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Preface

Molecular chaperones were first identified more than 30 years ago and have been

the subject of considerable research ever since. Their importance in a wide range of

different cellular processes has been recognised and in the past decade great strides

have been made in understanding them from a structural and mechanistic perspec-

tive. This issue of Topics in Current Chemistry reviews work in the field over the

past decade.

Numerous definitions for the term molecular chaperone exist – one long-

standing definition is that they are a functional class of unrelated families of protein

that assist the folding or assembly of other polypeptide-containing structures

in vivo, but are not components of these assembled structures when they are

performing their normal biological functions. Although many think of molecular

chaperones in terms of how they affect protein folding, this class of proteins has a

much wider role in the cell, and chaperones are involved in assembly and disas-

sembly of macromolecular complexes, play essential roles in targeting and translo-

cation of proteins to specific cellular locations and compartments, are central to

many cellular degradation pathways, also regulate cell signalling and through heat

shock factor 1 regulate the cellular stress response. Collectively, molecular chaper-

ones in conjunction with other systems govern proteostasis in vivo.

So many families of molecular chaperones are now known it is not possible to

discuss in detail the latest research for all of these. Instead, this issue is focussed on

six key families for which there have been major advances in knowledge over the

last 10 years.

The first two chapters focus on molecular chaperones which can perhaps be

described as true protein folding catalysts, as they accelerate the rate of otherwise

slow, rate-limiting steps in folding, that is, disulphide bond formation/rearrange-

ment and peptidyl prolyl isomerisation. PDI, protein disulphide isomerase, is one of

the most abundant proteins in the endoplasmic reticulum and plays a critical role in

the oxidative folding of many ER and extracellular proteins. Chapter 1 describes

recent advances in our understanding of the structure and function of PDI, as well as

the Dsb family of chaperones which carry out similar functions in prokaryotes. The

diversity of potential pathways and intermediates in the oxidative folding of

proteins is illustrated using BPTI and detailed mechanistic studies on how PDI

facilitates the folding of such systems are provided. The challenges in investigating

a complex system in which the chaperone has multiple domains with differing
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structures and functions but where high-resolution structural information can only

be obtained on individual domains are nicely exemplified. Recent work establishing

how the individual domains interact both structurally and functionally with each

other to provide a holistic view of PDI’s mechanism of action is described.

Chapter 2 describes all three families of known peptidyl prolyl isomerases

(PPIases) including the FKBPs, cyclophilins and parvulins. These chaperones

catalyse conformational interconversions of peptide bonds which can be critical

to the correct folding of many proteins. The structural and chemical features of

PPIases and the catalytic cycle are described, and a discussion of chaperoning

versus catalysis is also included.

One common feature of molecular chaperones is that many are multi-domain

and/or oligomeric proteins. The intra-domain and inter-molecular dynamics of

these systems can play a very important role in their function, and this is particu-

larly true for the small heat shock proteins (sHsps). Chapter 3 describes the dynamic

architecture of this class of chaperones and how their oligomeric state affects their

chaperoning activity. Another common feature of many chaperones is that different

classes cooperate together in chaperoning networks, some acting, as the small heat

shock proteins do, as “holdases” in conjunction with other classes of chaperones

that act as “foldases”. This is well illustrated in this chapter, the authors coining

the phrase “paramedics of the cell” to describe the sHsps which effectively

keep proteins alive until the medics (in this case other classes of chaperones) can

treat them.

The Hsp70 family of molecular chaperones, which in bacteria comprises DnaK,

DnaJ and a nucleotide exchange factor such as GrpE, has a central role in many

cellular processes. Hsp70 is a classic chaperone with ATPase activity which is

linked with conformational rearrangements in its multi-domain structure. Chapter 4

describes in detail the structure of the Hsp70 system and how ATP binding and

hydrolysis linked with conformational changes create a functional cycle which

binds and releases unfolded polypeptide chains in a controlled manner. This chapter

highlights the importance of allostery in molecular chaperone machines and it goes

on to demonstrate how allosteric effectors may act as drugs targeting cellular

chaperones. This chapter introduces the idea that chaperones are closely associated

with many disease states including neurodegenerative disorders and cancer, and

this theme is continued in Chapter 5 on Hsp90s, which not only describes the

importance of Hsp90 inhibitors as cancer therapeutics, but also recent work which

