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Structural and Functional Analysis of the Middle
Segment of Hsp90: Implications for ATP Hydrolysis
and Client Protein and Cochaperone Interactions

standing the mechanistic biochemistry of Hsp90 itself,
little is known about how the ATPase-coupled confor-
mational chaperone cycle promotes client protein acti-
vation, or even where and how Hsp90 interacts with its
disparate, but nonetheless specific, clients.

Philippe Meyer,1 Chrisostomos Prodromou,1 Bin Hu,2

Cara Vaughan,1 S. Mark Roe,1 Barry Panaretou,2

Peter W. Piper,3 and Laurence H. Pearl1,*
1Section of Structural Biology
The Institute of Cancer Research
Chester Beatty Laboratories Previous in vitro studies had suggested client protein

binding sites in N-terminal and C-terminal domains of237 Fulham Road
London SW3 6JB Hsp90, (Young et al., 1997; Scheibel et al., 1998); how-

ever, these utilized peptides and denatured proteins not2 Division of Life Sciences
King’s College London known to be Hsp90 clients in vivo. Furthermore, Hsp90

in vivo is not involved in binding of denatured proteinsFranklin-Wilkins Building
150 Stamford Street (Nathan et al., 1997), so the significance of these studies

is unclear. More recently, the middle segment of Hsp90London SE1 9NN
3 Department of Biochemistry and Molecular Biology was identified as the binding site for the protein kinase

PKB/Akt (Sato et al., 2000), identified as an authenticUniversity College London
Gower Street Hsp90 client by downregulation in cells treated with

geldanamycin derivatives (Clarke et al., 2000).London WC1E 6BT
United Kingdom The conformational flexibility of intact eukaryotic

Hsp90 presents considerable difficulties for crystallog-
raphy, and although crystals have been described (Pro-
dromou et al., 1996), no structure has yet been reported.Summary
We utilized limited proteolysis to identify functional do-
mains (Figure 1A) that are more amenable to structuralActivation of client proteins by the Hsp90 molecular

chaperone is dependent on binding and hydrolysis of studies, and have now determined the crystal structure
of the middle 33 kDa segment of yeast Hsp90 (residuesATP, which drives a molecular clamp via transient di-

merization of the N-terminal domains. The crystal 273–560). The structure confirms the architectural simi-
larity to other dimeric GHKL protein family membersstructure of the middle segment of yeast Hsp90 re-

veals considerable evolutionary divergence from the such as MutL and GyrB, but reveals considerable evolu-
tionary divergence, including an additional domain withequivalent regions of other GHKL protein family mem-

bers such as MutL and GyrB, including an additional a new fold, and an unusual amphipathic projection. With
the known structure of the N-terminal domain, we candomain of new fold. Using the known structure of the

N-terminal nucleotide binding domain, a model for the now reconstruct a model for the Hsp90 dimer and iden-
tify key residues involved in ATPase activity and its cou-Hsp90 dimer has been constructed. From this struc-

ture, residues implicated in the ATPase-coupled con- pling to the conformational cycle, and in interactions
with client proteins and a cochaperone, whose func-formational cycle and in interactions with client pro-

teins and the activating cochaperone Aha1 have been tional significance have been analyzed by mutagenesis
in vitro and in vivo.identified, and their roles functionally characterized in

vitro and in vivo.
Results

Introduction
Crystal Structure

Hsp90 plays a key role in facilitating the activity of “cli- The structure of the 33 kDa middle segment (residues
ent” proteins involved in regulatory and signaling sys- 273–560) of yeast Hsp90 was determined by multiwave-
tems in eukaryotic cells (reviewed in Pearl and Prodro- length anomalous dispersion (MAD) using crystals
mou, 2002). Hsp90s chaperone activity depends on soaked in samarium sulfate, and the structure refined
binding and hydrolysis of ATP (Panaretou et al., 1998; at 2.5 Å resolution (see Experimental Procedures and
Obermann et al., 1998; Grenert et al., 1999), coupled to Table 1). The polypeptide chain is visible from residue
a conformational cycle, involving opening and closing 273 to 525 in both molecules in the asymmetric unit,
of a dimeric “molecular clamp” via transient association apart from gaps between 377 and 385 in one, and 329
of the N-terminal domains (Prodromou et al., 2000; and 338 in the other. A second crystal form with six
Chadli et al., 2000). ATP binds to the N-terminal domain molecules in the asymmetric unit was refined to 3.0 Å
of Hsp90 (Prodromou et al., 1997a; Grenert et al., 1997), resolution.
which also binds the antitumor antibiotics geldanamycin The structure can be divided into three regions (Fig-
and radicicol (Stebbins et al., 1997; Roe et al., 1999) ures 1B and 1C). Residues 273–409 at the start of this
that inhibit ATPase activity and disrupt client protein segment form a three layer �-�-� sandwich domain con-
activation in vivo (Chavany et al., 1996; Schulte et al., sisting of a five-stranded � sheet, a three-turn � helix,
1995; Whitesell et al., 1994). Despite progress in under- and irregular loops on the convex face, and a six-turn

� helix nestling in the concavity of the opposite face.
Domains with similar folds are found in the MutL DNA*Correspondence: laurence@icr.ac.uk
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Figure 1. Crystal Structure of Hsp90 Middle
Segment

