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B y- BRI T35, 6 AT 20 B4 H T R [R]
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A EHE A RO & K R T B0
Prodromou W IA 4 J5i A A2 - B R Ak T T 3 IR 2
ATERE KRS, AT AR S5 UESE T Prodromou
LA, Al Z5COEHT T ¥ BE Hsp90-AMPPNP 5 5
WAL T KRS I AR 4544, BB IR Hsp90 (1) N iy
TER A, BAT T# AT (1) N U5 Hsp9ON-AMPPNP £
fd, SEWRETHRARRE, IFRERRAE, W
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ATP lid [J453), FRAR AT REDI AT N 3 () — SR 444k
FEAET —E W, AT AE Hsp90 By e g0 4T i 2
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1.1 Hsp90® ByFRixLh{k

¥ Hsp90 1) N i 45 #4 4l ( 24 K& 1R 9 ~236)
Hsp90¥, 75 KW AF & BL21(DE3)H & ik. 4 B4

37CH REGFR, PWFGFEECH 250 t/min, 7E Ago N
0.6~0.8 5], JIA 0.2 mmol/L IPTG, 30C i G#%

i%, 200 r/min #%%, 5 h J5UWCE(6 000 t/min, 4C,
10 min). 4 B F 2% 7 A(20 mmol/L Tris pH 7.5,
300 mmol/L NaCl, 5 mmol/L B- %%k L8, 10% H
) EOE, A0 R ) A B A AR S
B0 (15 000 r/min, 4°C, 30 min), H 3%, LFE
T2 A VATt Y Sml HisTrap HP 5 F14+E(GE
Healthcare A H]), HZZaP A phye 5 MRS
22 # B (20 mmol/L Tris pH 7.5, 100 mmol/L
k1, 300 mmol/L NaCl, 5 mmol/L B- 373 4%,
10% Ty e, oA Be i (1 25 1 5Us A 10 ku (1)
FHEUE S (Millipore)HEAT R 4, 4R )5 FH 4> 19 (120 ml
HiLoad Superdex75 16/60 column, GE Healthcare 7
al) Mt aift, 7 i 2 C (20 mmol/L
Tris pH 7.5, 150 mmol/L NaCl, 10% H i Fi.
BRVEIB AL 1) B 1 R 46 28 20 g/L, BRI 4l
] 12% SDS-PAGE HEA TR

H 8)) 2 6 BUSS (dynamic light scattering, DLS,
Malvern 72 ] )£ 3 Hsp9ON 2 Hsp9ON-AMPPNP &
B IRDRE AR N B HRE R U B e 25°C
EEPOREE N 1 g/L; Kl Hsp9ON-AMPPNP £ i
i, Hsp9ON 5 AMPPNP [ EE/RLL R 105, KA
2wl HIAE St
1.2 Hsp9O“-ZEHERE SM4% &

AMPPNP Fl ATPyS %ifift T L1k H, A
B A PRSI 2GR E S S mmol/L, KEEZ N
P BORELM) 5 £, JL45 BhHTAE Hsp9O™- #% H IR IR
S in 5 mmol/L MgCl,, K EWFE 1 h 5 k4T
L. 1wl 1 Hsp9O™- 2 HFRIEA I 1wl (1)ith
W, AE 4°C TEEL R R VA T R4S i S

Hsp90"-AMPPNP [ 45 & 4% 1 /& 100 mmol/L
C,HASNAO, pH 6.5, 25% (w/v) PEG 2000 MME,
200 mmol/L MgCl,; Hsp9ON-ATP~S [ 45§ 4 12
100 mmol/L Tris pH 8.5, 20% PEG 4000, 200 mmol/L
MgCl,.
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2.1 HspIO-#%EHEE SV 8L & R &R

gh SRR AE 4ot = N E 3~5 KRG fa K
(B 1) PR AT Z s S SRS W R . Hsp9OM-
AMPPNP, 1°/ ik, FEoKMEGEISIE 0.8's, HdE 360
ks Hsp9ON-ATPyS, 1°/ 5K, H&FikBEGHIT 1.0s,
WA 360 5K WCER A IR b AR RIPR DN 35 2 7] 1D 2 2
#BHE 150 mm. Hsp9ON-AMPPNP & &4 A4 11 3 7
Hoh 1.50 AGR 1), SN PL, iS4 a=43.27 A,
b=5597A, ¢ =60.54 A; a=93.39°, B=9582°,
y = 112.49°. BAAXFREN A 2 A5, S
% ¥ (Matthews coefficient) l) 2.66 A>+Da', 7l &
M 53.8%1.  Hsp9ON-ATPyS & & # i AR 111 43 i
KA 150 A (KD, FRBEN P, WS =

