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Hsp90 is a molecular chaperone essential for the activation

and assembly of many key eukaryotic signalling and

regulatory proteins. Hsp90 is assisted and regulated by

co-chaperones that participate in an ordered series of

dynamic multiprotein complexes, linked to Hsp90s con-

formationally coupled ATPase cycle. The co-chaperones

Aha1 and Hch1 bind to Hsp90 and stimulate its ATPase

activity. Biochemical analysis shows that this activity is

dependent on the N-terminal domain of Aha1, which

interacts with the central segment of Hsp90. The structural

basis for this interaction is revealed by the crystal struc-

ture of the N-terminal domain (1–153) of Aha1 (equivalent

to the whole of Hch1) in complex with the middle segment

of Hsp90 (273–530). Structural analysis and mutagenesis

show that binding of N-Aha1 promotes a conformational

switch in the middle-segment catalytic loop (370–390) of

Hsp90 that releases the catalytic Arg 380 and enables its

interaction with ATP in the N-terminal nucleotide-binding

domain of the chaperone.
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Introduction

The activation and/or stability of many of the key regulatory

and signalling proteins of the eukaryotic cell depends on their

interaction with the Hsp90 molecular chaperone. Hsp90s

chaperone activity is itself absolutely dependent on binding

and hydrolysis of ATP (Obermann et al, 1998; Panaretou et al,

1998), which drives a conformational cycle, involving open-

ing and closing of a dimeric ‘molecular clamp’ via transient

association of the N-terminal domains (Chadli et al, 2000;

Prodromou et al, 2000). How this ATPase cycle in Hsp90 is

coupled to activation and/or stabilisation of its client proteins

is very poorly understood.

Hsp90 function is associated with a set of Hsp90-binding

co-chaperones that variously assist client-protein recruitment

or release, and modulate progress through the ATPase-

coupled chaperone cycle (reviewed in Pearl and

Prodromou, 2002). Hop/Sti1 is associated with the early

phase of the cycle and helps recruit Hsp70-bound client

proteins such as steroid hormone receptors to the Hsp90

system (Chen et al, 1996; Chen and Smith, 1998). Cdc37/

p50cdc37 has a similar function, but is specific for the recruit-

ment of protein kinases with which it interacts directly

(Grammatikakis et al, 1999). As well as their involvement

in client-protein recruitment, both Hop/Sti1 and Cdc37/

p50cdc37 have regulatory roles, and inhibit the ATPase cycle

of Hsp90 (Prodromou et al, 1999; Siligardi et al, 2002). Sba1/

p23 binds specifically to the ATP-bound state of Hsp90 in

which the N-terminal domains are associated (Chadli et al,

2000; Prodromou et al, 2000), slowing down the ATPase cycle

(Panaretou et al, 2002) and enhancing client-protein release

(Young and Hartl, 2000). Recently, we identified a new co-

chaperone, Aha1 (Panaretou et al, 2002), related to Hch1, a

high-copy number suppressor of an Hsp90 temperature-sen-

sitive allele (Nathan et al, 1999). In yeast, Aha1 and Hch1

were found to be required for Hsp90-dependent activation of

an authentic client protein, and in vitro bound directly to

Hsp90 stimulating its weak inherent ATPase activity by 412-

fold. To gain some insight into the nature of the interaction

between Hsp90 and Aha1/Hch1 and the mechanism by

which Hsp90 ATPase is activated, we have now determined

the crystal structure of a complex between the middle seg-

ment of Hsp90 (M-Hsp90) and the N-terminal domain of

Aha1 (N-Aha1), equivalent to the entirety of Hch1. The

structure reveals a novel fold for N-Aha1, and an extensive

interface with Hsp90 involving all three subdomains of M-

Hsp90. Binding of N-Aha1 elicits conformational changes in

the catalytic loop of M-Hsp90, and suggests a mechanism for

Hsp90 ATPase activation by the Aha1/Hch1 co-chaperone

family.

Results

Defining the Hsp90–Aha1 core interaction

As attempts to co-crystallise full-length Aha1 with full-length

Hsp90 have not been successful so far, we sought to identify

interacting regions of the two proteins that would be more

amenable to structural study. Previous structural and func-

tional studies of the middle segment of Hsp90 had suggested

that a significant component of the interaction with Aha1 was

mediated by this part of the chaperone (Meyer et al, 2003),

and this was analysed further by isothermal titration calori-

metry (ITC). Although substantial binding was observed
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between full-length Aha1 and the Hsp90(273–560) fragment

(Kd¼ 3.871.4 mM), maximal affinity between the two pro-

teins required full-length Hsp90 (Kd¼ 0.6770.07mM), sug-

gesting that some additional interactions with the N-terminal

and/or C-terminal domains of Hsp90 were involved.