(A) Schematic of Hsp90 structure. The N-ter-
minal nucleotide binding domain (cyan) is
linked to the middle segment (red) by a flexi-
ble and poorly conserved “charged linker”
(yellow).
(B) Stereo pair secondary structure cartoon
of the yeast Hsp90 middle segment, rainbow
colored (blue to red) from the N to C termini of
the construct, showing the two ��� domains
linked by an �-helical coil segment. � strands
are labeled alphabetically from the N termi-
nus of the construct except for c�, which is
an additional strand not present in the related
MutL and GyrB structures (see below). Heli-
ces are numbered from the N terminus of the
construct except for X, which has alternative
nonhelical conformations.
(C) As (B) but rotated 90� around the vertical.

mismatch repair protein and DNA Gyrase B (GyrB) (see and MutL (Ban and Yang, 1998), including conservation
below), both of which also have similar N-terminal ATPase of residues involved in binding and hydrolysis of ATP in
domains to Hsp90, and in the S5 and S9 proteins of the all three systems (Bergerat et al., 1997; Prodromou et
prokaryotic small ribosomal subunit (Wimberly et al., al., 1997a; Panaretou et al., 1998; Obermann et al., 1998).
2000). The long � helix at the C terminus of this domain Biochemical studies (Prodromou et al., 2000) reinforced
leads into a small domain formed by three short � helices that relationship by demonstrating a mechanism of ATP-
(411–420, 421–432, and 436–443) arranged in a right- dependent N-terminal association in the Hsp90 dimer,
handed coil. This is followed by a third domain (residues similar to that described for GyrB (Kampranis et al.,
435–525) with a three layer �-�-� sandwich architecture. 1999). The evolutionary relationship of these systems is
Although superficially resembling a Rossmann fold, the further supported by the structure of the middle segment
topology of the secondary structural elements in this of Hsp90, between the common N-terminal nucleotide
domain is quite distinct from previously described �-�-� binding domain, and the C-terminal dimerization domain
architectures (Pearl et al., 2000; Murzin et al., 1995), whose structure remains unknown in all three systems.
and appears to be a new fold. Beyond residue 525, Within this segment, residues 273–409 of Hsp90 form a
the structure is disordered. Comparison of the different distinct domain with a similar fold to residues 233–375
crystal forms reveals some flexibility in the orientation of GyrB and 207–331 of MutL (Figures 2A–2C). The major
of the third domain, which shows a rigid body rotation differences occur in the polypeptide connecting strands
of �10� with respect to the rest of the structure. c� and d, which is a three- to five-turn � helix in GyrB

and MutL but a short segment of irregular structure in
Hsp90, and between strands b and c, which is elabo-Structural Homology in the GHKL Superfamily
rated into a large projecting loop in Hsp90. At the endPrevious studies (Prodromou et al., 1997a) have shown
of the common long helix in this domain, Hsp90 divergesstructural similarity between the N-terminal domain of

Hsp90 and those of DNA Gyrase B (Wigley et al., 1991) substantially, although there is no structural data for
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Table 1. Crystallographic Statistics

Data Set (Crystal Form) Native (1) Sm Peak (1) Sm Edge (1) Sm Remote (1) Native (2)

Wavelength (Å) 0.933 1.844 1.845 1.837 0.933
Beamline ID14-EH2 ID29 ID29 ID29 ID14-EH1
Resolution limit (Å) 2.5 2.7 2.7 2.7 3.0
Observations 28,094 22,146 22,125 22,124 43,645
Completeness (%) 99.9 (99.9) 99.6 (99.3) 99.6 (99.3) 99.4 (99.3) 99.2 (99.2)
Multiplicity 3.6 10.9 3.6 3.6 3.9
Rmerge (%) 8.8 (37.9) 8.8 (46.2) 5.2 (30.7) 5.4 (37.1) 7.6 (29.2)
I/sigI 4.3 (1.9) 6.3 (1.6) 11.1 (2.4) 10.5 (2.0) 7.9 (2.6)

Phasing

Sites 3 3 3
Phasing power (iso, ano) -, 1.9 0.26, 3.87 0.38, 3.58
MAD �fom� 0.61

Refinement

Resolution range (Å) 29.6–2.5 64.5–3.0
No. of reflections 26,622 41,432
No. of protein atoms 4,094 12,314
No. ion atoms 7 13
No. of solvent atoms 199 228
Rcryst/Rfree (%) 24.0/24.7 24.6/32.9
Mean B 72.9 54.3
Rmsd bond lengths (Å) 0.007 0.017
Rmsd bond angles (�) 1.50 1.78

MutL beyond that point. GyrB continues into a seven- al., 1997a) and a catalytic glutamate residue, conserved
in MutL and GyrB, which activates the attacking waterturn � helix perpendicular to the preceding helix, which

is then the end of the known structure. A topologically molecule in the ATPase reaction (Panaretou et al., 1998).
However, the N-terminal domain alone has negligibleequivalent helix is also present in Hsp90, albeit much

shorter, and is the first part of the helical coil leading ATPase activity, and in MutL and GyrB, contacts from
residues in the middle segment are also required, whichinto the second �-�-� sandwich domain.
“sense” the presence of the �-phosphate and orientate
it for “inline” attack by a nucleophilic water. Both GyrBReconstructing the Hsp90 Dimer