4324 A, 5=5594 A, ¢=60.55 A; «=93.61°, B=
95.60°, y=112.61°. MM FLALLA 2 70T,
46 W & K (Matthews coefficient) & 2.43 A’<Da,
W N 49.4%,

(2)

Fig. 1 Crystals of Hsp90"~-AMPPNP (a)
and Hsp90~-ATPvS (b)
The dimensions of crystals are about 0.6 mm x 0.2 mm x 0.04 mm (a)

and 0.3 mm x 0.2 mm x 0.04 mm (b), respectively.

Table 1 Statistics for data processing and model refinement of human Hsp90™nucleotide complexes

Hsp90™-AMPPNP

Hsp90™-ATPyS

Space group
Wavelength/A
a b, c(h)
o By ()

Total reflections
Unique reflections
Resolution/A
R e/ %0
llo (D)
Completeness/%
Redundancy
Reflections in working set
Reflections in test set
R/ Ree
Protein
Water
Mean temperature factor/A?
Bond lengths/A
Bond angles/(°)

P1
0.97946
43.27,55.97, 60.54
93.39,95.82,112.49

P1
0.97915
43.24,55.94, 60.55
93.61, 95.60, 112.61

303383 287764
79738 78308
41.24~1.50 (1.53~1.50) 41.27~1.50 (1.53~1.50)
6.8 (44.9) 53 (26.8)
15.6 (4.1) 69.5 (10.9)
96.0 (94.8) 94.8 (94.0)
3.8(3.9) 3.73.7)
79738 78308
3239 1845
0.1982/0.2166 0.2183/0.2482
3242 3328
432 456
21.0 18.3
0.007 0.006
1.24 1.18

*Values in parentheses are for the last shell.

Hsp90-AMPPNP Al Hsp9ON-ATP~S [ & 4
A PRGE FIS R o 1 B e AT G5 AT, AR
Hsp90™ (PDB 5: 1YET) N ARHR, it &h# 15 1E
(% 1)J5 424 PDB (Protein Data Bank)¥(#i %2, PDB
SO0 3TIK A1 3T2K. & 2 o5 &M i ik 45

Rz E R oL E LI, e AMPPNP (11T
WRER A SEHE, 1M ATPyS - BRI L T
AR, NS YRR ST o T A
eI,  AMPPNP F1 ATP+S (147 B K EUH R (K 3a).

7f Hsp9O"-AMPPNP %5 ¥4, ~- WfIR 5 G132 Fl
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Fig. 2 Electron density maps (2F -F,)
of the two bound nucleotides

The maps were contoured at a level of 1.0 o.

®) D54

Fig. 3 Crystal structures of Hsp90"-AMPPNP
and Hsp90™-ATPyS complexes
(a) Ribbon superimposition of the two crystal structures of
Hsp90™~AMPPNP (cyan) and Hsp90™-ATPyS (red) complexes shown
with different colors. (b) Interactions of vy-phosphate with magnesium

ion and residues of Hsp90™.

G137 N EHE R e H WA #, 5 E47. N51 #
D54 K B e A B, B TR e T
AMPPNP HI Hsp90™ 2 [a] (1) #H H 1E FH (&l 3b),
Hsp9O™-ATPyS & & W) 45k y- B2 5 Hsp9O™ 2
) (1 5 AR AL 4).

Fig. 4 Schematic diagrams of interactions
between Hsp90™ and ATPyS

HBs are shown as green dashed lines. Spiked residues form hydrophobic

interactions with nucleotides. Water molecules are shown as cyan
spheres. Carbon, nitrogen, and oxygen atoms of residues as well as

nucleotide are shown in black, blue, and red, respectively.

