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ABSTRACT. Hsp90 is a molecular chaperone that binds and assists refolding of non-native and/or labile
polypeptides and also bind various peptides. However, the rules of how Hsp90 recognizes substrates
have not been well characterized. By surface plasmon resonance measurements, a physiologically active
peptide, neuropeptide Y (NPY), with a strong binding property to Hsp90 was identified from screening
of 38 randomly selected peptide candidates. We showed that the carboxy-terminal fragment of NPY
(NPY13-36), which forms an amphipathie-helix structure, preserved the strong binding to Hsp90.
Immunoprecipitation and immunoblotting using HelLa cell extracts revealed that newly synthesized NPY
precursors bound to Hsp90, suggesting that the in vitro binding experiments identified an interactive
peptide in vivo. Proteolytic cleavage of the NPY136/Hsp90 complex, as well as binding site analysis
using deletion mutants of Hsp90, revealed the NPY binding locus on tsp89the 192 amino acid

region following the N-terminal domain. By electron microscopic analysis using an anti-Hsp90 antibody
against the sequence proximal to the highly charged region, we showed that the Hsp90 dimer bound to
NPY13—-36 at both ends. Mutation of arginine residues in NP¥38 to alanine abrogated binding to
Hsp90. Our studies indicate that the hinge region after the N-terminal domain of Hsp90 and the positive
charges on NPY are important for this interaction.

Hsp90 is a major molecular chaperone that is ubiquitous have been determined by X-ray crystallograph; (1). This
and abundant in eukaryotes and is essential for cell survivaldomain has a chaperone activity to unfolded peptides in an
(1—3). Under normal conditions, Hsp90 is indirectly involved = ATP-dependent manner,(8). The N-terminal half of Hsp90
in signal transduction pathways by assisting the proper are shown to be located on the outer ends of the dimer by
folding of polypeptides and maintaining active states of electron microscopic observation$2]. The intermediate
substrates, such as transcription factors and protein kinaseslomain consists of a highly charged hinge region (amino
(3). In vitro analyses showed that Hsp90 binds and protectsacids 206-287) and the following domains similar to the
partially denatured proteins from irreversible aggregation and MutL mismatch repair protein and DNA gyrase B3|. The
helps to refold polypeptidegi{-6). highly charged region increases substrate affinl#) @nd

The Hsp90 polypeptide consists of over 700 amino acid is required for chaperone activitg%), although this region
residues and is divided into three functional and structural is not present in HtpG, an Hsp90 homologueestherichia
domains {, 8). The N-terminal 200 amino acid residues coli (16) and can be deleted without affecting growth in yeast
contribute to ATP bindingq), of which tertiary structures  (17). Recently, the middle domain is shown to contribute to
cochaperone interaction and binding of client proteil3 (
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of a unique region in binding to steroid recepto?d,(25). washed three times with 1 mL of PBS and collected by
Moreover, the binding sites for other substrates have beencentrifugation at 509 for 5 min. Finally, the matrix was
mapped on different regions of the Hsp90 polypept@ (  incubated with 1QuL of 50 cleavage units/mL thrombin in
27). Hsp90 also recognizes various peptides as substrate$?BS for 2 h atroom temperature to prepare recombinant
(7, 8); however, a detailed characterization of the peptide proteins without a GST affinity tail. The purity of the samples
binding specificity as well as regions of Hsp90 is lacking. was greater than 95% as judged by Stp®lyacrylamide
To examine the substrate binding characterization of gel electrophoresis.
Hsp90 in detail, we screened 38 biologically active peptides. Peptides, Proteins, and Monoclonal AntibodiBeptides
We found that Hsp90 effectively interacts with neuropeptide were purchased from the Peptide Institute Inc. (Osaka,
Y (NPY),! a positively charged amphipathia-helical Japan). Neuropeptide Y (NPY136), neuropeptide Y with
polypeptide, through the region proximal to the N-terminal arginine to alanine substitutions (NPY136-RA), NPY13-
domain of Hsp90. We proposed that an electrostatic interac-36 with a cysteine residue at the carboxy terminus (NPY13
tion is involved in the intense binding between NPY and 36-Cys), NPY13-36-RA with cysteine (NPY1336-RA-

Hsp90. Cys), pancreatic polypeptide (PP136), CK Il heparin
binding peptide (CLKPVKKKKIKREIKILENLR), the 21-
MATERIALS AND METHODS mer amino-terminal basic peptide ef-casein (RPKH-