Structures of C-terminally truncated GyrB and MutL and MutL contact the �-phosphate of ATP via a lysine
residue (Lys 307 in MutL; Lys 337 in GyrB) on a loophave both been described in ATP-loaded forms in which

the clamp is closed and N-terminal domains are associ- extending from the end of strand d in the first sandwich
domain of the middle segment. In GyrB, Gln 335 fromated (Wigley et al., 1991; Ban et al., 1999). The consider-

able flexibility of the charged “linker” connecting the the same loop hydrogen bonds to the nucleophilic water.
Structural alignment with GyrB and MutL identifies theN-terminal and middle segments has so far prevented

this for Hsp90. However, with the structure described topologically equivalent loop in Hsp90 as Pro 375-Ile
388. Interestingly, this loop contains Glu 381, whosehere, and the previously described structure of the N-ter-

minal domain of yeast Hsp90 (Prodromou et al., 1997b, mutation to lysine generates a temperature-sensitive (ts)
1997a), we are able to construct a model for the “closed” phenotype in yeast (Nathan and Lindquist, 1995). This
form of the Hsp90 dimer, based on MutL and GyrB, segment of polypeptide shows significant conforma-
that lacks only the charged linker and the C-terminal tional flexibility between crystallographically indepen-
dimerization and TPR binding domain (Figure 2E). As dent views of the molecule (Figure 3C). There is only
there is significant variation between the relative orienta- one lysine residue in this region in Hsp90, Lys 387, but
tions of the N-terminal and middle segments in GyrB it is not well positioned to act as the equivalent of the
and MutL, this Hsp90 dimer model will be inaccurate in catalytic lysines in MutL and GyrB, and is not conserved
detail. Nonetheless, it allows identification of the “in- in the bacterial and mitochondrial Hsp90 homologs
side” and “outside” faces of the middle segment within HtpG and TRAP1. The conformationally variable “tip” of
the dimer, and of regions of the middle segment proxi- the loop contains a highly conserved motif: 377- N
mal to the N-terminal domain. On the basis of this re- (L / I /V) S R E x L Q -384, in which the totally conserved
construction, we identified three features of the middle Asn 377, Arg 380, and Gln 384 could provide �-phos-
segment whose location and structural properties sug- phate interactions comparable to those in MutL and
gested roles in catalyzed ATP hydrolysis, intersegment GyrB. To test the involvement of these residues, we
communication, and client protein interactions (Figures made mutations in a plasmid-encoded Hsp90 gene in
3A and 3B), and analyzed their involvement by mutagen- an Hsp90 knockout yeast strain and determined the
esis and functional analysis in vivo and in vitro. ability of the mutants to confer viability and activate

v-Src in vivo (see Experimental Procedures) (Figure 4
and Table 2). Cells dependent on an Hsp90 allele withCatalytic Loop

The N-terminal domain of Hsp90 provides all the struc- an Asn377Ala mutation showed a mild ts phenotype, being
viable and competent in v-Src activation at 30�C, but withtural requirements for nucleotide binding (Prodromou et
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Figure 2. Structural Homology to GyrB and
MutL

(A) Structures of yeast Hsp90 monomer from
residue 2–525 determined as separate frag-
ments (2–214 and 273–525). The two sepa-
rately determined structures are shown sepa-
rated for clarity. The N-terminal domain (blue
frame) and first part of the middle segment
(red frame) are rainbow colored to corre-
spond to the topologically equivalent struc-
tures in GyrB and MutL—the Hsp90-unique
domain is colored magenta. The ADP mole-
cule bound to the N-terminal domain of
Hsp90, and the AMPPNP bound to GyrB and
MutL (see below) are shown as space-filling
models.
(B) Secondary structure cartoon of GyrB(2-
392) monomer rainbow colored N to C ter-
minus.
(C) Secondary structure cartoon of MutL(2-
331) monomer rainbow colored N to C ter-
minus.
(D) Crystal structure of GyrB(2-392) for com-
parison. The central “hole” running between
the jaws of the molecular clamp binds dou-
ble-stranded DNA during the topoisomerase
strand passage reaction.
(E) Model of Hsp90(2-525) dimer recon-
structed from the determined structural frag-
ments, structurally aligned with the GyrB(2-
392) dimer. By analogy with GyrB, the inner
faces of the jaws in the Hsp90 molecular
clamp are expected to provide client protein
binding site(s). The flexible loops (327–340)
projecting from the opposing faces of the
clamp come into close proximity in this model
and are likely to adopt different conforma-
tions in the true dimer.

some growth defects at 37�C. In vitro, Asn377Ala had structure, suggests that they fulfill the equivalent roles
to Lys 337 and Gln 335 in GyrB in orientating theslightly enhanced ATPase activity at 30�C and 37�C com-

pared to wild-type. In contrast, Hsp90 alleles with Arg- �-phosphate of ATP. Three ordered conformations for
this loop are seen in the two crystal forms of the middle380Ala or Gln384Ala mutations were completely incapa-

ble of supporting growth at any temperature, indicating segment; in one of which, Arg 380 and Gln 384 are di-
rected toward the expected position of the N-terminalcomplete loss of essential Hsp90 function comparable

to that previously seen with mutation of residues in- domain and would be positioned for �-phosphate inter-
action (Figure 3C). As there are well-ordered alternativevolved in ATP binding or hydrolysis in the N-terminal

domain (Panaretou et al., 1998). Consistent with this, conformations where these groups are not available,
efficient catalysis may involve a switch in the conforma-purified Arg380Ala or Gln384Ala mutant Hsp90s had

substantially lower ATPase activities than wild-type pro- tion of this loop, possibly coupled to client-protein or
cochaperone binding.tein, in vitro. We also examined the in vitro activity of

the ts Glu381Lys mutant (Nathan and Lindquist, 1995).
This displayed near wild-type ATPase activity at 30�C, Intersegment Communication