However no significant interaction was observed between

Aha1 and either of those domains in isolation, confirming

that the middle segment of the chaperone provided the core

of the interaction with Aha1. Similarly, while full-length Aha1

gave the maximal observed stimulation of Hsp90s ATPase

activity, we had previously shown that a substantial degree of

stimulation could be obtained with the smaller homologue

Hch1 and with an N-terminal segment of Aha1 (residues

1–153) corresponding to the Hch1-homologous region

(Panaretou et al, 2002), suggesting that this region provides

the core of the interaction with Hsp90. Consistent with this,

the N-terminal Aha1 segment (1–153) bound Hsp90 with

significant affinity (Kd¼ 1.7570.15 mM). Taken together,

these data identify M-Hsp90 and N-Aha1 as the main inter-

acting parts of the proteins, which was confirmed by ITC

measurement (Kd¼ 3.370.8 mM).

On the basis of these results, crystallisation screens

were conducted with approximately equimolar mixtures of

Aha1(1–153) and an Hsp90 middle domain construct (273–

530). Two crystal forms giving useful diffraction were ob-

tained (see Materials and methods), and the structure of the

better diffracting form was phased by molecular replacement

with the previously determined structure of the isolated

Hsp90 middle segment (Meyer et al, 2003). The structure of

Aha1(1–153) was constructed from clear difference Fourier

maps, and the complex was refined at 2.15 Å. The second

crystal form diffracting to 2.7 Å contained four copies of the

complex in the asymmetric unit and was solved by molecular

replacement using the refined complex structure from the

higher-resolution crystals.

Structure of the Aha1 N-terminal domain

Aha1(1–153) itself is an elongated cylindrical structure,

E65 Å long with a diameter of E25 Å. The structure is

formed by an N-terminal a-helix leading into a four-stranded

meandering antiparallel b-sheet, followed by a C-terminal

a-helix (Figure 1). The two helices are packed together on

one side of the cylinder, with the b-sheet curving around

them, so that its convex face forms the other side of the

cylinder. The connecting loops between helix 1 and strand a,

and between strands b and c, at the ‘top’ end of the cylinder

are disordered in the smaller crystal form, but take up

ordered conformations due to crystal packing interactions

in two of the complexes in the larger crystal form.

Comparison of the Aha1(1–153) structure with the CATH

structural database (Pearl et al, 2000) identified only a single

structure of related fold (PDB: 1BP1, CATH code 3.15.10.10).

This is a domain from a human lipid-binding extracellular

glycoprotein involved in antibacterial defences (Beamer et al,

1997), for which no other structural relatives have been

identified and with no obvious evolutionary relationship to

Aha1 either in function or cellular localisation.

Structure of the Hsp90–Aha1 core complex

Within the high-resolution crystal form, Aha1(1–153) inter-

acts with two symmetry-related Hsp90(273–530) molecules

on opposite sides of its cylindrical structure (Figure 2A). On

one side, a small hydrophobic patch formed by the aromatic

ring edges of Trp 19 and Tyr 23 of Aha1 packs against the

exposed face of Trp 300 of Hsp90. This interaction does not

occur in the larger crystal form, suggesting that it is a lattice

contact. However, as Trp 300 is directly implicated in pro-

ductive client-protein binding to Hsp90 (Meyer et al, 2003),

this small hydrophobic ‘patch’ contact may be mimicking the

kind of interactions Hsp90 makes with client proteins

(Figure 2B).

The opposite side of the Aha1 molecule makes substantial

and extensive interactions with Hsp90, along the entire

length of both molecules and involving all three subdomains

of the Hsp90 middle segment (Figure 3A). The Hsp90–Aha1

complex generated by this interaction is present in both

crystal forms, suggesting that it is the biologically relevant

unit. The core of the interaction with Aha1 is provided by the

hydrophobic side chains of Leu 315, Ile 388 and Val 391 from

the first domain of the Hsp90 middle segment, which pack

against side chains of Ile 64, Leu 66 and Phe100 of Aha1

(Figure 3B). This hydrophobic interface is supported by polar

Figure 1 Aha1 N-terminal domain structure. (A) Secondary struc-
ture cartoon of the N-terminal domain of Aha1 (residues 1–153)
rainbow coloured (blue-red) from the N- to C-terminus of the
domain. The molecule has an overall cylindrical structure. (B)
Alignment of the sequences for the N-terminal domains of repre-
sentative Aha1 homologues from budding yeast (Sc), fission yeast
(Sp), plants (At), flies (Dm), worms (Ce) and humans (Hs), and the
entire sequence of the yeast Hch1 (Sc). Secondary structural ele-
ments are marked as in (A). The strongly conserved Trp/Asn-rich
and basic motifs are highlighted in blue; regions involved in
contacts with Hsp90 (see below) are highlighted in yellow.