PIKHQGLPQEVLNENLL), and the 21-mer acidic peptide

Purification of Hsp90Hsp90 was purified from porcine  Of a-casein (EDQAMEDIKQMEAESISSSEE) were supplied
brain as follows. Porcine brain (about 440 g) was homog- Py Iwaki Glass Co., Ltd. (Chiba, Japany-Casein and
enized in buffer A (0.1 mM EDTA, 0.1 mM PMSF, 20 mM histone H1 were purchased from Boehringer Mannheim and
Tris-HCI, pH 7.5) containing 20 mM NaCl. The homogenate Sigma, respectively. Monoclonal antibodies against Hsp90
was centrifuged at 220@0for 10 min and then at 300g0  (K41116A, K41009, and K3720) were produced as described
for 30 min. The supernatant was mixed with DE-52 cellulose €@rlier €8). The monoclonal antibody against Hsp90 (3G3)
(Whatman International Ltd., Maidstone, U.K.) and stirred and the monoclonal anti-Grp94 antibody (MA3-016) were
for 30 min. Bound proteins were eluted with a linear gradient Purchased from Affinity Bioreagents Inc. The polyclonal
of 50-500 mM NaCl in buffer A. Fractions containing NPY antibody (RB1) was supplied by Research Biochemicals
Hsp90 were pooled and dialyzed against 20 mM potassiumlnte_:rnanqnal. Biotinylated anti-mouse IgG and biotinylated
phosphate, pH 7.5, and applied to a hydroxyapatite columnanti-rabbit 1g (G + L) were purchased from Jackson
(Bio-Rad, Richmond, CA). After the column was washed 'mmunoResearch Laboratories, Inc., and Vector Laboratories,
with 100 mM potassium phosphate, proteins were eluted with Fespectively. A monoclonal anti-cellular fibronectin (FN-3E2;
a linear gradient of 109300 mM potassium phosphate, and Mouse IgM) was purchased from Sigma. o
fractions were pooled. The supernatant was 80% saturated Surface Plasmon Resonance (SPR) Spectrontitigling
with solid ammonium sulfate, and the mixture was centri- Of various peptides to Hsp90 was determined by surface
fuged at 2000 for 15 min. Hsp90 precipitated by centrifu- Plasmon resonance (SPR) analysis using a BlAcore 1000
gation was dissolved in an appropriate volume of a buffer biosensor system (Biacore AB, Uppsala, Sweden) as de-
(20 mM Tris-HCI, pH 7.4, 20 mM NaCl, 0.1 mM EDTA)  scribed earlier 26, 29). All of the solutions for the SPR
and was applied to a column of Q-Sepharose (AmershamMmeasurements were passed through a @2 illipore filter
Pharmacia Biotech, Ltd., Uppsala, Sweden) equilibrated with @hd degassed in a vacuum for 5 min at room temperature.
50 mM Tris-HCI (pH 7.4) containing 10 mM NaCl and Porcine Hsp90, L5178Y Hsp90, L5178Y Grp94, or recom-
eluted with 16-1000 mM NaCl. Fractions containing Hsp90 binant Hsp90 was immobilized on the carboxymethylated
were eluted through hydroxyapatite and then applied to dextran-coat(_ad sensor chlp_s (Biacore AB) at a concentration
Q-Sepharose again as described above. The final fractions®f 50 #g/mL in 10 mM sodium acetate, pH 4.0, using the
containing Hsp90 were pooled, dialyzed against 20 mM amine coupling kit supplied by the manufacturer. Im-
potassium phosphate, pH 7.4, and stored-0 °C. The mobilization proceeded at 2& at a constant flow rate of 5
purity of the Hsp90 protein was greater than 95% as judged#L/min. Immobilization of Hsp90 yielded approximately
by silver staining of SDSpolyacrylamide gels. Hsp9o 6800 or 8800 RU, corresponding to 6.8 or 8.8 ng of Hsp90/
preparations purified from the mouse lymphoma cell line, MM sensor chip. Peptides (25 or 5M) in HBS buffer (10
L5178Y, were provided by Dr. Y. Minami (Oita Medical ™M HEPES, pH 7.4, 150 mM NaCl, and 3 mM EDTA
University) and Dr. Y. Miyata (Kyoto University), respec- containing 0.005% P-20 surfactant) were injected to flow
tively. cells against the Hsp90-immobilized sensor chip atQ%t

Preparation of Recombinant Hspd®usion proteins with 10w rate of Sul/min. For competition assay, NPY136
glutathioneS-transferase (GST) were expressedEincoli (25 uM) and peptides or proteins were premixed at the
Y1090, and lysates were prepared as descridad In brief, !ndlcat.ed concentration and |njected._ The actual binding
lysates (1 mL) were centrifuged at 12@0for 10 min at 4 intensity of each sample_ was determined over a_reference
°C and adsorbed to glutathionSepharose 4B (1QiL) sgrfa_lce, where the matrix was blocked W|_th amines. For
equilibrated with PBS (140 mM NaCl, 2.7 mM KCl, 10 mm  Pinding of Hsp90 to NPY1336, sensor chips were im-
NaHPQ,, and 1.8 mM KHPQO,, pH 7.3). The matrix was mobilized at the carboxy-terminal cysteine residue of e_|ther

NPY13-36-Cys or NPY13-36-RA-Cys by 2-(2-pyridi-

! Abbreviations: SPR, surface plasmon resonance; NPY neuropep-nyldithio)ahanmamin?' and Hsp90 (7a80 yg/mL) was

tide Y; PP, pancreatic po,Iypeptide; PYY, peptide YY; éST, g]utathione injected onto the peptide-coated sensor chip at flow rate of