Unlike GyrB and MutL, where the N-terminal and middlebut reduced activation at 37�C. The loss of viability and
minimal ATPase activity of the Arg380Ala and Gln384Ala domains are connected by continuous secondary struc-

ture (Ban and Yang, 1998; Wigley et al., 1991), N-terminalmutants is strong evidence for their direct involvement
in catalysis, and together with their location in the Hsp90 domain and middle segments in eukaryotic Hsp90s are
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Figure 3. Structural Features of the Hsp90
Middle Segment

(A) One monomer from the reconstructed
Hsp90(2-525) model, highlighting the posi-
tions of the putative catalytic loop (cyan), the
projecting loop (green), and hydrophobic
patch (brown) from the middle segment, and
the lid (orange) and bound ADP of the
N-terminal nucleotide binding domain. The lid
is shown in the open conformation observed
in crystal structures but is believed to close
over the nucleotide on ATP binding.
(B) Location of mutated residues on the mid-
dle segment structure. Residues in cyan are
in the putative catalytic loop; green are in the
projecting loop and adjacent hydrophobic
patch; and brown are in the loop and hy-
drophobic patch directed toward the N-ter-
minal domain in the reconstituted dimer. Res-
idues in red display conditional mutant
phenotypes in previous genetic studies (Na-
than and Lindquist, 1995; Bohen and Yama-
moto, 1993).
(C) Comparison of catalytic loop conforma-
tions in three crystallographically indepen-
dent copies of the middle segment. In one
molecule in crystal Form 1 (cyan) the se-
quence from 380–386 forms a short � helix,
with Asn 377 directed away, and Arg 380 and
Gln 384 directed toward the body of the struc-
ture. In one molecule of crystal Form 2 (pink),
the helix has melted to an irregular loop, but
the side chains of Asn 377, Arg 380, and Gln
384 remain in the same position as in the
helical conformation. In another molecule in
Form 2 (gold), the loop is completely remod-
eled, with Arg 380 and Gln 384 directed to-
ward the predicted position of the N-terminal
domain in the dimer, while Asn 377 stabilizes
this conformation by hydrogen bonding to the
main chain of Gln 384.
(D) Stereo pair of the molecular surface of
Hsp90 middle segment with hydrophobic res-
idues highlighted in magenta.

separated by �50 residues, including an evolutionarily the catalytic Glu 33 (Prodromou et al., 2000). This sug-
gests that these conserved accessible hydrophobic res-variable and proteolytically labile linker consisting of

20–30 charged amino acids. This linker is dispensable idues could be involved in interdomain communication
and positioning of the catalytic groups from thefor Hsp90 function in vivo (Louvain et al., 1996) and

for ATPase activity in vitro (our unpublished data), and N-domain and middle segments. To analyze the role of
this patch, we determined the in vivo and in vitro activityfunctions primarily as a covalent tether connecting the

N-terminal domain to the rest of the protein (Pearl and of Phe349Ala and Phe349Gln mutants. Both mutations
generated growth defects in vivo, with the more radicalProdromou, 2002). Thus, in Hsp90, the link between

N-domain and middle segments is very flexible, and substitution Phe349Gln showing severe effects. Both
mutants were substantially defective in v-Src activationtheir association in the productive ATP-bound state will

largely depend on the stability of complementary sur- in vivo and displayed very low ATPase activity in vitro
(Figure 4 and Table 2).face interactions between the domains.

Adjacent to the catalytic loop (see above) we identified
a hydrophobic surface “patch” centered on Phe 349 Client Protein Binding Sites

Mutagenesis studies of GyrB implicate basic residues(Figures 3A, 3B, and 3D), near the tip of a loop formed
by residues 342–352. Within the Hsp90 dimer model, on the inside face of the middle domain in functional

interactions with DNA bound in the clamp (Tingey andthe side chains of Phe 349 and Val 348 come close to
the hydrophobic surfaces believed to be exposed in the Maxwell, 1996). While GyrB and Hsp90 have very differ-

ent functions, they have related structures and compa-N-terminal domain upon nucleotide binding: the ex-
posed face of the “lid” segment (100–123) in its putative rable ATPase-coupled molecular clamp mechanisms,

suggesting that binding sites for their macromolecularclosed conformation and the long helix (28–50) carrying
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Figure 4. Functional Analysis of Middle Seg-
ment Features

(A) Growth of middle segment mutants on rich
medium (see Experimental Procedures) at
30�C and 37�C degrees. Plates were incu-
bated long enough to minimally visualize the
poorest growing but still viable mutants. Rel-
ative growth of mutants is shown in Table 2.
(B) Ability of middle segment mutants to
chaperone v-Src, visualized by introduction
of phospho-tyrosine into yeast proteins.
v-Src induction was triggered by transfer of
cultures from raffinose medium (R), which re-
presses v-Src transcription, to galactose me-
dium (G), which induces it.