2.2 Hsp90™-ATPyS BILEH H - BEER B9 1 IR 1B 7~
HEM4

Obermann %5 1 £ 4l 18 i A Y5 Hsp90™-ATPvS
AR S5 H(1BYQ), (H e H AR AT IV 45 44 vh I ¥
AR y- BERR I 1% B, D Al 00 v BB 2 -
BERR AL T JC RSB A2 b i A v C K g T
(U7, Prodromou %5 i 1 [ ¥ £} Hsp9ON-ATP~S [1]
e RGBT B B y- BRI, AR SRR -
PR AL T 0 e RAS T AN 2 B AR, T AT AR AT I
U5 Hsp9O™-ATPvS 544 it A 45 14 3T2K) . L il 3k
BT y- BRI R TR . BT N S L
Hsp90 1 G H 2 HE R 7 41 1) v PS8 A sy 1k B A ] R 1
FHALHIR2, - AT 45 RS2 FF T Prodromou 14518,
BURAIN T - IR AT e, FRAT 2 B LRE Al R 31
v- BERR (W L B R, W LU LA P 7 T 4R 3
% . a. Obermann fll Prodromou ] & &4 ik b,
A R (R 25 TR A2 P2y, RS AKX AR AL AT — AN )
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T FRATIET ) S AL R A R P, RN
SRR 2 N4r 1, Hsp9O™- TR E A Y LUE
A ) T NHERR, S5z, b, Mg¥ 7E#%
TR 5 Hsp90 &5 45 I A [ e /E . BT LA &5 &b i
AL A AP NN 5 mmol/L 1) Mg, %
B Lh FERA. &R & Mg ¥ Bt & IAH |
YER, ARG TR INNDTIEFNE 2 45 5, AT e DA 3k
BT - BERRIEE, $UF T Prodromou 1) 45 S A
HED, IR T %) Hsp9ON 7K Afea P (B fige.

I3 2 S NJE Hsp9O™-ATP~S #4445 4 -3T2K
AUIBYQ AT LLE (K 5a), 2 NS5 EHEE K
BAHFE, BRT - BERRAN, X ATRRAE 2 NS5t

{7 B A B S (K Sb). (HJE 60~ 75 A7 & LR 15
(RE T B AN TH], 3T2K &5 4 v 4 1 477 8 5 i %
B, 1M 1BYQ S5 K HHIX 16 N IEIR (147 S LA AL
AU Sa 21 RE). A 2 SR aly B n] LU
3T2K fEXAMLE /e — o B8 HE, M7E 1BYQ H I
TE—AN loop X, 20 M iZ Ao i 1 & 3L 1R 2 18] LA J%
EA S HAD SRR A AR, FRATE BIE 3T2K
1 R60-Y61. E62-K69. K69-N155. S72-R182 Al
G73-R182 X 5 X 24 H: MR 2 Ml AH BLAE F (K] 5¢), 2
TX B 3y ) SRR (1) R, AL B s f
76 1BYQ HVIX JL A 2 Bk e 2 F) 4B 3 A1 A ELAEH
WA B X 38 LARA BT loop TR X AFTE.

®) ATPyS

ADP

L/T\GT3

© R60

\ RI182 -
Y61 \17\'— _g
627 koo ANi1ss

Fig. 5 Comparison of the crystal structures of 3T2K with 1BYQ
(a) Ribbon superimposition of the two crystal structures of 3T2K (green) and 1BYQ (magenta) shown with different colors. (b) The two nucleotides
extracted from complexes shown in (a). (c) Interactions of R60-Y61, E62-K69, K69-N155, S72-R182 and G73-R182 in 3T2K. Carbon, nitrogen, and

oxygen atoms of residues are shown in green, blue, and red, respectively.