Stransferase; CD, circular dichroism; SA-HRP, streptavidiorserad- 10 uL/min. Coupling was performed at 200 nM peptide in
ish peroxidase conjugate; RU, resonance units. 10 mM sodium acetate, pH 4.0, yielding approximately 830
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RU for NPY13-36-Cys and 1500 RU for NPY 1336-RA- 10 amino acids from the N-terminus were determined with
Cys. The reference surface was made by blocking the matrixeach sample.

with cysteine to correct for nonspecific binding to sensor  Circular Dichroism (CD) Measurementhe CD spectrum
chips. All of the binding experiments were repeated with was measured using a Masco J-725 spectropolarimeter
“mock-coupled” sensor chips, where in the coupling proce- (Masco Co., Tokyo, Japan) at 25 or 5M protein

dure Hsp90 was omitted. Binding curves (sensorgrams) wereconcentration in HBS buffer. The CD spectra of pure solvents
corrected by subtracting the electrostatic binding of proteins were subtracted from those of peptide solutions to eliminate
and peptides used and the occasional changes in the refractiventerference from cuvettes. The cell length was 0.02 dm, and
index after various additions. Special care was taken to the temperature was maintained at'@0using a Masco PTC-
reduce the latter phenomenon to the minimum throughout 343 thermostat. The results were reported as mean residue
the experiments. Some experiments have been repeated at ellipticities [f] (deg cn® dmol™?), and the helix content of
flow rate of 10 uL/min to check the effect of possible each peptide was estimated using the secondary structure
rebinding. Rebinding and mass transfer limitation was also evaluation program (SSE-338W; Masco Co.), which trans-
checked by the repetition of the experiments at lower levels forms each spectrum by means of eigenvalue calculations

of immobilized Hsp90. The identical results showed that

to four orthogonal reference spectiz0).

these phenomena did not occur under the condition we used. Electron MicroscopyPurified brain Hsp90 (2@:g/mL)

Flow cells were occasionally regenerated withyd0of 100
mM HCI after peptide binding. This regeneration step
allowed retention of over 95% of the original NPY binding

was mixed with biotinylated NPY1336 (0.5ug/mL) for
30 min at room temperature and then for another 30 min
incubation with 8ug/mL streptavidin in 20 mM Tris-HCI

capacity. To test the effect of geldanamycin, Hsp90 (140 and 150 mM NacCl, pH 7.5. To make the Hsp90/antibody

ug/mL) was preincubated in HBS buffer with or without 18

complex, Hsp90 was incubated with the K3720 antibody (16

uM geldanamycin (GIBCO) and 0.1% DMSO at room ug/mL) in the same buffer. Samples were processed for

temperature for 30 min before assays.
Biotinylation of NPY13-36.NPY13—36 was biotinylated
using the ECL protein biotinylation module (Amersham

electron microscopy as describel®). Briefly, the samples
were mixed with the same volume of glycerol, sprayed onto
a mica plate (7x 7 mm), placed on a rotary stage in a

Pharmacia Biotech). The peptide was dissolved at 1 mg/mL vacuum evaporator, and then shadowed with platinum at 4

in PBS containing 4% biotinylation reagent. After 1 h

°C and with carbon at 960C. The replicas were examined

incubation at room temperature, the mixture was applied to with a JEM-1010 (JEOL DATUM) at 80 kV.

a Sephadex G-25 column equilibrated with PBS, and
fractions containing the biotinylated peptide were collected.
Cross-Linking of Biotinylated NPY 136 to Hsp90 and

CNBr Cleavage. Hsp90 was mixed with or without bioti-
nylated NPY13-36 at 20 mM in 2 mM potassium phosphate,
pH 7.5. Cross-linking was started by addition of EDC (Pierce
Chemical Co., Rockford, IL) at a final concentration of 2
mM and sulfoN-hydroxysuccinimide (Pierce Chemical Co.)
at 5 mM and incubation for 30 min at Z&. The reaction
was stopped by addition of glycine at the final concentration
of 10 mM. The cross-linked product between Hsp90 and
biotinylated NPY13-36 was cleaved with CNBr (100g/

ug of protein) in 70% formic acid in the dark at room

Expression of NPY in HeLa Cell$he NPY first-strand
cDNA was synthesized from rat brain mRNA (Stratagene)
using the Ready-to-Go You Prime first-strand beads
(Amersham Pharmacia Biotech). Primers used for PCR
reactions are as follows: NPY-IF'¢daaagaattccgcccgecat-
gatgctaggt-3 contains arEcadRl site, the upstream signal
peptide for ER translocation, and the sequence of the first
four amino acids of NPY. NPY-P (faaaagaattctcagtaatcat-
catcatctttgtagtcatatctctgtctggtgatga-8ontains the coding
sequence of the last seven amino acids of mature NPY fused
to the FLAG sequence, stop codon, and BeoRlI site.
Amplified DNA was inserted into thEcdRl site of the vector
pCAGGS, yielding pPCAGGS/SP-NPY, where the complete

temperature overnight, and the reaction was stopped by 10-NPY with the signal sequence was expressed under the

fold dilution in distilled water. The sample was dried in an

control of the -actin promoter. For transfection, 60%

evaporator, solubilized in 20 mM potassium phosphate, pH confluent HelLa cells were treated with lipofectamine plus