ligands (DNA or client protein) might have similar loca- 3B, and 3D). This patch involves the side chains of Trp
300, and Phe 329, Leu 331, and Phe 332, which formtions in the structure. The inner faces of the middle

segment of Hsp90 possess some interesting features, one side and the tip of a conformationally flexible loop,
cantilevered out from the main body of the structure.including an exposed hydrophobic patch, which could

play a role in protein-protein interactions (Figures 3A, This solvent-exposed loop has an unusual sequence

Table 2. Phenotypes, Client Protein Activation, and ATPase Activity of Hsp90 Middle Segment Mutants

Cell Growth ATPase min�1v-Src Activation

Genotype 30�C 37�C 30�C 30�C 37�C

Wild-type 				 				 				 0.26 0.83
N377A 				 	 		 0.30 1.12
R380A - - - 0.017 0.018
E381K N/D N/D N/D 0.29 0.52
Q384A - - - 0.062 0.15
W300A 	 - 	 0.51 1.15
D330A 			 			 				 0.19 0.51
D330N 			 	 			 0.25 0.59
F332A 				 				 			 0.34 0.93
F332Q 				 			 		 0.34 0.86
F349A 		 	 - 0.005 0.023
F349Q 	 - - 0.028 0.099
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(327-A P F D L F E S K K K K N N-340) generating an copy number suppressor of an Hsp90 mutant allele,
Glu381Lys (Nathan and Lindquist, 1995). The locationamphipathic structure, with one hydrophobic side and

one positively charged side. of this residue in the catalytic loop bearing Arg 380 and
Gln 384 (see above) suggested that the middle segmentTo gain some insight into the function of this feature,

we analyzed the effect on Hsp90 function in vivo and in of Hsp90 might be involved in direct interaction with
Hch1 and/or Aha1, and this was confirmed by coprecipi-vitro of mutations of the exposed hydrophobic residues

Trp 300 and Phe 332, and of Asp 330, which is involved tation and isothermal titration calorimetry (Figure 5A).
To probe the mechanism of Aha1 action, we determinedin polar interactions across the loop (Figure 4 and Table

2). Mutation of Phe 332 had relatively little effect in vivo, the effect of some of the mutations described above,
on the ability of Aha1 to stimulate the ATPase activitywith Phe332Ala nearly wild-type, although Phe332Gln

showed slight temperature sensitivity and decrease in of Hsp90. Mutation of Asp 330 in the projecting loop,
which had minimal effect on the inherent ATPase activityv-Src activation. In vitro, both Phe 332 mutants retained

significant ATPase activity. Asp 330 mutants also dis- of Hsp90 also had little effect on activation by Aha1.
Within the catalytic loop, the Arg380Ala and Gln384Alaplayed in vitro ATPase activity comparable to wild-type,

and near wild-type growth and v-Src activation at 30�C, mutants that had greatly diminished inherent ATPase
activity showed negligible activation by Aha1 consistentalthough Asp330Asn showed some growth defects at

37�C. In contrast, the Trp300Ala mutant, which retained with their direct involvement in the hydrolysis reaction.
The Glu381Lys mutant, with near wild-type activity atsubstantial ATPase activity in vitro, showed severe de-

fects in growth and v-Src activation at 30�C and was 30�C, was significantly impaired in its response to Aha1,
showing �10-fold lower activation than wild-type. Innot viable at 37�C. The segment of Hsp90 connecting

Trp 300 and the projecting loop, and partially overlap- contrast, the Phe 349 mutants with severely impaired
ATPase activities were responsive to Aha1 activation,ping the beginning of that loop, was found to be required

for Hsp90 interaction with the client protein PKB/Akt being stimulated to �30% of the wild-type activity at
comparable Aha1 concentrations. Analyzed in terms of(Sato et al., 2000). As the Trp300Ala mutant has a func-

tional ATPase, it is likely that its inadequacy as a chaper- fold activation over the inherent activity, the Phe 349
mutants were found to be hyperresponsive to Aha1,one in vivo results from a defect in client protein activa-

tion and implicates Trp 300 in client protein interaction. being stimulated by more than 80-fold over the basal
activity, at saturation (data not shown).Previous in vivo studies identified other positions

where ts mutations affected Hsp90-dependent activa-
tion of client proteins, some of which map to the middle Discussion
segment (Figure 3B). Gly 313 occupies a conformation-
ally restricted position at the tip of a � hairpin in the The accumulating structural and biochemical data sug-
first domain of the middle segment, and its mutation to gest that like GyrB and MutL, Hsp90 is a “split” ATPase
asparagine (Bohen and Yamamoto, 1993; Nathan and in which catalytic groups from independent domains
Lindquist, 1995) would generate a generally destabiliz- in the same molecule come together to achieve ATP
ing structural defect. Glu341Lys, identified in a screen hydrolysis. With the structure presented here, we are able
for mutants defective in glucocorticoid receptor activa- to identify Arg 380 and Gln 384 as probable catalytic resi-
tion (Bohen and Yamamoto, 1993), maps to the middle dues contributed by the middle segment of Hsp90, and
helix in the helical coil connecting the two �-�-� sand- have confirmed their essential involvement in ATPase
wich domains. Thr525Ile lies at end of the presently activity in vitro and chaperone function in vivo. The “ca-
visible structure, as the peptide chain emerges from the talytic loop” bearing Arg 380 and Gln 384 shows signifi-
second �-�-� sandwich domain. Glu341 and Thr 525 cant conformational plasticity, varying between a helical
present on the same face as Trp 300 and the 327–340 structure where the catalytic residues are directed back
projecting loop. Although the ATPase activity of the into the middle segment, to an extended loop in which
Glu341Lys and Thr525Ile mutants has not been deter- they could reach “down” into the ATP binding site in
mined, their location suggests that their functional im- the N terminus (Figures 3A and 3B). Unlike GyrB and
pairment in vivo results from defects in client protein MutL, the N-terminal domain and middle segment of
interaction rather than ATP hydrolysis. Hsp90 are separated by an evolutionarily variable and