Hsp90–Aha1 complex structure
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interactions between the side chain of Gln 314 from Hsp90

and the main chain of Ile 64-Ser 65 of Aha1. Higher up on the

first domain of the middle segment of Hsp90, lysine residues

387, 390, 394 and 398 on the exposed face of the long

amphipathic helix (387–409) form an extensive network of

hydrogen bonding and ion-pair interactions with Asp 53, Asp

68, Glu 97 and Asp 101 from Aha1. The helical coil segment

connecting the two aba domains of the Hsp90 middle seg-

ment is involved in reciprocal side-chain to main-chain

interactions involving Gln 434 of Hsp90 and Gln 108 of

Aha1, reinforced by a hydrophobic interaction between the

side chains of Thr 433 of Hsp90 and Pro 96 of Aha1. The

small aba domain of Hsp90 interacts via ion pairs involving

Lys 469, Lys 514 and Glu 515 from Hsp90, and Glu 122, Asp

110 and Arg 128 of Aha1, respectively. Apart from the close-

packed hydrophobic interaction between Aha1 and the first

domain of the Hsp90 middle segment, the interface is rela-

tively open and polar with an extensive network of solvent

bridges between the two proteins, and a complementary

pattern of charged patches on the opposing surfaces. The

polar nature of much of this interface explains the previously

observed sensitivity of the Aha1–Hsp90 interaction to high

salt (Panaretou et al, 2002).

Although no crystal structures for a full-length Hsp90

molecule have yet been reported, it has been possible to

construct a working model for the majority of the Hsp90

molecule from the structures of the separate N-terminal and

middle segments (Prodromou et al, 1997; Meyer et al, 2003).

By superimposing the Hsp90 component of the Aha1(1–153)–

Hsp90(273–530) complex structure described here onto that

reconstructed Hsp90 model, the orientation and interactions

of Aha1 with respect to the full Hsp90 structure can be

defined. In this complex, the visible N- and C-termini of

the Aha1(1–153) are both directed towards the N-terminal

nucleotide-binding domain of Hsp90 (Figure 4A). The C-

terminus of this N-terminal Aha1 construct corresponds

approximately to the true C-terminus of the smaller Hch1

homologues, found only in some simple yeasts. However, in

the longer Aha1 proteins, the visible C-terminus would lead

into an B200 residue C-terminal domain whose structure is

as yet unknown.

Consistent with its proposed biological role, those residues

in Aha1 that are involved in binding Hsp90 are among

the most conserved between different species (Figure 1),

although Aha1 sequences themselves are far more diverged

Figure 2 Hsp90–Aha1 lattice contacts imitating client-protein inter-
actions. (A) Two consecutive Hsp90 middle-segment molecules in
different asymmetric units in the high-resolution crystal form, both
make contact with an Aha1 N-domain molecule. The highlighted
interactions between the right-hand M-Hsp90 molecule and N-Aha1
are lattice contacts that do not occur in the second crystal form.
However, these involve residues in Hsp90 that have been implicated
in interactions with client proteins (Sato et al, 2000; Meyer et al,
2003), and suggest that this contact may reflect the kind of inter-
action Hsp90 makes with client proteins. (B) Detailed view of the
interaction between the exposed hydrophobic side chain of Trp 300
in the putative client-binding site of Hsp90, and a shallow hydro-
phobic recess on the outer face of Aha1.

Figure 3 Hsp90–Aha1 complex. (A) The middle segment of Hsp90
contacts the Aha1 N-terminal domain over the entire length of both
molecules, with interactions involving all three subdomains of M-
Hsp90. Apart from a core hydrophobic interaction (see (B)), the
interface involves many ion pairs and direct and solvent bridged
polar interactions. Solvent molecules bound at the interface are
show as green spheres. (B) Detailed view of the interface between
the first aba domain of M-Hsp90 and N-Aha1, centred on the
hydrophobic interaction between Ile 64, Leu 66 and Phe 100 from
Aha1 and Leu 315, Ile 388 and Val 391 from Hsp90. Above this, the
two proteins interact via a ‘ladder’ of ion pairs formed between Asp
53, Asp 101, Asp 68 and Glu 97 from Aha1, and lysines 387, 390,
394 and 398 from Hsp90. Side chains of Hsp90 residues are shown
in white, and those of Aha1 in cyan.

Hsp90–Aha1 complex structure
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than those of Hsp90. However, one of the most highly

conserved segments of sequence in Aha1 (and Hch1) occurs

at the extreme N-terminus (5-NPNNWHW–11) and is disor-

dered in the higher-resolution crystal form, and in all but one

of the complexes in the lower-resolution crystals, where it is

partly ordered by a nonspecific crystal lattice contact. Despite

its lack of order, on the basis of the Aha1(1–153)–Hsp90(273–

530) complex structure, this Trp/Asn-rich conserved N-term-

inal motif in Aha1 and Hch1 would approach the expected

position of the N-terminal nucleotide-binding domain of

Hsp90 in the intact protein complex (Figure 4A) and could

therefore play a role in modulating the ATPase activity of the

chaperone. To test this, we analysed the ability of Aha1

mutants with this N-terminal segment deleted, to assist

Hsp90-dependent v-Src activation in vivo and/or to stimulate

Hsp90 ATPase in vitro. Surprisingly, loss of this conserved

motif did not impair the function of full-length Aha1 in vivo

(data not shown), nor did it significantly alter the ability of

Aha1 to stimulate Hsp90s ATPase activity in vitro (Figure 4B).

The lack of significant effect on Hsp90 ATPase activation

when this highly conserved motif is deleted from Aha1,

suggests that is involved in some other aspect of Aha1

function.