7.5, and resolved by SDSPAGE using a 1520% gradient

(GIBCO-BRL) in Opti-MEM for 3 h. After 21 h incubation

gel. Resolved proteins were electrophoretically transferredin DMEM containing 10% fetal bovine serum, cells were
to a PVDF membrane, which was either stained with amide transferred to the medium containing Q:§/mL brefeldin

black for amino acid analysis or incubated with 5% skim
milk in TBST (150 mM NacCl, 20mM Tris-HCI, and 0.05%
Tween 20) fo 3 h atroom temperature for blotting. The
membrane was incubated with 0.1% streptavidinrserad-
ish peroxidase conjugate (SA-HRP) in TBSTr fb h and
washed with TBST three times for 10 min, and biotinylated

A and incubated for an additional 3 h. The cells were then
washed twice with DMEM and lysed in TNE buffer (10 mM
Tris-HCI, pH 7.8, 1% NP40, 0.15 M NaCl, and 1 mM EDTA
containinglQug/mL aprotinin). Lysates were centrifuged at
1400@ for 20 min, and the supernatants were immunopre-
cipitated with anti-Hsp90 (3G3) antibody, anti-Grp94 anti-

NPY13-36 was detected using the ECL system (Amersham body, or a control antibody, FN-3E2. Immunoprecipitates
Pharmacia Biotech). For Western blotting, the membrane waswere solubilized in Tris-glycine—SDS sample buffer and

incubated with an anti-Hsp90 antibody, K41116A, followed

by incubation with alkaline phosphatase-conjugated goat anti-

mouse 1gG (Bio-Rad) and detection by the BCIP/NBT

resolved by SDSPAGE using 1525% gels (Daiichi
Kagaku). Western blotting was performed using anti-Hsp90
(K41009) and biotinylated anti-mouse IgG or NPY antibody

phosphatase substrate system (Kirkegaard & Perry Labora-and biotinylated anti-rabbit Ig (G+ L), and immune

tories Inc., Gaithersburg, MD). Protein bands stained with

complexes were detected with the streptavidiorseradish

amide black were excised from the membrane and subjectedoeroxidase conjugate (SA-HRP) and ECL system (Amer-

to amino acid sequencing at Iwaki Glass Co. Ltd. The first

sham).
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Table 1: Binding of Various Peptides to Immobilized Hsp90 14000

Req (RU)/ 12000 P

amino acids (ng of Hsp90 2 10000 { %
peptide total basic acidic hydrophobic mn?) 2 zgﬁg #
NPY13-36 24 5 2 9 1253 86 S 4000
MCD peptide 2 9 0 6 202 24 € 2000 Saa,,
VIP 28 6 2 10 98t 6 0 S S oo
histatin 5 24 12 2 2 66 8 -50 50 150 250
dynorphin A 13 5 0 5 435 Time (s)
glucagon 29 4 3 8 48- 4
[Tyri]somatostatin 14 2 0 5 292 |T‘rNPY13-36 ~-VIP —glucagon — CKIl peptide
PTH1-34 34 7 4 13 25t 6
aThirty-eight peptides were examined for binding to immobilized B 180
Hsp90 by SPR analysis as described in Materials and Methods. The 160
eight peptides indicated in the table showed significant binding. 140
Negligible binding was detected using the following 30 peptides: =120
angiotensin |, angiotensin II, bradykinin, bradykinin potentiator B, 100

bradykinin potentiator C, calcitonin, kallidifi-casmorphin-7, DSIP,
o-endorphin, guanylin, uroguanylin, insulin, laminin pentapeptide,
magainin,c.—mating factor, neurokinin A, neuromedin B, neurotensin,

Response {RU)

nociceptin, oxytocin, chomogranin A, peptide T, platelet factor 4, serum 0

thymic factor, somatostatin, substance P, substrate for tyrosine protein 20

kinase, substrate for renin, and vasopressin. Data represent the mean 50 0 50 100
=+ SD of three separate experiments. Time (s)

RESULTS

Ficure 1: Neuropeptide Y (NPY) shows a particularly strong
Screening of Peptide Binding to Hsp90ommercially ~ binding to Hsp90. Panel A: Binding of NPY136 and other
available, biologically active peptides were screened for Peptides (CKIl peptide, VIP, and glucagon) to immobilized Hsp90.

P . Peptide (5QuM/mL) binding to Hsp90 was examined by surface
binding to Hsp90 using a surface plasmon resonance (SPR lasmon resonance (SPR). The amount of immobilized Hsp90 was

biosensor with sensor chips containing immobilized Hsp90. 8800 RU. Panel B: Hsp90 binding (70, 140, and 280mL Hsp90)

In this method, a complex of Hsp90 and interacting peptides to immobilized NPY13-36-Cys (830 RU). Sensorgrams were
is detected by measuring the change in refractive index corrected to nonspecific binding to the reference sensor chips. Data
caused by the absorption of Hsp90 and binding peptides toare representatives of three independent experiments.