extremely flexible linker segment, which tethers the
loosely associated segments to each other.Aha1 Interactions

Hsp90 function involves a range of cochaperone pro- The lid segment in the N-terminal domain of Hsp90
is also very different from the short flexible lids of GyrBteins which facilitate client protein loading and regulate

progress through the chaperone cycle (reviewed in Pearl and MutL, consisting of a helix-loop-helix segment
which is fully ordered in the absence or presence ofand Prodromou, 2002). Recently we characterized a new

family of Hsp90 cochaperones, Hch1/Aha1, which con- bound nucleotide, and which makes extensive hy-
drophobic interactions in its openconformation. Mecha-tribute to Hsp90 function in vivo, and bind to Hsp90 and

stimulate its ATPase activity in vitro (Panaretou et al., nistic analogy with GyrB and MutL requires that the
lid closes on binding of ATP, and mutagenesis studies2002). Unlike TPR domain cochaperones and the kinase-

specific cochaperone Cdc37p/p50cdc37, Aha1 does not suggest this does indeed occur (Prodromou et al., 2000),
but it has not yet been observed directly. Lid closurecompete for binding to the C-terminal domain of Hsp90

(Owens-Grillo et al., 1996; Silverstein et al., 1998) and would expose the hydrophobic surface buried under-
neath the lid in its open conformation, and the juxta-can coexist in complexes with Sti1 and Cpr6. The proto-

type of this family, Hch1, was discovered as a high posed hydrophobic face of the lid itself. In the absence
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Figure 5. Middle Segment Interaction with
the Activating Cochaperone Aha1

(A) Coprecipitation of Hsp90 middle segment
(273–560) by the N-terminal Hsp90 binding
domain of yeast Aha1 (nAha1). Lane 1:
Hsp90(273-560) positive control; lanes 2–4:
talon bead coprecipitations (H 
 Hsp90(273-
560); A 
 nAha1). All lanes are visualized with
polyclonal Ab to yeast Hsp90. Some weak
nonspecific binding of Hsp90(273-560) to
beads is visible in lane 2, but there is very
substantial coprecipitation of Hsp90(273-
560) when His6-tagged nAha1 is included
(lane 4).
(B) Isothermal titration calorimetry of
Hsp90(273–560) binding to full-length Aha1.
The fitted curve is superimposed on the ex-
perimental points (open squares). The pro-
teins interact with a KD of 2.9 � 0.3 �M and
a stoichiometry of �1:1.
(C) Stimulation of the inherent ATPase activity
of wild-type and yeast Hsp90, and middle
segment mutants. Mutations in projecting
loop (D330N/A) had little effect on activation
by Aha1. Catalytic loop mutants (R380A,
Q384A) lacking ATPase activity were not re-
activated by Aha1, but E381K, which displays
near wild-type activity rendered Hsp90 resis-
tant to Aha1 activation. The intersegment
communication patch mutants (F349Q/A),
which lack ATPase activity in isolation, were
very substantially reactivated by Aha1.
(D) Data as in (B) but replotted in terms of
fold activation over the basal activity of each
Hsp90 variant in the absence of Aha1. The
substantial sensitivity of the Phe 349 mutants
to Aha1 stimulation, is clearly seen.

of compensating interactions, exposure of these sur- activating the ATPase. Mutation of Glu 381 within the
catalytic loop had no effect on the basal ATPase offaces would be unfavorable and present an energetic

barrier to lid closure. Within the Hsp90 dimer, the ex- Hsp90, but rendered it almost completely insensitive to
Aha1 stimulation. Mutation of Phe 349 within the hy-posed surface beneath the lid from one monomer can

bury the equivalent from the other, and drive ATP- drophobic patch implicated in intersegment communi-
cation caused a very significant loss of ATPase activity,dependent association of the N-terminal domains (Pro-

dromou et al., 2000; Chadli et al., 2000). The exposed but this was hypersensitive to activation by Aha1. Taken
together, these observations suggest that Aha1 mightsurface of the closed lid could interact with the middle

segment of the same monomer, and we have identified function by facilitating the interaction between the mid-
dle segment and ATP-bound conformation of thea hydrophobic patch, centered on Phe 349, that could

participate in that intersegment interaction. Mutation of N-terminal domain, and implicates Glu 381 in mediating
that function (Figure 6).Phe 349 produced a very substantial loss of ATPase