Conformational switching in the catalytic loop

While the N-terminal domain of Hsp90 provides all the

interactions required for binding ATP, in isolation it has

negligible ATPase activity (Prodromou et al, 2000) as it

lacks a key catalytic residue required for orientating and

polarising the g-phosphate of ATP. Structural homology to

other GHKL-family ATPases GyrB and MutL suggests that this

function in Hsp90 is provided by Arg 380 in the 370–390 loop

connecting the end of strand d and the beginning of helix 2 in

the middle segment (Meyer et al, 2003) (Figure 5A). This is

supported experimentally by complete loss of Hsp90 ATPase

activity when Arg 380 is mutated (Meyer et al, 2003).

Comparison of the structure of the middle segment of

Hsp90 in free and Aha1-bound crystals suggests that

ATPase activation by N-Aha1 and Hch1 involves a conforma-

tional switch in the catalytic loop (370–390) of Hsp90. In the

uncomplexed structure of the Hsp90 middle segment, the

chain emerging from the end of the central b-sheet at Glu 372

forms a short a-helix N-terminally capped by Ser 379 and

ending with Asn 386. From here the chain connects via Lys

387 and Ile 388 to the N-terminus of a long a-helix starting at

Met 389. In the short helix, the side chains of Leu 378 and

Leu 383 pack back into the hydrophobic core, while the side

chains of Arg 380, Gln 384 and Lys 387 are involved in polar

interactions with Glu 353, Glu 355 and Asp 356 in an over-

lying region of the middle segment. In this conformation, the

key catalytic residue Arg 380 is directed away from the

expected position of the N-terminal nucleotide-binding do-

main and would be unable to interact with the g-phosphate of

bound ATP in the same way as the catalytic lysines in the

equivalent region of MutL and GyrB (Figure 5A and B). In all

of the five crystallographically independent views of the M-

Hsp90–N-Aha1 complex available from the two crystal forms,

the long a-helix becomes extended by one complete turn at

the N-terminus, compared with the structure in the absence

of Aha1 (Figure 5B–D). This additional turn of helix incorpo-

rates Lys 387 and Ile 388, whose side chains move by 415

and 48 Å, respectively, into the core interaction with Aha1,

while the side chain of Asn 386 now provides the N-terminal

cap to this extended a-helix. Recruitment of Ile 388, Lys 387

and Asn 386 into the long helix ‘steals’ residues from the

short helix present in the free structure, substantially desta-

bilising it and releasing Arg 380 from interaction with Glu 353

and Glu 355. In the higher-resolution crystal form of the M-

Hsp90–N-Aha1 complex, residues 379–383 are disordered.

However in the four copies of the complex in the second

crystal form, ordered but subtly different structures are

visible for this segment. The core interactions are similar in

all cases, but reflecting its plasticity there are small variations

in the conformation of the 370–390 loop, in the degree of

interaction with Aha1, and in the extent to which Arg 380 is

detached from its retracted conformation (with knock-on

effects on the conformation of the overlying loop containing

the acidic residues Glu 353, Glu 355 and Asp 356).

That the conformational change observed in the 370–390

loop releases Arg 380 to access the ATP binding site in the

Figure 4 Aha1 proximity to the nucleotide-binding domain. (A)
Docking of the crystal structure of the M-Hsp90–N-Aha1 complex
onto the model for the combined N-terminal and middle segments
of an Hsp90 monomer (Meyer et al, 2003) directs the C-terminus
of the Aha1 N-terminal domain (rainbow coloured) towards the
nucleotide-binding domain of Hsp90. The C-terminal domain of
Aha1, which is not present in the smaller Hch1 homologue, could
interact with the nucleotide-binding domain to further enhance ATP
turnover. (B) Comparison of stimulation of yeast Hsp90 ATPase
activity by wild type (wt) and D11-Aha1, in which the disordered N-
terminal 11 residues have been deleted. Although it contains the
NxNNWHW motif, which is highly conserved in Aha1 and Hch1
sequences, deletion of the N-terminal 11 residues produced only a
very small decrease in the degree of activation elicited by Aha1,
suggesting that it is not involved in the activation mechanism.

Hsp90–Aha1 complex structure
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N-terminal domain of Hsp90 (Meyer et al, 2003) suggests a

role in the mechanism of ATPase activation common to both

Aha1 and Hch1. We therefore analysed the effect on ATPase

activation of a series of N-Aha1 mutations in polar residues

involved in interactions with the 370–390 loop in Hsp90, by

mutation of Lys 387 in Hsp90 itself, which undergoes the

largest movement on Aha1 binding, and by mutation of Asp

53 in N-Aha1, which interacts with Lys 387. As the confor-

mational change in the 370–390 loop of Hsp90 appears to be

dependent on Aha1 binding, the processes of binding and

activation cannot be truly separated, and any mutation that

diminishes activation will inevitably decrease the affinity of

the interaction. To help deconvolute these coupled effects, the

effectiveness of the Aha1 mutants in activating Hsp90 ATPase

was determined at a range of Aha1 concentrations ranging

from equimolar with Hsp90 to 32-fold molar excess. Effects

on affinity can then be seen as changes in the concentration

at which Aha1 mutants achieve half-maximal effect (EC50),

while effects on activation itself are shown by the maximal

effect at saturation, at which point all the Hsp90 is fully

bound by the N-Aha1 or mutant protein. Thus, if the

decreased activation observed for a mutant were purely due

to decreased affinity, the curve will shift to the right but tend

to the same maximal activation at saturation, whereas if wild-

type activation is not attained at full saturation, the mutation

is directly affecting the activation mechanism.