the chip surface. SPR has been proven an efficient method
for the characterization of the interaction of Hsp90 and other 120!€ 2: Sequence of NPY-Related Peptides

proteins and peptide®6, 29), so we chose this powerful peptide amino acid sequence
technique for initial screening. Selected peptides varied in  NpY13-36 PAEDLARYYSALRHYINLITRQRY-NH,
size from 5 (laminin pentapeptide) to 34 (PTH) amino acid PP13-36 TPEQMAQYAAELRRYINMLTRPRY-NH,
residues and had different hydrophilic/hydrophobic proper- PYY13-36 SPEELSRYYASLRHYLNLVTRQRY-NH

ties. Our binding data showed that only 8 out of the 38 NPY13-36-RA  PAEDLAAYYSALAHYINLITAQRY-NH ,
peptides bound to Hsp90 and that the carboxy-terminal 2 Arginine residues substituted to alanines are underlined.
fragment of neuropeptide Y (NPY136) exhibited an
extremely intense binding in equilibriunR{y) (Table 1 and (32—34). To examine whether these related peptides also
Figure 1A). As a positive control, we examined the binding bind to Hsp90, we analyzed PP136 and PYY13-36, the
of a peptide corresponding to the heparin binding site of homologous fragment peptides to NPY436 (Table 2).
casein kinase Il (CKII peptide), which is known to interact Figure 2A shows that PYY1336 bound to Hsp90 ap-
with Hsp90 B1). Specific binding was also seen with the proximately 75% as efficiently as NPY136, while PP13-
CKIlI peptide, althougiReq of the CKII peptide binding was 36 bound to Hsp90 to a lesser degree Ragralue of PP13
six times lower than that of NPY 1336 (Figure 1A). Binding 36 characteristic to the extent of its binding was approximately
levels of NPY13-36 were proportional to the amount of one-fifth that of NPY13-36). A sequence comparison of the
immobilized porcine brain Hsp90, and a similar level of three peptides showed that the arginine at the 19th amino
binding was observed with Hsp90 purified from L5178Y acid is conserved in NPY and PYY but is replaced by
cells (data not shown), suggesting that the response is neitheglutamine in PP (Table 2). Structural studies by NMR and
due to nonspecific binding to the sensor chip nor due to a CD spectroscopy demonstrated that the C-terminal half of
tissue-derived contamination, such as the NPY receptor inNPY forms a stable-helix (35) and residues 1332 of the
the brain. To exclude the possibility of artificial binding of NPY-related peptides form an amphiphitiehelix (33). We,
NPY13-36 to the chip, we immobilized NPY1336-Cys therefore, substituted alanine residues for the original argin-
and injected Hsp90 in solution. In this reverse experiment, ines at amino acids 19, 25, and 33 of NP Y135 to remove
Hsp90 bound to immobilized NPY1336-Cys, confirming all charged residues on the helix. The resulting peptide,
our previous data using NPY in solution and immobilized NPY13-36-RA (Table 2), completely lost binding ability
Hsp90 (Figure 1B). to immobilized Hsp90 (Figure 2B). To confirm this result,
Structural Importance of Peptide Binding to Hsp&RY we examined the binding of Hsp90 to immobilized NPY13
has homologous amino acid sequences and a similar structur@6-RA-Cys, a peptide with a cysteine residue at the carboxy
with the pancreatic polypeptide (PP) and peptide YY (PYY) terminus of NPY13-36-RA, on a sensor chip. While Hsp90
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A 10000 - Table 4: Inhibition of NPY Binding
3000 | binding of
§ peptide/protein NPY13—-36 (%)
@ 5000 ¢ —~-NPY13-36 a-casein (25:M) 17
£ 4000 | —PYY13-36 o-casein (M) 38
g 2000 XN —~PP13-36 a-casein (0.5(M) 75
1 casein basic peptide (1@aM) 61
0r casein acidic peptide (1QM) 84
-2000 . . ! histone H1 (0.5:M) 1000
50 50 150 250 CKII peptide (50uM) 81
Time (s) aBinding of NPY13-36 and various other peptides and proteins
was measured by surface plasmon resonance as described in Materials
B and Methods and is shown as the ratio of real binding of peptides and
10000 - proteins mixed with 2M NPY13—36 compared with the theoretical
3000 binding calculated assuming purely additive effects. Data represent the
=) mean of two separate experimerftyVith 5 uM NPY13-36, 51%
€ 6000 —NPY13-36 binding occurred.
§ 4000 -~ NPY13-36-RA
& 2000 | NPY
& 0 | MocK transfection
2000 . . . IP: a-Hsp90 «-FN a-Hsp90 a-FN

WB:

-100 0 100 200

Time (s) F
Ficure 2: Structural characterization of NPY binding to Hsp90.
Panel A: Binding of NPY and the pancreatic polypeptide family
members, PYY and PP, binding to Hsp90. Binding of the peptides

>
(50 uM) to immobilized Hsp90 was examined by SPR. Panel B: ' a-NEY

a-Hsp90

Binding of NPY13-36 with arginine to alanine substitutions
(NPY13—-36-RA) and NPY13-36 to immobilized Hsp90. Sensor-
grams were corrected to nonspecific binding to the reference sensor
chips. Data are representatives of three independent experimentsicure 3: Coimmunoprecipitation of newly synthesized NPY with
Hsp90. Lysates of NPY transfectant and control mock transfectant