has begun to establish that chaperones, in particular Hsp90, may also be important

in the development of therapeutic agents against viral infection, protozoan parasites

and other human pathogens as well as a large number of neurodegenerative

disorders. Chapter 5 also describes the biological activity of this important chaper-

one and the many structural and functional studies that have generated considerable

insight into the mechanism of its action. As with the chapter on the Hsp70 system,

this section illustrates how ATP binding and hydrolysis, and the binding of cocha-

perones, are linked with conformational changes in Hsp90 which results in activa-

tion of client (substrate) proteins.
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The first five chapters are focussed on major classes of intracellular chaperones

whilst the final chapter, Chapter 6, describes recent work in the increasingly

important field of extracellular molecular chaperones. The function of a number

of extracellular chaperones such as clusterin, a2 microglobulin, haptoglobulin,

apoE, serum amyloid P component, caseins and fibrinogens are all described, in

addition to the link between these molecular chaperones and various disease states,

in particular neurodegenerative diseases.

Together, it is hoped that this issue of Topics in Current Chemistry provides a

useful resource for anyone coming into the field of molecular chaperones as well as

those of us who have been working in this area for many years. I would like to take

this opportunity to thank all the authors for their contributions and the staff at

Springer for their patience.

Cambridge, UK Sophie E. Jackson
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Assisting Oxidative Protein Folding: How

Do Protein Disulphide-Isomerases Couple

Conformational and Chemical Processes

in Protein Folding?

A. Katrine Wallis and Robert B. Freedman

Abstract Oxidative folding is the simultaneous process of forming disulphide

bonds and native structure in proteins. Pathways of oxidative folding are highly

diverse and in eukaryotes are catalysed by protein disulphide isomerases (PDIs).

PDI consists of four thioredoxin-like domains, two of which contain active sites

responsible for disulphide interchange reactions. The four domains are arranged in

a horseshoe shape with the two active sites facing each other at the opening of the

horseshoe. An extended hydrophobic surface at the bottom of the horseshoe is

responsible for non-covalent, hydrophobic interactions with the folding protein.

This binding site is capable of distinguishing between fully-folded and partially- or

un-folded proteins. PDI is not only a catalyst of the formation of disulphide bonds,

but also catalyses folding steps which involve significant conformational change in

the folding protein. This review brings together the latest catalytic and structural

data aimed at understanding how this is achieved.

Keywords Endoplasmic reticulum � Enzyme mechanism � Mobility � Oxidative
folding � Protein conformation
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1 Introduction and Scope

Conventional chaperones facilitate conformational processes; they assist polypep-

tides along pathways to folded rather than misfolded products, and these products

differ from each other – and from unfolded precursors and intermediate states – in

terms of non-covalent, conformational parameters. Covalent chemistry is often

involved, in the form of hydrolysis of ATP, and a key issue is how the cycle of

ATP binding, hydrolysis and product release is coupled through structural cycles in

the chaperone to support folding of the protein substrate [1–3]. However, the

linkage of covalent chemical change (ATP hydrolysis) to the conformational

process of protein folding is clearly indirect. Oxidative protein folding is different;

here, an unfolded protein with free thiol groups on cysteine residues is oxidised to a

product, with a specific stable conformation and a specific set of disulphide bonds

linking those residues. In this case, covalent and conformational processes are

intimately coupled; the native conformation is stabilised by the ‘native’ set of

disulphide linkages, and conversely, those linkages are more stable than disulphides

between cysteine residues in an unfolded protein, being stabilised by the native

conformation. Native conformation and the ‘native’ disulphides associated with it

are classical thermodynamic ‘linked functions’ (Fig. 1a).