Arg 59, and Lys 60 and 62 are part of a basic motif 59-

RKGK-62, which occurs at the flexible tip of the loop con-

necting strands a0 and b in Aha1, and is totally conserved in

the Aha1/Hch1 family. In all copies of the complex with

Hsp90, the side chains of these residues are directed towards

Hsp90 and form ion-pair interactions with Glu 372 and Asp

373 at the beginning of the catalytic loop, which would serve

to stabilise the loop in its active conformation. Consistent

with this role, mutation of any of these residues to alanine

caused a significant decrease in the ability of Aha1 to

stimulate ATPase activity at saturation, most marked for

Lys 60 which comes closest to Glu 372 and Asp 373 in the

complex with Hsp90, but with only small increases in the

corresponding EC50 (Figure 6A). The Kd for the interaction of

K60A N-Aha1 with Hsp90 determined by ITC was 5.7 mM

compared to 1.75 mM for the wild-type N-Aha1 (data not

shown), confirming that the concentrations used were truly

saturating, and the effects observed can be attributed to

defects in the mechanism of activation, and not to the

small decrease in affinity.

Residues 386–388 in Hsp90 undergo a large conformational

change upon binding of N-Aha1, with the side chain of Lys

387 in particular moving 415 Å to hydrogen bond to the

backbone carbonyl of Leu 66 and the carboxyl side chain of

Asp 53 from N-Aha1 (see above). As the residues in this

segment form a substantial part of the core interaction with

Aha1, mutations that affect their ability to undergo this

conformational change would be expected to have significant

effects on activation and binding. Mutation of Lys 387 to

alanine, which would weaken but not prevent the Aha1-

induced conformation, caused a small decrease in affinity

for N-Aha1 (Kd¼ 8.5mM by ITC) compared to wild type, but

the K387A Hsp90 could be activated to B90% wild-type levels

at saturation (Figure 6B). The complementary D53A mutation

in N-Aha1, which would also permit the conformational

change, behaved in a similar fashion when combined with

wild-type Hsp90. In contrast, the Hsp90 K387D charge-rever-

sal mutation, which would positively obstruct the conforma-

tional change, produced a substantial loss of activation

accompanied by a large decrease in affinity (Kd¼ 37mM by

ITC). The complementary D53K mutation in N-Aha1 produced

a similar loss of activation with wild-type or mutant Hsp90s.

Figure 5 Conformational switching in the g-phosphate-binding
loop. (A) Comparison of the conformations of the g-phosphate-
binding loops (highlighted in gold) from the distantly related GHKL-
family proteins GyrB, MutL and Hsp90. In the GyrB and MutL
structures, where the N-terminal domain (not shown) contains a
bound ATP analogue, the loops adopt an active conformation in
which the catalytically essential basic residue (cyan) can contact the
g-phosphate. In uncomplexed Hsp90 in the absence of a nucleotide-
bound N-terminal domain, the loop adopts a retracted structure
with a short helix, in which the catalytic Arg 380 points back to the
middle segment. (B) Detailed view of the retracted conformation of
the catalytic loop (370–390) in Hsp90. Gln 384 and Lys 387, and the
catalytically essential Arg 380 make ion-pair and polar interactions
with a series of acidic residues (Glu 353, Glu 355 and Asp 356) on
the overlying structure. (C) Detailed view of the catalytic loop of
Hsp90 in the M-Hsp90–N-Aha1 complex. Binding of Aha1 causes
the side chain of Lys 387 to move 415 Å, breaking its intramole-
cular ion-pair interaction with Asp 356 to hydrogen bond to the
main-chain carbonyl of Leu 66 and ion pair with the side-chain
carboxyl of Asp 53 of Aha1. Simultaneously, Ile 88 moves 48 Å to
pack against the side chain of Leu 66 on Aha1. These movements
add an extra turn to the beginning of the long helix following the
catalytic loop in Hsp90, and destabilise the short helix (379–386),
releasing Arg 380 from its retracted and inactive interaction with
Glu 353 and Glu 355. (D, E) As (C), but from two other crystal-
lographically independent copies of the M-Hsp90–N-Aha1 complex,
showing the plasticity of the Hsp90 middle-segment catalytic loop.