Table 3: Helical Content of Peptides Determined in HBS Baffer cells were subjected to immunoprecipitation with either an anti-
- - Hsp90 monoclonal antibody, 3G3, or anti-cellular fibronectin.
helical helical Immunoprecipitates were resolved by SEFAGE and blotted with
_ conen content _ conen content anti-Hsp90 antibody (K41009) and an anti-NPY antibody. Data are
peptide w™) (%) peptide wm) (%) representatives of three independent experiments.
NPY13-36 50 90 MCD tid 25 13 e . .
NPY13-36 25 55  VIP peptide 25 3 specificity of NPY_ bmdmg to Hsp90, a competition assay
PYY13-36 25 85 histatin 5 25 31 was performed using peptides and proteins known to interact
PP13-36 25 34  dynorphinA 25 11 with Hsp90 @6, 29). Binding of NPY13-36 was effectively
NPY13-36-RA 50 56 [Tyflsomatostatin 25 36 inhibited bya-casein, which possesses a partially denatured

CKl peptide G 0 structure and inhibits chaperone activity of Hsp8), @and
et R et v epecmopmmame1E efectwas dose dependent (Table 4. We examined two
as described in I\J/Iaterials and Methods. Data represpent thF:e mean Ofpeptld_es der_lved fro_m-caseln, a pOSItIyer charged peptlde_
two separate experiments. (casein basic peptide) and a negatively charged peptide
(casein acidic peptide). According to the sequence-based
bound to NPY13-36-Cys (Figure 1B), it was hardly able to  prediction of secondary structurg@), the casein basic
bind to immobilized NPY13-36-RA-Cys (data not shown).  peptide corresponds to a random secondary structure and the
These results indicated that the three arginines are crucialacidic peptide corresponds taahelical domain ofx-casein.
for the binding of NPY13-36 to Hsp90. As shown in Table 4, the casein basic peptide partially
To assess the contribution of the amphiphiliehelical inhibited NPY binding, whereas the acidic peptide did not.
structure to the binding to Hsp90, the secondary structure Histone H1 and CKIl peptide showed only weak competition.
of the NPY-related peptides was determined by CD spec- These results gave further support to our conclusion that
troscopy in the solvent used for the binding assay (Table 3). positively charged amino acids on NPY are important
The CD spectra of the NPY-related peptides all showed structural elements recognized by Hsp90.
characteristics ofi-helical structures. The-helical content Binding of Newly Synthesized NPY Precursor Proteins to
of NPY13—36 was concentration dependent, suggesting thatHsp90 in CellsTo examine if the interaction shown by the
the a-helical structure becomes stabilized at higher peptide in vitro analysis reflects an in vivo interaction, we analyzed
concentrations. It is noteworthy that NPY¥436 and PYY13- interactions of the newly synthesized NPY precursor with
36 showed higha-helical contents, whereas PPi36 Hsp90 in the cytoplasm, since NPY is synthesized initially
showed a lower content (34%). On the other hand, regardlessas a nascent precursor on cytosolic ribosomes. HelLa cells
of complete disruption of binding to Hsp90, NPY4136- were transfected with either the vector only (Figure 3, mock)
RA showed a 56% helical content at BM, suggesting that  or the NPY expression vector (Figure 3, NPY transfection).
the a-helical content per se is not enough to induce binding Cells were treated with brefeldin A to accumulate the reactive
to Hsp90. To estimate the structural significance and NPY precursor in the ER before harvesting. As shown in
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Ficure 4: Detection of Hsp90 fragments cross-linked with bioti-
nylated NPY13-36. Panel A: NPY-specific fragments of cross-
linked NPY/Hs90 complexes. Hsp90 alone (lane 1) or a mixture
of Hsp90 and biotinylated NPY (lane 2) was cross-linked with EDC
followed by CNBr digestion. The arrowhead indicates the 24 kDa
major product from Hsp9®. The two arrows indicate those bands
which could be detected only in cleaved products from a mixture
of Hsp90 and NPY1336. Panel B: Identification of Hsp90 and  FIGURE 5: Electron microscopic images of Hsp90/NPY135

NPY as components of the cross-linked products. The CNBr- complexes. A mixture of Hsp90 and biotinylated NPY136 was
digested products of Hsp90 cross-linked with biotinylated NPY13  incubated with streptavidin (SA) and was subjected to a regular
36 were analyzed by blotting with streptavidihorseradish per- specimen preparation protocol for electron microscopy (top right).
oxidase conjugates (SA-HRP) or anti-Hsp90 antibody (K41116A). As controls, an untreated Hsp90 preparation (bottom) as well as a
Panel C: Comparison of amino acid sequences of porcine sp90 preparation where Hsp90 was labeled with the anti-Hsp90 mono-
and the 29 kDa fragment. The 29 kDa cross-linked product of clonal antibody, K3720, recognizing amino acid residues—290
porcine Hsp90 was subjected to amino acid sequence analysis afteB12 of Hsp9@ (top left) was used. Arrows indicate K3720 (mAb)

digestion with CNBr. X indicates an unidentified amino acid. or streptavidin (SA) binding to Hsp9O. Electro_n microscopic images
are representatives of three separate experiments.