activity consistent with that role. Efficient ATP hydrolysis How Hsp90 can interact specifically and selectively
with its protein “clientele” remains the major conundrumin Hsp90 appears to require a series of conformational

changes that together conspire to the “rate-limiting” in the field, and as yet there is no consensus even as
to which part (or parts) of the Hsp90 structure mediatesstep of the hydrolysis reaction. Thus, ATP binding pro-

motes lid closure, which is stabilized by dimeric associa- those interactions. The architectural similarity and com-
mon ATPase-coupled clamp mechanism of Hsp90 andtion of the N-terminal domains, and association between

the N-terminal and middle segments. A second confor- GyrB suggests that as with DNA binding by GyrB, pro-
ductive binding of client proteins by Hsp90 involves themational “switch” event may also occur in which the

catalytic loop of the middle segment melts from an inac- opposing inner faces of the middle segments in the
closed conformation of the clamp. In the structure oftive helical conformation to direct the catalytic residues

toward the �-phosphate of the ATP. Within this complex the middle segment, we have identified candidate fea-
tures for client-protein interaction, in particular the pro-set of events, the recently described Hsp90 cochaper-

one Aha1 (Panaretou et al., 2002) achieves its effect of jecting loop and associated hydrophobic patch in the
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Figure 6. Model of the Hsp90 ATP-Depen-
dent Molecular Clamp Mechanism

(A) Hsp90 dimer in a “relaxed” state in the
absence of ATP. The lid (black and magenta)
in the N-terminal nucleotide binding domain
is open, and the N-terminal domains are not
constrained.
(B) Binding of ATP causes lid closure,
exposing a hydrophobic patch on the
N-domain which associates with the equiva-
lent in the other monomer. The exposed face
of the lid itself is stabilized by interaction with
a hydrophobic patch from the middle seg-
ment (magenta loop), which provides cata-
lytic residues for the ATP-hydrolytic reaction
(blue loop). The closed “tense” form interacts
with client proteins (gold) to facilitate their
activation and/or assembly with ligands, but
how this occurs at the biochemical level is
unknown.
(C) Aha1 (gray) interacts with the middle seg-
ment and speeds up the ATPase reaction,
possibly by stabilizing interactions between
the middle and N-terminal domain(s).

first domain. Although mutations in the loop itself only include the mitogenic signaling cascade in which Mek,
its activating kinase Raf, and its activating kinase c-Srchad mild effects, mutation of an adjacent exposed hy-

drophobic residue caused substantial impairment of are all Hsp90 clients (Pratt, 1998; Setalo et al., 2002;
Stancato et al., 1993; Xu et al., 1999), and the yeastchaperone function in vivo without loss of ATPase activ-

ity in vitro, suggesting a defect in client protein interac- cyclin-dependent kinase Cdc28 and its activating kinase
Cak1 (Farrell and Morgan, 2000). Thus, as well as itstion. In support of this interpretation, this region coin-

cides with a segment of Hsp90 found to be essential function as a chaperone, protecting its clients from inap-
propriate liaisons, multiple client binding sites in thefor mediating interaction with an authentic client, PKB/

Akt, in a yeast two-hybrid assay (Sato et al., 2000). As middle segment may allow Hsp90 the more proactive
role of matchmaker, facilitating productive interactionsclient proteins interact with Hsp90 in a substantially

folded state, they are unlikely to present extensive hy- between them.
drophobic surfaces for interaction with Hsp90. Instead,

Experimental Proceduresthe projecting loop of Hsp90 may provide a flexible am-
phipathic “finger” that can insert into clefts and crevices

Expression, Purification, and Crystallization
between the folded domains of the client protein. of the Middle Segment of Hsp90

The second ��� domain of the middle segment of A stable middle segment of yeast Hsp90(260-551) was defined by
limited proteolysis and a series of constructs with variation of theHsp90 has recently been implicated in binding to the
N and C terminus were cloned with protease-cleavable N-terminalclient protein eNOS (Fontana et al., 2002). Intriguingly,
His6 tags into pRSETA and expressed in E. coli BL21(DE3) pLysS.PKB/Akt and eNOS were able to bind simultaneously to
Expressed protein was purified by Talon metal affinity chromatogra-the middle segment of Hsp90, which appeared able to
phy, ion exchange on Q-Sepharose, and size-exclusion chromatog-

“scaffold” their interaction and facilitate phosphoryla- raphy on a Superdex 75 PG column. Purified protein was dialyzed
tion of eNOS by PKB/Akt. The possibility that Hsp90 into 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, and 0.5 mM DTT and

concentrated.interacts with two different client proteins simultane-
Crystals for several constructs were obtained, but useful diffrac-ously has interesting implications, as there are several

tion was only observed for a construct comprising residues 273–560signaling pathways in which consecutive pairs of inter-
from which the N-terminal His tag had been removed by proteolysis.acting proteins are both Hsp90 clients. For example, in
High-quality crystals (Form 1) obtained from this construct grew

the eNOS activation pathway, as well as PKB/Akt and from 24 mg/ml protein in a buffer containing 11 mM CdSO4, 20 mM
eNOS, the upstream activator of PKB/Akt, PDK1 is also MgCl2, 80 mM Tris-HCl (pH 7.5), and 5% v/v glycerol in under-oil