Hsp90–Aha1 complex structure
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Discussion

Co-chaperone interactions

Hsp90 is the central component of an ordered set of dynamic

and interchanging multiprotein complexes with co-chaper-

ones, which facilitates the activation of Hsp90-dependent

client proteins (reviewed in Pearl and Prodromou, 2002;

Pratt and Toft, 2003). Thus, in addition to binding the client

proteins themselves, Hsp90 must provide binding sites for the

various co-chaperones, some of which additionally interact

with the client protein and with each other. Hitherto, the only

co-chaperone interaction site mapped onto Hsp90 at the

molecular level (Scheufler et al, 2000) was the C-terminal

MEEVD peptide that binds to tetratricopeptide-repeat (TPR)

domains in co-chaperones such as the immunophilins

FKBP52 and Cyp40 (Owens-Grillo et al, 1996a, b; Ratajczak

and Carrello, 1996), Cns1 (Dolinski et al, 1998; Marsh et al,

1998), Hop/Sti1 (Chen et al, 1998) and the protein phospha-

tase PP5/Ppt1 (Silverstein et al, 1997). The structure of the

Hsp90–Aha1 core complex is significantly different from

these and provides the first observation of a protein–protein

interaction between Hsp90 and one of its co-chaperones.

Primary interaction of Aha1 with the middle segment of

Hsp90 confirms previous biochemical data (Meyer et al,

2003), and is fully consistent with the observation that

Aha1 can coexist in Hsp90-based complexes with TPR-do-

main co-chaperones (Panaretou et al, 2002), which are

mutually exclusive among themselves for binding to their

C-terminal binding site (Owens-Grillo et al, 1995, 1996a).

Activation mechanism

The Aha1(1–153) domain within the core complex is equiva-

lent to the entire structure of the homologous Hch1 ATPase

activating co-chaperone, and provides E40% of the affinity

for Hsp90, and B1/3 of the ATPase activation (Panaretou

et al, 2002) of full-length Aha1. While this part of Aha1 is not

sufficient for the maximal activation elicited by the full-length

protein, it is absolutely necessary for that activation, as the C-

terminal part of Aha1, which is not present in Hch1, has no

ability to activate Hsp90 in isolation. Thus, the primary

mechanism of Hsp90 ATPase activation common to the

Aha1 and Hch1 co-chaperones lies within the structure pre-

sented here.

The available biochemical and genetic evidence points at

the loop from residues 370–390 connecting the end of strand

d and the beginning of helix 2 in the middle segment of

Hsp90, as the point at which Aha1/Hch1 exerts its influence.

Direct involvement of this loop in catalysis is suggested by

structural homology to other GHKL-family ATPases GyrB and

MutL, where the equivalent segments provide the key cata-

lytic contact(s) for the g-phosphate of ATP bound in the

N-terminal domain. This is supported experimentally by

complete loss of Hsp90 ATPase activity when Arg 380 and,

to a lesser extent, Gln 384 in this loop are mutated (Meyer

et al, 2003). Interaction of this loop with Aha1/Hch1 is

suggested by the ability of Hch1 overexpression to suppress

the in vivo temperature sensitivity of the yeast Hsp90 mutant

E381K, which maps in this loop (Nathan et al, 1999), and the

substantially reduced sensitivity of the E381K mutant to

ATPase activation by Aha1 in vitro (Panaretou et al, 2002).

Together with the structure of the M-Hsp90–N-Aha1 complex

presented here, these data provide compelling circumstantial

evidence for a mechanism in which N-Aha1 or Hch1 facilitate

and/or stabilise a conformational switch in the catalytic 370–

390 loop in the middle segment of Hsp90, which enhances its

ATPase activity.

In the isolated Hsp90 middle segment, the catalytic loop

shows a substantial degree of conformational plasticity with

three different ordered conformations observed in separate

molecules in two crystal forms (Meyer et al, 2003). In the

most ordered of these conformations, the critical catalytic

residue Arg 380 is directed away from the N-terminal domain

and tucked back into the body of the middle segment in a

catalytically inactive conformation (Figure 5A and B). Some

insight into the ‘active’ conformation required for this loop

can be gained by comparison with the topologically equiva-

lent loops in the distantly related MutL and GyrB proteins, for

both of which there are structures containing the N-terminal

and following domains, in complex with the nonhydrolysable

ATP analogue AMPPNP (Wigley et al, 1991; Ban et al, 1999).

In both cases the loop, equivalent to the catalytic loop in

Hsp90, forms an ordered hairpin structure with the side chain

of a lysine residue at the tip (Lys 307 in MutL; Lys 335 in

Figure 6 Functional analysis of Hsp90–Aha1 interacting residues.
(A) The basic RKGK motif in Aha1 forms ion pairs with acidic side
chains in the catalytic loop that will stabilise the active conforma-
tion. Mutation of all these residues to alanine produces a substantial
decrease in ATPase activation as judged by the maximal activation
achieved at saturation, but with little decrease in affinity. (B) Asp 53
in Aha1 and Lys 387 in Hsp90 form part of the core interaction
between the two proteins following a binding-induced conforma-
tional change in the 370–390 loop of Hsp90. Mutation of either of
these residues to alanine, which permits the conformational change,
causes a decrease in affinity but only a small decrease in ATPase
activation. Charge-reversal mutations at either residue prevent
adoption of the binding-induced conformation and substantially
decreases activation and affinity.
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GyrB) pointing down towards the g-phosphate of AMPPNP