Figure 3, the NPY precursor was copurified with Hsp90 only
in the NPY transfected cells, whereas it was not associatedkDa as well as the 24 kDa fragment (Figure 4B, right). This
with immunoprecipitates using anti-cellular fibronectin (Fig- result suggests that the 29 and 34 kDa bands are cross-linked
ure 3, a-FN) or anti-Grp94 antibodies (data not shown). products of the 24 kDa fragment of Hsp90 and biotinylated
These results suggest that the interaction of NPY and Hsp9ONPY13—-36. Furthermore, we performed amino acid se-
takes place in vivo. guence analysis with both the 24 and 29 kDa bands and
Isolation of NPY Binding Fragments of Hsp90o0 verified that these bands were composed of the Hgp90
determine the NPY binding sites on Hsp90, we mixed fragment starting at amino acid 181 (Figure 4C). These
biotinylated NPY13-36 and purified porcine brain Hsp90 results clearly demonstrate that NPY436 binds to a region
and cross-linked them with EDC, a zero-length cross-linker. of Hsp9@x from amino acids 181 to 372. Although the exact
The cross-linked products were cleaved with CNBr and composition of the 34 kDa fragment was not established,
resolved by SDSPAGE to see which fragment of Hsp90 we speculate that, on the basis of the size, the 29 and 34
is bound to biotinylated NPY1336. As reported previously,  kDa fragments represent one 24 kDa Hsp90 fragment cross-
cleavage of Hspa®with CNBr yields a number of peptides, linked to one and two NPY molecules, respectively.
among which a 24 kDa fragment corresponding to the-181 To examine the topology of the interaction of NPY43
372 segment of Hsp90 is the longed%) (Figure 4A, lane 36 with Hsp90, we analyzed the interaction by a low-angle
2, arrowhead). The unresolved bands of molecular massegotary shadowing replica image using electron microscopy
larger than 40 kDa observed by silver staining (Figure 4A) (Figure 5). The Hsp90 dimer appears to consist of four
seem to represent incomplete cleavage products. When théandemly aligned globules among which two end globules
cross-linked products of biotinylated NPY436 and Hsp90  contain the N-terminal and the proximal domain (Figure 5,
were digested with CNBr, 29 and 34 kDa bands appearedbottom). The monoclonal antibody K3720 bound to the end
in addition to a 24 kDa band (Figure 4A, lane 2, arrows). globules (Figure 5, top left), as it recognizes amino acids
When blotted with the streptavidirhorseradish peroxidase 290-312 of Hsp9@ (28). Since the K3720 epitope overlaps
conjugate (SA-HRP) to identify which fragment includes a possible NPY 1336 binding site (amino acids 18B72),
biotinylated NPY, three bands of 29, 34, and 43 kDa were we compared the view of the complex of Hsp9@nd
detected (Figure 4B, left). To confirm that the 29 and 34 biotinylated NPY13-36 bound by streptavidin (Figure 5, top
kDa fragments are indeed derived from the 48¥2 right) with that of K3720. Streptavidin bound to biotinylated
segment of Hsp90, the filter was blotted with K41116A, NPY showed a comparable image to antibody K3720,
which recognizes the epitope mapped between residues 216 indicating that the NPY binding site is mapped to the end
285 of Hsp90 28). The antibody recognized the 29 and 34 globules of Hsp90.
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Ficure 6: Binding of NPY13-36 to deletion mutants of Hsp90.
Panel A: Hsp90 mutants with various deletions. Panel B: Sen-
sorgrams of NPY1336 binding to the deletion mutants. Recom-
binant proteins were purified frofa. colilysates and immobilized
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NPY13—-36 formed a stable amphiphilie-helix under our
experimental conditions. This result is consistent with an
NMR study demonstrating that the secondary structure of
synthetic NPY13-36 is maintained as of the full-length NPY
(39). Despite the high sequence homology of NPY with the
pancreatic polypeptide family, PP136, a representative of
the latter, bound only weakly to Hsp90. Although similar
tertiary structures have been predicted for the two pancreatic
polypeptides tested (PP136 and PYY13-36) and NPY
(32, 33), the o-helical content of PP1336 under our
experimental conditions was significantly lower than those
of NPY13-36 and PYY13-36 as determined by CD
spectrometry. This raised the possibility that higthelical
content may contribute to peptide binding to Hsp90. On the
other hand, among the peptides used in the SPR analysis,
CKIl peptide and VIP did not form awc-helix under the
experimental conditions used (Table 3) but showed a
significant interaction with immobilized Hsp90. In addition,

a mutant NPY13-36 with alanine substitutions showed
abrogated binding capacity, although it retained a higher
o-helical content. These lines of evidence suggest that

on surface plasmon resonance sensor chips at amounts proportiona&_hencm content is not the exclusive factor to determine

to their molecular mass (full length-732, 85K, 4100 RU; 47/
290-732, 57K, 2800 RU; $47/459-732, 42K, 2500 RU; £312,
50K, 2700 RU; 535732, 27K, 2100 RU. Data are representatives
of three independent experiments.