These issues are critical in thinking about how oxidative protein folding is

facilitated in the cell. Disulphide bonds are characteristic of proteins found at the

cell surface or exported from the cell into extracellular spaces. Oxidative folding in

eukaryotes takes place within the lumen of the ER (endoplasmic reticulum, the first

compartment in the cell’s ‘protein export’ pathway). The environment of the ER

lumen is crowded and complex. Folding proteins are present in an environment rich

in a range of molecular chaperones, folding catalysts and enzymes catalysing

2 A.K. Wallis and R.B. Freedman



co- and post-translational modifications [4]. The ER lumen also contains machinery

for quality control; proteins enter this compartment co-translationally, while being

synthesised by ribosomes at the cytoplasmic face of the ERmembrane, but only exit

to distal compartments of the cell’s export pathway if they are correctly folded and

assembled [5, 6]. Members of the protein disulphide-isomerase (PDI) family play

an essential role in oxidative folding [7, 8] and an in vitro oxidative folding system

– comprising a reduced protein substrate, PDI and a suitable source of oxidising

equivalents – reproduces the key features of oxidative folding in the cell in terms of

rate, pathway and products (see [9] and below).

Hence, although one might question whether a ‘reductionist’ approach to the

mechanism of oxidative protein folding is appropriate, this review will analyse the

processes occurring in such an in vitro system, focussing on the catalytic and

structural properties of PDI, and aiming to address the question posed in the title.

Oxidative protein folding in prokaryotes takes place in the bacterial periplasm and

involves members of the distinct Dsb family [10, 11]; there are instructive parallels

with PDIs, but the cellular contexts and factors involved are sufficiently different to

require separate treatment. So discussion of Dsb proteins will be limited and used to

highlight similarities and contrasts with PDI. We will not discuss the relatively

newly-discovered system of protein disulphide formation in the mitochondrial

matrix, which involves very different machinery that is coupled to the mitochon-

drial electron transfer system [12].

As background, Sect. 2 will review what is known about the process of oxidative

protein folding in vitro in the absence of enzymatic catalysis.
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2 Oxidative Folding of Proteins In Vitro Demonstrates

a Diversity of Pathways

The pathway of oxidative folding of proteins has been a highly controversial field, but

the controversies have receded as a larger number of cases has been studied – under a

wider range of conditions andwith improved analytical techniques – revealing that there

is no general pathway followed by all proteins under all conditions, but an interesting

diversity of pathways [9, 11, 13–16]. For such studies of oxidative folding in vitro, the

protein in question is fully reduced in denaturing conditions and then transferred into

conditions where refolding is favoured by dilution of the denaturant in presence of a

thiol/disulphide mixture at concentrations, overall redox potential and pH which facili-

tate rapid thiol:disulphide exchange reactions (Fig. 1b). Conditions vary, but mixes of

oxidised and reduced glutathione (GSSG + GSH) or oxidised and reduced DTT

(DTTSS + DTT(SH)2) are frequently used, at pH 7–8 and at temperatures from 10 to

37�C. In cases where reduced and intermediate species are highly insoluble, low

concentrations of urea or guanidinium chloride may also be present to allow refolding

to compete effectively with aggregation.

For detailed analysis of the oxidative folding pathway, the favoured approach is

now to withdraw samples at various refolding times, quench rapidly by acidification

to pH 2–3 (to inhibit all thiol:disulphide exchange processes which depend on

the free thiolate –S� species), and resolve species by HPLC. Quantitative analysis

of peak heights over time allows interpretation of the pathway in terms of the

succession of intermediates and the kinetics of their interconversion, while prepar-

ative HPLC can be used to isolate such intermediates and define them by determin-

ing the number and position of disulphide bonds (primarily by mass spectrometry).

Two features of oxidative folding must be distinguished – the chemical forma-

tion of disulphide bonds (disulphide regeneration) and the formation of native

tertiary structure (conformational folding). The methods above allow establishment

of a protein’s disulphide regeneration pathway and the diversity of such pathways is

striking; as analysed by Chang [17] the diversity is ‘. . .mainly manifested in (a) the

extent of heterogeneity of folding intermediates, (b) the presence or absence of

predominant intermediates containing native disulfide bonds and (c) the level of

accumulation of fully oxidised scrambled isomers as folding intermediates’. How-

ever this does not define at what stage(s) in the disulphide regeneration pathway

conformational folding occurs; when are crucial features of the native conformation

established including compactness, defined secondary structure, overall backbone

topology and native tertiary structure?