bound in the N-terminal domain (Figure 5A). The catalytic

loop in Hsp90 is four residues shorter, but would be perfectly

capable of forming a similar hairpin structure to the MutL

and GyrB equivalents, with the side chain of Arg 380 directed

towards the g-phosphate of a bound ATP. However, in the

absence of such contacts, and unlike the equivalent in MutL

(Ban and Yang, 1998), the Hsp90 loop has a well-ordered

alternative and catalytically inactive conformation in which

Arg 380 binds back into the middle segment. Redirection of

Arg 380 towards an ATP bound in the N-terminal domain

would require melting of the local helical secondary structure

and disruption of all of these side-chain interactions, present-

ing an energetic barrier to that conformational change. As

positioning and neutralisation of the g-phosphate is critical

for ATP hydrolysis, a conformational switch in the 370–390

loop from the retracted helical conformation to an extended

hairpin loop is likely to be a rate-limiting event.

In the M-Hsp90–N-Aha1 complex presented here, binding

of N-Aha1 is accompanied by conformational changes in the

370–390 loop that release Arg 380 from its retracted inacti-

vating conformation. This strongly suggests that the mecha-

nism of activation by N-Aha1/Hch1 Hsp90 proceeds via

induced remodelling of the g-phosphate-binding loop.

Consistent with this, disruptive mutations of residues in-

volved in the core interaction between the remodelled 370–

390 Hsp90 loop and N-Aha1 substantially impaired ATPase

activation. However, mutations in the RKGK motif that inter-

acts with acidic groups at the start of the 370–390 loop

produced an almost pure loss of activation, with only a

small decrease of affinity. Although binding and remodelling

are inextricably linked, decreased activation and decreased

affinity are not simply correlated. Thus, N-Aha1-K60A and

Hsp90 bind to each other with higher affinity than N-Aha1

and Hsp90-K387A (Kd 5.7 and 8.5 mM, respectively, by ITC),

but with only B40% of the ATPase activity at saturation

(Figure 6A and B).

Hsp90 regulation

While Hsp90 in isolation possesses a weak inherent ATPase

activity in vitro, it is becoming clear that this activity in vivo

will be tightly regulated by interactions with the various

Hsp90-associated co-chaperones, which participate in the

dynamic series of complexes that accompanies the ATPase-

coupled chaperone cycle. Hop/Sti1 and Cdc37/p50cdc37 in-

hibit ATP turnover in the early phase of the cycle in which

client proteins are loaded onto Hsp90 (Prodromou et al, 1999;

Siligardi et al, 2002). The mechanism of this inhibition is

unclear, but at least for Hop/Sti1 may involve stabilisation of

the dimeric Hsp90 molecular clamp in an open conformation

in which the N-terminal nucleotide-binding domains cannot

associate (Prodromou et al, 2000; Richter et al, 2003). The

‘late’ co-chaperone p23/Sba1, which only associates with

Hsp90 in the ATP-bound and N-terminally dimerised form

(Chadli et al, 2000; Prodromou et al, 2000; Sullivan et al,

2002), slows down the cycle by stabilising the closed con-

formation of the clamp, but as it binds after ATP, it cannot

completely inhibit the ATPase activity (Panaretou et al, 2002).

The mechanism by which p23/Sba1 stabilises the closed

conformation of ATP-bound Hsp90 has not yet been deter-

mined, but most likely involves the formation of a structural

bridge between associated N-terminal domains in the dimer.

An ability to activate the Hsp90 ATPase has now been

found in two co-chaperones. The TPR-domain cyclophilin

Cpr6/Cyp40 stimulates the ATPase activity of yeast Hsp90 up

to two-fold, a property that does not require its peptidyl

prolyl isomerase domain (Panaretou et al, 2002). A far

more substantial degree of Hsp90 ATPase activation is dis-

played by the recently described Aha1 (more than 50-fold for

hHsp90b) and, to a lesser extent, its smaller homologue Hch1

(Panaretou et al, 2002; Lotz et al, 2003). Activation by Cpr6

and Aha1 is synergistic, suggesting that they operate by

complementary mechanisms. The data presented here show

that a substantial part of the activation mechanism for the

Aha1/Hch1 co-chaperones involves facilitating a conforma-

tional switch in the g-phosphate-binding loop of the Hsp90

middle segment, from a retracted and inactive state, into an

extended conformation in which the catalytic Arg 380 can

access the nucleotide bound to the N-terminal domain.

Materials and methods

Protein expression and purification
Constructs of the middle region (273–530) of yeast Hsp90 (M-
Hsp90), and of the N-terminal Hch1-homologous region (1–153) of
yeast Aha1 (N-Aha1), both with N-terminal His6-tag, were inserted
into pRSETA and expressed in Escherichia coli BL21(DE3) pLysS as
previously described (Panaretou et al, 2002; Meyer et al, 2003). In
both cases expressed proteins were purified by metal affinity
chromatography on Talon resin, ion exchange on Q-sepharose, and
size-exclusion chromatography on a Superdex 75 PG column
equilibrated in 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA and
0.5 mM DTT (buffer A). Fractions containing pure proteins were
dialysed against buffer A and finally concentrated using 5 K
Vivaspin concentrators.