To analyze the location of binding sites for NPY-136

high-affinity peptide binding to Hsp90.
The peptide binding domains with different substrate

specificities have been mapped on the N-terminus and the
C-terminus in Hsp90 7, 8). In this study, we proposed

on Hsp90 further, deletion mutants of Hsp90 were fused to another peptide binding domain (residues +812), which

glutathioneS+transferase (GST) (Figure 6A) and analyzed is not located in the N-terminal geldanamycin/ATP binding
by SPR. Binding experiments revealed that some deletiondomain of Hsp90 (first to 210th residues). Consistent with
mutants of Hsp90 showed lower bindinBe{ values) for our results, binding of NPY1336 was insensitive to
NPY13-36 compared to full-length Hsp90. Full-length geldanamycin and was not augmented by ATP (Ishiwatari-
Hsp90 showed a binding corresponding to approximately Hayasaka and Yahara, unpublished observation). Supporting
1500 resonance units (RU), whereas the mutat7/290- the biochemical analysis, where the Hsp90 fragment between
732 and +312 showed half of this binding level (ap- amino acids181372 is cross-linked with NPY 1336, Hsp90
proximately 750 RU; Figure 6B). Almost all the rest of the fragments containing amino acids4290 (Figure 6A, region
binding was abrogated in the mutant47/459-732. These 1) and amino acids 3¥2459 (region 2) were shown to
lines of evidence suggest that there are at least two NPY13 contribute to NPY binding in SPR analysis. Since all mutant
36 interaction sites on Hsp90: the first is located between Hsp90 fragments used in this assay are recognized in ELISA
the 47th and 290th residues (Figure 6A, region 1), and the using an anti-Hsp90 antibod2&), they have proper structure
other is located between the 312th and 459th residues (regiorunless irregular conformation takes place during the im-
2). The NPY peptide showed far lower binding to the mutant mobilization process. Region 1 contains the highly charged
1-47/459-732 and 535732, showing that NPY1336 domain (amino acids 266287), which is also referred to as
does not bind to either the N-terminal 47 amino acids or the the acidic region because in this region acidic amino acids
C-terminus of Hsp90. are dominant. We confirmed that the full-length NPY binds
to the polypeptide comprising amino acids 215 of
DISCUSSION chicken Hsp90 by SPR analysis (Soti and Csermely, unpub-
We found that several commercially available and biologi- lished observation). Since a mutant NPY1® with arginine
cally active peptides bound to Hsp90 immobilized on a to alanine substitutions (NPY136-RA) hardly interacted
surface plasmon resonance sensor chip. Among those, thavith Hsp90 and the binding was drastically disrupted in

C-terminal peptide of NPY, NPY 1336, showed an intense
binding with Hsp90. The unusualy higRe, value was
probably linked to both the oligomerization of NPY136

buffers with high ionic strength (data not shown), it seems
that electrostatic interactions particularly contribute to the
binding of NPY13-36 to Hsp90. As the highly charged

under our assay conditions and the multiple binding sites of domain overlaps the casein kinase Il (CKII) binding s&6)(

NPY13—-36 on Hsp90. We had additional evidence for the
high-affinity binding of NPY13-36 using the immobilized
NPY13—-36-Cys peptide and estimated the binding affinity
of NPY13—-36 comparable to that of CKII2¢) (data not
shown). NPY is a 36 amino acid peptide, and the C-terminal
half folds into an amphiphilic-helix (37, 38). We measured
the CD spectra of NPY1336 and found a highu-helical
content (55% at 2aM and 90% at 5Q:M), suggesting that

we performed a competition assay to examine if the NPY
binding site overlaps the CKII binding site. We found that
the CKIl peptide poorly inhibited NPY binding, whereas the
casein basic peptide partially inhibited NPY binding (Table
4). From these lines of evidence, we speculate that basic
amino acids of NPY play a significant role in the interactions
with the acidic amino acids of Hsp90; however, the binding
site is different from that of the CKIl peptide.
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Hsp90 is known to preferably interact with polypeptides
in the late folding stage where considerable secondary
structure is present. Although there is a variety of substrate
proteins reported, the structural features of substrates rec-
oghized by Hsp90 and the actual binding sites on Hsp90
have not been characterized. We propose that one of the
primary structure preferences governing high-affinity binding
to Hsp90 is positive charges aligned on a face obthelix,
and substrates having this structure may effectively bind to
the region of amino acids 181372 in Hsp90. Regarding
the interaction between glucocorticoid receptor and Hsp90,
it was shown that a predictedhelical region in the hormone
binding domain is necessary for efficient Hsp90 bindifh@) (

In addition, studies with antibodies against Hsp@Q, @2)

and deletion mutants of Hsp90 suggest that a possible binding
site for glucocorticoid receptor is encompassed by the NPY
binding region 25, 43). Moreover, a binding site for serine/
threonine kinase Akt/PKB was mapped in this region (amino
acid residues 327340 of Hsp9@) (19). Thus, this structural
basis might be involved in binding of some native substrates
to Hsp90, although further experiments are required to
confirm this possibility.
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