Isolated intermediates can be studied to define their conformations, stabilities

and functional activities (see [18–21] for early examples). In favourable cases

significant structural information can be determined by multi-dimensional NMR

(e.g. [22]). Where such intermediates are insufficiently stable or not available in

sufficient yield for high resolution structural studies, mutants of the native protein

can be generated; hence an intermediate lacking a specific disulphide bond can be

modelled by expressing a double mutant protein with corresponding cysteine to

4 A.K. Wallis and R.B. Freedman



alanine or cysteine to serine mutations [23–25]. Characterisation of the conforma-

tions of intermediates in the disulphide regeneration pathway by these methods

provides the key information for defining the overall pathway of oxidative folding.

2.1 RNase Oxidative Folding Involves Isomerisation
of Non-Native to Native Disulphides, Associated
with Structure Formation

The classic example of ribonuclease A, long studied by Scheraga and colleagues, is

a good starting point [14, 15]. Under most conditions its oxidative folding pathway

can be regarded as comprising three phases – pre-equilibration, structure formation

and completion (Fig. 2a). In the first phase there are rapid formation, breakage and

isomerisation of disulphide bonds to generate a mix of species containing one, two,
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three and four disulphide bonds. The 1SS ensemble (species containing a single

disulphide) is highly heterogeneous, but not entirely random, being biased towards

species containing local disulphides between near-neighbours, or ‘native’ disul-

phides [26], but there is no stable tertiary structure and all these species interconvert

rapidly, representing a single 1SS kinetic ensemble. Similar ensembles of 2SS, 3SS

and 4SS species form and interconvert rapidly, forming a quasi-equilibriummixture

determined by the imposed redox and other conditions; these species all contain

non-native disulphide bonds, lack stable tertiary structure and all their thiol and

disulphide groups are freely reactive (including in the fully-oxidised 4SS species

which are termed ‘scrambled’).

The second phase, which is rate-determining in most conditions, is the emer-

gence from the 3SS ensemble of defined species that contain three native disul-

phides and have stable native-like structure, which ‘protects’ these disulphides

and prevents their re-equilibration with the 3SS pool. Species lacking one native

disulphide are termed des-species, so des[40–95]RNase A is a species containing

three of the four native disulphides but lacking the Cys40–Cys95 disulphide bond.

The oxidative folding pathway of RNase under standard conditions is dominated by

the slow appearance of des[40–95]RNase and des[65–72]RNase from the quasi-

equilibrium mixture, by disulphide isomerisations within the 3SS ensemble. These

two des-intermediates have near native conformations in which the disulphides

are mainly buried (or stabilised by elements of native structure) while the free thiols

are exposed [21, 25]. So, the absence of the final disulphide bond in des[40–95]

RNase has minimal impact on the backbone fold, but this species is more dynamic;

notably, rates of proton exchange from buried backbone amide groups are increased

by 102- to 106-fold.

In the final phase of oxidative folding of RNase, the two predominant des-

species convert to the fully-oxidised native protein in a simple oxidative step

with little structural change. Hence, in this pathway, the key step in which native

conformation is established involves the parallel formation of native disulphides

from non-native disulphides by isomerisations within the pool of 3SS isomers.

2.2 BPTI Folding Involves a Limited Set of Disulphide
Intermediates in which Structure Forms at an Early Stage

The well-studied case of bovine pancreatic trypsin inhibitor (BPTI), which contains

three native disulphides, provides an interesting contrast [13, 27–29]. In this case,

the 1SS ensemble is highly non-random, being dominated by a species containing

only the ‘native’ 30–51 link, plus a small fraction of the 1SS species containing

only the ‘native’ 5–55 link (Fig. 2b). In contrast to the unstructured and permissive

situation with 1SS forms of RNase A, these species contain significant amounts of

native-like structure [18, 24] which constrains the formation of a second SS bond,

so that oxidation of either of these species predominantly generates the 14–38

‘native’ disulphide link. The products are therefore des[5–55]BPTI, (containing
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the native 30–51 and 14–38 bonds) and des[30–51]BPTI (containing the native

5–55 and 14–38 bonds). These species have considerable native-like conformation

and are sometimes referred to as N0 and N* respectively. Indeed the C30A/C51A

mutant of BPTI, an analogue of des[30–51]-BPTI (i.e. N*), has been crystallised

and its structure determined to high resolution [23]; the rms difference between its

structure and that of wild-type BPTI is as small as that between BPTI structures

determined from different crystal forms.