Crystallisation of the M-Hsp90/N-Aha1 complex
High diffraction quality crystals (crystal 1) grew from a mixture
of M-Hsp90 and N-Aha1 at a final concentration of 110 and 165mM,
respectively, in a solution containing 90 mM ammonium sulphate,
13.5%. (w/v) polyethylene glycol 8000 and 45 mM sodium
cacodylate (pH 6.5) in under-oil microbatch experiments at 191C.

A second crystal form (crystal 2) was obtained from a mixture of
M-Hsp90 and N-Aha1 at a final concentration of 130 and 195mM,
respectively, in a solution containing 560 mM tri-sodium citrate
dihydrate (pH 6.5) in under-oil microbatch experiments at 191C.

Crystallographic data collection, phasing and refinement
Crystals were transferred through crystallisation buffers with
progressively higher glycerol concentration up to 20% v/v and
then flash cooled in liquid nitrogen. Crystals of the first form
(crystal 1) had space group P21 with unit cell dimensions
a¼ 58.9 Å, b¼ 37.9 Å, c¼ 111.3 Å and b¼ 97.71. A data set was
collected on beamline ID14-1 at ESRF Grenoble. Image processing
and data reduction were carried out using MOSFLM (Leslie, 1995),
and scaled and merged using programs of the CCP4 suite (CCP4,
1994). A molecular replacement solution was found with AmoRe
(Navaza, 1994) using the structure of the central region of Hsp90
(PDB code 1HK7) as a search model. The correct solution showed
a correlation coefficient of 33.9 and an R-factor of 48.4 with one
molecule of the Hsp90 middle segment per asymmetric unit. This
solution gave a map of good quality in which the N-Aha1 structure
was clearly visible. The majority of the Aha1 moiety was built
at this stage using TURBO (Roussel and Cambillau, 1991), and
the resulting structure was refined using CNS (Brunger et al,
1998) together with manual correction with TURBO and O (Jones
et al, 1991).

Crystals of the second form have the space group P21 with unit
cell dimensions a¼ 58.4 Å, b¼ 207.9 Å, c¼ 84.5 Å and b¼ 98.41. A
data set was collected on beamline ID14-1 at ESRF Grenoble, and
processed as for crystal form 1. The structure was solved by
molecular replacement using AmoRe with the refined structure
from crystal 1 as the search model. The correct solution showed a
correlation coefficient of 62.3 and an R-factor of 39.5 with four
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M-Hsp90/N-Aha1 complexes in the asymmetric unit, and was
subsequently refined using the procedure described for crystal 1.

Statistics for the data collections and refinements are given in
Table I. Coordinates have been deposited in the Protein Databank
with accession codes 1USU and 1USV. Molecular graphics were
generated with PyMol (DeLano Scientific www.pymol.org).

Mutagenesis and ATPase activation assays
N-Aha1 mutants D53A (GAT to GCT), D53K (GAT to AAG), R59A
(CGT to GCT), K60A (AAG to GCG) and K62A (AAG to GCG), and
Hsp90 mutants K387A (AAG to GCG) and K387D (AAG to GAT)
were generated using the Stratagene Quick Change site-directed
mutagenesis kit, according to the manufacturer’s instructions.
Mutant proteins were expressed in E. coli and purified as the wild
type (see above).

ATPase activity of purified Hsp90 was measured using an
enzyme-linked spectrophotometric assay as previously described
(Panaretou et al, 1998; Panaretou et al, 2002). Activation by wild
type and D11-Aha1 was determined by additions of 2, 4 and 16mM of
Aha1 to 2mM Hsp90 at 371C. For N-Aha1 assays, 0.5, 1, 2, 4, 8, 16,
32 and 64mM N-Aha1, D53A, D53K, R59A, K60A or K62A mutant
was added to 2mM wild-type, K387A or K387D Hsp90 at 371C.

Isothermal titration calorimetry
Heats of interaction between Hsp90 and N-Aha1 constructs were
measured on an MSC system (Microcal Inc.). Fifteen aliquots of
20 ml Aha1, N-Aha1 or mutant were injected into 1.458 ml of
34.2mM full-length Hsp90, mutant Hsp90 or Hsp90(273–560) at
301C in 40 mM Tris (pH 8.0) containing 1 mM EDTA and 5 mM NaCl.
The injected Aha1 proteins were either at 324 or 267mM. After
subtracting the heats of dilution, determined in a separate
experiment by diluting protein in buffer, the resulting data were
fitted using a nonlinear least-squares curve-fitting algorithm
(Microcal Origin) with three floating variables: stoichiometry,
binding constant and change of enthalpy of interaction.
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Observations 26832 53437
Completeness (%) 99.1 (99.0) 98.0 (94.5)
Multiplicity 3.6 3.0
Rmerge (%) 8.9 (30.2) 10.4 (33.8)
I/sig I 4.0 (2.3) 4.3 (2.2)

Refinement
Resolution range (Å) 100–2.15 100–2.7
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