microbatch experiments at 14�C. A second crystal form (Form 2)an Hsp90 client (Fujita et al., 2002). Other examples
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was obtained with the same construct in a similar buffer containing quently, 5 ml aliquots were transferred into SR and SGa (as SR but
with 2% galactose in place of raffinose), incubated at 30�C for 6 hr,67 mM CdSO4 and 10 mM ADP.
harvested, and lysed as previously described (Panaretou et al.,
1998), except for inclusion of 0.2 mM sodium orthovanadate in theCrystallographic Data Collection, Phasing, and Refinement
extraction buffer. Lysates fractionated by 12.5% SDS-PAGE wereCrystals of yeast Hsp90(273-560) were cryoprotected in crystalliza-
transferred to nitrocellulose membrane, and phosphotyrosine-tion buffer with 10% glycerol and 8% 2,3-butanediol and flash
labeled protein was detected with 4G10 anti-phosphotyrosine Abcooled in liquid nitrogen. Crystals of Form 1 have space group P61

(Upstate), followed by affinity-purified goat anti-mouse HRP linkedwith unit cell dimensions a 
 b 
 112.88 Å, c 
 112.59 Å, suggesting
Ab and visualized by ECL (Amersham-Pharmacia).a solvent content of 62% with two molecules in the asymmetric unit.

This was supported by the observation of a noncrystallographic 2-fold
Aha1-Hsp90 Interactionsaxis in self-rotation functions. Derivatives were obtained by soaking
Interaction between yeast Aha1 and Hsp90 was analyzed qualita-native crystals for 1 hr in cryoprotectant buffer containing 0.1 mM
tively by coprecipitation of Hsp90(273-560) with an N-terminal do-SmSO4. A three wavelength MAD dataset was collected on beamline
main of Aha1 (nAha1) previously shown to stimulate Hsp90 ATPaseID29 at the ESRF Grenoble. Image processing and data reduction
(Panaretou et al., 2002). 50 �g of purified His-tagged nAha1 wasused MOSFLM (Leslie, 1995) and SCALA (CCP4, 1994). Phases were
incubated with the same amount of Hsp90 central segment at 4�Ccalculated with SOLVE (Terwilliger and Berendzen, 1999) and refined
for 30 min in a buffer containing 20 mM Tris-HCl, pH 7.5, 50 mMwith SHARP (de la Fortelle and Bricogne, 1997) and RESOLVE (Ter-
NaCl, and 0.1% Nonidet P-40. 20 �l of Talon beads (Clontech) waswilliger, 2000), to give a map of very high quality in which the majority
then added and the reaction incubated for another 30 min at 4�C.of the structure was built using TURBO (Roussel and Cambillau,
The beads were washed twice with the same buffer on Costar spin1991). The resulting structure was refined using CNS (Brunger et al.,
filters. 20 �l of SDS-PAGE loading buffer was added to the beads,1998) and REFMAC (Murshudov et al., 1997) together with manual
and 15 �l was loaded on SDS-PAGE gels for blotting onto nitrocellu-correction with TURBO.
lose filters. Blots were probed with rabbit polyclonal anti-Hsp90Form 2 crystals also have space group P61 but with unit cell
followed by anti-rabbit HRP conjugated secondary Ab to allow de-dimensions a 
 b 
 192.64 Å, c 
 106.08 Å, suggesting a solvent
tection with ECL kit (Amersham-Pharmacia).content of 58% with six molecules in the asymmetric unit. Statistics

Quantitative analysis was perfomed by isothermal titration calo-for data collections, phasing, and refinements are given in Table 1.
rimetry, on an MSC system (Microcal Inc., MA). 140 �M aliquots ofCoordinates and structure factors have been deposited in the Pro-
8 �l of Hsp90(273-560) were injected in 1.458 ml of 32.4 �M Aha1tein DataBank with PDB Code 1HK7.
at 25�C in a buffer containing 20 mM Tris-HCl, pH 7.5, 1 mM EDTA.
After subtracting the heats of dilution, determined in a separateExpression, Purification, and ATPase Assay of Hsp90 Mutants
experiment by diluting protein into buffer, the resulting data wereProteins expressed as His6-tagged fusions were purified as de-
fitted using a nonlinear least square curve-fitting algorithm (Microcalscribed previously using Talon metal-affinity chromatography,
Origin) with three floating variables: stoichiometry, binding constant,Q-Sepharose ion exchange and Sephacryl 400HR gel filtration chro-
and change of enthalpy of interaction.matography (Panaretou et al., 1998). Proteins were concentrated in

20 mM Tris, pH 7.5, containing 0–25 mM NaCl, 1 mM EDTA, and
Acknowledgments0.5 mM DTT. The Hsp90 ATPase assay was performed as previously

described (Panaretou et al., 1998), except that the assay conditions
This work was supported by the Wellcome Trust (L.H.P.), Medicalwere modified (45 mM Tris-HCl, pH 7.5, 9 mM KCl, and 3 mM MgCl2),
Research Council (L.H.P.), and University of London Central Re-and for the Aha1 assays 20 mM Tris-HCl, pH 7.5, 4 mM KCl, and
search Fund (B.P.). B.H. gratefully acknowledges the support of the1.2 mM MgCl2 was used.
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B.H. is a visiting Doctoral Scholar from the College of Life Science,coding sequence in pRSETA-90 (Prodromou et al., 2000) using the
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