Unlike in the des species of the RNAse A pathway, the remaining free thiol

groups in these des-BPTI folding intermediates are buried and unreactive, so that

significant unfolding would be required to allow them to react and form the final

disulphide. As a result, these des-species are long-lived and cannot directly generate

the native fully-oxidised protein; the rate-determining step in the pathway is the

isomerisation of these species to generate des[14–38]BPTI, sometimes termed

(N(SH)2), which resembles the structured des species on the RNase pathway in

having fully native-like conformation with buried native disulphides (30–51 and

5–55) and the free thiols of Cys14 and Cys38 exposed at its surface. It should be

noted that this direct conversion of one des-species of BPTI to another is an

isomerisation, not a reduction to a 1SS state followed by a reoxidation; its mecha-

nism must involve attack by a free thiol of the protein on the 14–38 disulphide bond,

breaking this bond and forming a transient intermediate containing a non-native

disulphide. Thus although the main intermediates on the BPTI pathway contain only

‘native’ disulphide bonds, the formation of non-native disulphides and their iso-

merisation to native disulphides is critical in this pathway, as it is in that of RNase A.

As a radical alternative, the oxidative folding of BPTI has been studied using

H2O2 as oxidant. This small uncharged reagent can penetrate to buried sites in

proteins, and, as a result, this reagent rapidly oxidises the long-lived des-intermediates

in the BPTI refolding pathway. SinceH2O2 is generated by thiol oxidases in the ER, its

oxidative activity may be physiologically significant [30].

2.3 Diversity of Pathways and Intermediates

In both RNase A and BPTI, the formation of native conformation is associated with

the generation of specific folded des-species, i.e. folding precedes the formation of

the final disulphide bond. However, this is not a universal feature. In the case of the

leech blood clotting inhibitor, hirudin, which contains three disulphides, the first

phase of folding is similar to that of RNase A, the establishment of a quasi-

equilibrium mix of unstructured 1SS, 2SS and 3SS species (Fig. 2c), but the next

(and final) step is the simultaneous formation of the native conformation and native

set of disulphide bonds by oxidation or isomerisation of unstructured species in the

2SS and 3SS ensembles respectively [31].

The diversity of pathways is further emphasised by the cases of a-lactalbumin

and lysozyme. a-Lactalbumin is a 4SS Ca2+ binding protein whose oxidative folding

has been studied both in absence and presence of Ca2+ [17]. In absence of Ca2+, the
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folding pathway resembles that of hirudin with a highly heterogeneous population

of intermediates, including fully oxidised ‘scrambled’ species; here, native confor-

mation only forms in association with the regeneration of the fourth and final native

disulphide bond. However, in presence of Ca2+, one of the 2SS intermediates is

stabilised in a native-like conformation by binding a Ca2+ ion, and this stable partly-

structured intermediate constrains the remainder of the folding pathway, so that

under these conditions the pathway resembles that of BPTI, exhibiting a limited

number of intermediates containing mostly native disulphide bonds.

Oxidative folding of lysozyme is complicated by the presence of alternative

folding pathways, and the insolubility of intermediates, so that effective refolding

only occurs in 2 M urea [22] or 0.5 M guanidinium chloride [32]. However, the

pathways have been established, and – in the slow refolding pathway – the species

des[76–94]lysozyme has been identified as a key structured intermediate in which

the free thiol of Cys94 is buried; its conversion to the final native product is slow

since it requires a local unfolding to expose this buried residue [22].

These and other examples of oxidative refolding pathways are discussed

extensively elsewhere [11, 16]. The clear message is that pathways are diverse

and involve both disulphide formation and isomerisation steps. The crucial

conformational folding steps are linked to formation of a key ‘native’ disulphide

and many pathways involve partly-folded intermediates which require some

degree of unfolding in order for the overall oxidative folding process to proceed

to completion.

Disulphide regeneration has been discussed above simply in terms of free thiol

(protein–SH) groups, and disulphides (–SS–), but where the reoxidation conditions

include a ‘redox buffer’ comprising a monothiol and its disulphide (e.g. reduced

and oxidised glutathione, GS� + GSSG), the system will also contain mixed dis-

ulphides between the protein and reagent (protein–SSG). The net formation of a

protein disulphide in such conditions passes via mixed disulphide intermediates

(Fig. 1b) and the crucial step to form a protein disulphide is intramolecular.