2.3 E18-K100 #1 N40-D127 tH E{E BB T
Hsp90™-AMPPNP # S1 1 ATP lid B93Ez5h
N5 5 B Hsp9o J3 41 A5 AR 1R 9
1M HOCE S BE IR P A s B R~ AR N
AR R A T L2026, Al 25 PO TE 1) 19 B
Hsp90-AMPPNP £ e v, 52 & W) 25 K b T 7K Atk
A, MO N R R AR R 2CG9 (B B
Hsp90-AMPPNP) il 3T1K( A ¥ Hsp90"-AMPPNP)|¥]
SERRTLUE Y, P &5 R K8 7 X 8 5 A — i
(Kl 6a), MREFRIAEBIEEA—F(E 6b). 5 3TIK
LA EE, 2CGY I 45 #1847 = b AN ]« a.
S1 [ &M% K2y 90°; b. HI [ 4Min k% K2 30°;
c. ATP lid 1% K%y 180°. pHriX =M SAS[H w]
LA, HL oM 2 i S1 ST EL A%
3TIK %728 2CGY F L2 S1 Al ATP lid 14%3),

1M S1 F1 ATP lid [7 ZMERNERE T N 3 ) — SR 444k
J% B )5 i ATP K fift 0 i, A 2CG9 45 #y
Hsp9O™ &b T~ — Z M /K AR A

Gy YIRS A CHUN 45 R34 Wox,  AMPPNP
55 Hsp9o™ &5 45 J5 Hsp90"-AMPPNP (1) 58 5 IR 2 %
HRASEAE, HARLLRARNTE X e, Kl 7a 7] L)
F i, AMPPNP &5 Hsp9o™ 45 &1, & )R ITE
i 1 2 64.59 ml; & 7b %<, AMPPNP 52K (4 5%
AT, AEMVEE N 64.29 ml, VL&A E
BA R S, RIS YRR LA TR A7
7. A CHUR AP MA PRSIk e
2T R4, K44 AMPPNP ] Hsp9oN (14
242 3.08 nm (&l 7¢c); AMPPNP 5 Hsp9O™ 45 & )5
TR — X FR, R 3.22 nm (& 7d), %A K
e, ik al LLA H AMPPNP 5 Hsp9o™ 454 )5
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Fig. 6 Comparison of the crystal structures of 3T1K with 2CG9
(a) Superimposition of the two crystal structures of 3T 1K (green) and 2CG9 (magenta) shown with different colors, the ATP lid was shown with blue.

(b) The two nucleotides extracted from complexes shown in (a). (c) Residue E18 forms direct HB with K100. (d) Residue N40 forms direct HB with
D127.
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Fig. 7 Analysis of aggregate states of Hsp90® and Hsp90"-AMPPNP

(a) The elution peak of Hsp90™. (b) The elution peak of Hsp90"-AMPPNP. (c¢) The hydrodynamic radius of Hsp90™. (d) The hydrodynamic radius of
Hsp90™~AMPPNP.
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Crystal Structures of N-terminal Domain of Human Hsp90 With
ATP Analogues Reveal The Functional Regulation of Hsp90*

LI Jian, SUN Li-Hua, XU Chun-Yan, YU Feng, ZHOU Huan, TANG Lin, HE Jian-Hua™
(Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201204, China)

Abstract Heat shock protein 90 (Hsp90) is essential for folding, maturation and stabilization of many important
proteins, which are involved in cell cycle regulation, signal transduction, and cell growth regulation. The highly
conserved N-terminal domain contains an ATP binding cleft and thus is responsible for the catalytic activity of
Hsp90. In order to further study the function and structure of Hsp90, the N-terminal of the human Hsp90 was
cocrystallized with AMPPNP and ATP~S. The cocrystallization experiments were carried out at 277K using the
hanging drop vapor-diffusion method, X-ray diffraction data were collected on beamline 17U at the SSRF and the
structures were solved by molecular replacement. The densities of the two nucleotides were captured and the
interactions between Hsp90™ and nucleotides were clearly described. We confirmed that the y-phosphate of ATPS
was not hydrolyzed by Hsp90™. The position of S1 and ATP lid in human Hsp90"-AMPPNP differs significantly
from that of the structure of yeast Hsp90-AMPPNP. By analyzing the structure of human Hsp90N-AMPPNP, we
found that the interactions of E18-K100 and N40-D127 block the moving of S1 and ATP lid, and then prevent the
dimerization of Hsp90™. This reflects the complexity and coordination of Hsp90 on the regulation of the function.
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