphipathic segment ﬁel)ated Witg the separation of N from the M dom%in%Fi ure

proposed to interact with client proteirg;(and 335-348, a region : ! p ! ¢ g
essential for the binding to Akt/PKBS). 3b); (iv) as discussed above, the region critical for the self-

oligomerization exactly corresponded to that essential for the
the mAbs (Figure 7b). The 80-kDa species corresponded tobinding to Akt/PKB; (V) finally, we should note that the self-
the NM domain {4). Additionally, it should be noted that  oligomerization of truncated forms of human HSP90 did not
the trypsin concentrations required for the production of these specifically occur in the bacterial expression system, but the

fragments were comparable between the two proteins. truncated form of HSP90 seems to be self-oligomerized in
Because the transition from the monomer to the oligomer eukaryotic cells as discussed belo8y 27).
was critical between HHSP9@ 1—340 and +350 (Figure Binart et al. 8) and Cadepond et al27) developed a

5c), they were also subjected to the limited proteolysis. coexpression system of HSP90 and the steroid receptors in
Again, the cleavage patterns were indistinguishable betweenbaculovirus-infected Sf9 cells: two truncated forms of chick
monomeric and oligomeric forms (Figure 7c). Taken to- HSP9@ that did not possess the residues equivalent to
gether, we concluded that the molecular configuration®fH  residues 396423 and 534585 of human HSP30formed
HSP9@-N was indistinguishable from that of the full-length abnormally large heteromeric complexes with the glucocor-
form and the same was true forgiSPO@ 1-340 and ticoid receptor, and the receptor in the complex could not
1-350, indicating that the oligomerization was not caused bind its hormone. Keeping our results (Figure 3 andlf

by misfolding of the N domain but induced by exposure of in mind, the two truncated forms did not have the residues

the client-binding site of the domain. equivalent to amino acids 46423 or 534-546 of human
HSP9@ essential for the interaction with the N domain, and
DISCUSSION therefore they were likely to form abnormally large oligo-

On the basis of the three-dimensional structure of residues€rs: as the bacterially expressed N doma|r) did. It is not
273-516, Beyer et al.q) recently proposed that an amphi- surprising tha_t the large complex was not functional, becguse
pathic segment of yeast HSP82, residues Ala323n340, HSP90 carrying the mutated M_domgln that could not bind
equivalent to Ala347Asn360 of human HSP®Q forms a  t© the N domain was not functional in yea@). Hence,
potential client-binding site. With the study on HSBY@ their ot_)servatlon furthersup_por_ts the notion Fhat the ohgomer
mind (6), they proposed that amino acids 32340 of yeast format|0r_1 of the N domain is an intrinsic property in
HSP82, equivalent to residues 33548 of human HSP30 mammalian HSP90.
are essential for the binding to serine/threonine kinase Akt/ The mechanism on self-oligomerization of the HSP90
PKB. However, the amphipathic region scarcely overlaps molecular chaperone observed in the present study is akin
with the latter region (Figure 8). Moreover, the amphipathic to the heat-induced activation of the client-binding activity
region is less conserved among the members of the HSP90proposed previously foE. coli HtpG (12). We therefore
family protein. Notably, the present study demonstrated that propose a common mechanism on client binding of the
residues 314350 are sufficient for the oligomerization, and HSP90-family proteins: The client-binding site of the N
our results further demonstrated that residues-88D are domain is generally concealed by the association with the
critical for self-oligomerization of HSP3Q We recently M suppressor domain, and the molecular chaperone activity
demonstrated that residues 2880 are also important for ~emerges at elevated temperatures by disruption of this
the binding to neuropeptide 26). Therefore, residues 311 interaction. Our results indicate that the client-binding site
350, being located adjacent to the highly immunogenic site occupies a restricted region (residues 3350 and, par-
(residues 291 304) of human HSP30(14), seem to directly ticularly, residues-341—350) of residues 289389 required
associate with client proteins, such as neuropeptide Y andfor the interaction with the M domain (Figure 8). In an intact
Akt/PKB. Interestingly, we recently reported that the electron HSP90 dimer, a pair of the client-binding sites may clamp
microscopic image of the mAb K3720 (recognizing at a target protein as proposed8(-30) through the dimeric
residues 291304) attached HSP90 dimer was indistinguish- interaction at the C-terminal 191 amino acidks), Our
able to that of the HSP90 dimer bound to neuropeptide Y present and previous studie3l) strongly suggest that the
bridged to streptavidin26). Moreover, it should be noted domain topology of the HSP90 dimer in the client-unbound
that residues 341350, which are critical for the self- state is considerably different from the bound one.
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