ProteinS
�

SSG ! Protein SSþ GS�

Glutathione is present at high levels within the ER lumen (5–10 mM), so this

issue is relevant to the situation in vivo. This feature is generally ignored, but the

role of such intermediates was explored in the oxidative refolding of ribonuclease

T1, a protein containing two native disulphides [33]. This system showed rapid

formation of species containing one disulphide and two free thiols (1SS,2S�) and
then appearance of mono- and di-glutathionylated derivatives, (1SS,1S�,1SSG)
and (1SS,2SSG), which formed a quasi-equilibrium mixture that slowly converted

to the native (2SS) material. Interestingly, the same quasi-equilibrium mix of 1SS

species was formed if refolding was initiated from fully unfolded and glutathiony-

lated (4SSG) starting material (Fig. 1c). Parallel studies by intrinsic fluorescence

indicated some formation of structure at an early stage, but native-like fluorescence

and enzyme activity only appeared concomitant with the formation of the final

2SS species [33, 34]. This work, and studies exploring the role of glutathione
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concentrations in the folding of BPTI [28, 35], emphasise that defining ensembles

of disulphide regeneration intermediates simply in terms of the number of intramo-

lecular protein SS groups present understates their complexity.

3 Catalysis of Oxidative Folding In Vitro by PDI

An enzyme capable of catalysing oxidative protein folding was first detected in

the early 1960s [36, 37]. Early work showed that its key action on refolding of

RNase was in catalysing disulphide isomerisation rather than net oxidation [38] and

hence the enzyme was subsequently named as PDI. Indirect evidence for the

cellular function of PDI in assisting oxidative folding of newly synthesised proteins

came from its cellular and sub-cellular location and its expression pattern over time

[39]; later cross-linking and reconstitution studies, plus genetic studies in Saccha-
romyces cerevisiae, confirmed its essential role in the formation of native disul-

phide bonds [40]. This section focuses on the action of PDI as a catalyst of defined

oxidative folding pathways of proteins; the structure of PDI and the molecular

detail of its interactions are discussed in a later section.

3.1 Pathway and Kinetics of PDI-Catalysed Oxidative Folding

The first study of PDI’s action on a defined oxidative folding pathway [41]

indicated that it was a true catalyst of oxidative protein folding of BPTI; the

intermediates in the pathway were not significantly altered but the enzyme

increased the rates of every step involving both protein conformational change

and disulphide oxidoreduction or isomerisation. Hence PDI catalyses steps in which

disulphide interchange and conformational change are coupled. Subsequent work

on BPTI and a wide range of other substrates has confirmed and elaborated this

conclusion.

Working in conditions intended to mimic those within the ER (pH 7.4, GSH

2 mM, GSSG 0.5 mM), Creighton et al. [42] demonstrated very significant catalysis

by PDI of oxidative refolding of BPTI. Initial oxidation of fully reduced BPTI

was significantly accelerated, indicating that PDI catalyses disulphide formation

in unstructured protein substrates; this was confirmed by studies on a simple

28-residue unstructured peptide containing cysteine residues at positions 2 and 27

[43]. In this model system, all the steps involved in oxidation of the peptide by

GSSG were catalysed by PDI, including the key intramolecular step in which the

two cysteine residues at opposite ends of the peptide come together to form a

disulphide (PSSG
S� ! P(SS) + GS�). However, catalysis was even more marked

at later stages of the BPTI oxidative folding pathway; the major 2SS intermediates

des[5–55] (N0) and des[30–51](N*) appeared and disappeared more rapidly in

presence of PDI (Fig. 3) and 80% of starting material was converted to native
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BPTI within 10 min (with a half-time of ~2 min) whereas, in absence of PDI, only

~10% regeneration of native BPTI occurred over 30 min [42]. Weissman and Kim

[44] elaborated this result by isolating the dominant 2SS intermediates and studying

their conversion to nativeBPTI, in absence and presence of PDI (Fig. 4). For bothmajor

intermediates, this requires rate-determining SS isomerisation in highly structured

2SS species [des[5–55] ! des[14–38] (N0 ! N(SH)2) and des[30–51] ! des[14–38]

(N* ! N(SH)2) respectively] and the accelerations by PDI are >1,000-fold in

each case. Under these conditions, the final step of the oxidative folding pathway

[des[14–38] ! N (N(SH)2 ! N)], which involves net oxidation to form the 14–38

disulphide, but little conformational change, is quite rapid and was only slightly

accelerated by PDI.

Comparable studies have now been carried out to analyse the effects of PDI on

oxidative refolding of RNase A at 25 and 37�C [45]. The results indicate that PDI

catalyses all steps involving disulphide oxidation, reduction or rearrangement and

that addition of PDI results in net catalysis of the entire oxidative refolding process

without altering the major parallel pathways involving the formation of two native-

like 3SS intermediates des[65–72] and des[40–95]RNase. Hence, under these

conditions, PDI does not create any additional pathways or eliminate either of

the two major parallel pathways. Further insight has followed from studies on

oxidative refolding of RNase at lower temperature. The uncatalysed oxidative

refolding pathway of RNase at 15�C resembles that at higher temperatures, but

two additional structured 3SS species – des[58–110] and des[26–84] – are
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Fig. 3 Catalysis of BPTI folding by PDI. Accumulation of intermediates, N0 (des[5–55])

(triangles) and N* (des[30–51]) (circles), during folding of reduced BPTI using 0.5 mM GSSG

and 2 mM GSH at pH 7.4 in the presence and absence of 1.6 mM PDI (open and filled symbols
respectively). Adapted from [42], Fig. 9
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generated and accumulate. As at the higher temperature, the rate-determining step

in the pathway is the conversion of the unstructured 3SS ensemble to specific

structured des-species but, at this lower temperature, all four possible des–species

are formed and two of them are kinetically-trapped and do not convert readily to the

native fully-oxidised protein. In presence of PDI at 15�C, these trapped species are

rapidly converted back to a mixture of unstructured 3SS intermediates which then

progress to the native state via the normal predominant des-species [46]. PDI

catalysis of these re-shuffling steps is therefore comparable to its effects on N*

and N0 in the BPTI oxidative refolding pathway.

A further example is provided by lysozyme where PDI has been shown to

increase dramatically both yield and rate of oxidative refolding [47] (Fig. 5).

Despite the significant catalysis of the overall process, the pathway of oxidative

folding is not significantly affected by PDI because PDI effectively catalyses

conversion of the major des[76–94] intermediate to native lysozyme. As noted

above, this species is highly native-like in structure, with the thiol group of Cys94

buried and inaccessible, so that formation of the final 76–94 bond can only occur in

association with significant unfolding. Hence, in this pathway, PDI assists the key

step by catalysing disulphide formation that is associated with transient unfolding
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Fig. 4 Effect of PDI on conversion of BPTI des species to native protein. The three des species N0

(des[5–55]), N* (des[30–51]) and N(SH)2 (des[14–38]) were isolated and allowed to fold in the

presence and absence of PDI (7 mM) at pH 7.2, 0.5 mM GSSG and 2 mM GSH. Figure 2 from [44]
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of the structured protein substrate; this interpretation is confirmed dramatically by

the observation that in absence of PDI this conversion occurs at a higher rate in 4 M

urea than in 1 M urea!

3.2 Oxidative Refolding Catalysed by Bacterial Dsb Proteins

In bacteria, as in eukaryotes, disulphide bonds are infrequent in cytoplasmic

proteins but they are found in secreted bacterial proteins and in proteins located

in the periplasm. Genetic analysis of the pathway of formation of these disulphides

identified several genes whose products are a structurally diverse group of proteins

named DsbA, DsbB, etc. according to the gene encoding them. DsbA, DsbB and

DsbC have been well-characterised in structural and functional terms [10, 11].

DsbA contains a disulphide group at its active site and is a strong disulphide

oxidant (Table 1); it readily oxidises model peptides and a wide range of reduced

proteins. DsbA was originally assumed to be functionally equivalent to PDI, but is

actually rather different; it is a very effective oxidant of reduced BPTI but very

ineffective in generating native BPTI because it does not catalyse the isomerisa-

tions of the various des-species on the BPTI oxidative folding pathway nor iso-

merisations in other oxidative folding pathways [53, 54]. This clear difference

between DsbA and PDI is also apparent in their actions on the simple 28-residue

peptide substrate mentioned above; PDI was 10- to 20-fold more effective than

DsbA in catalysing the intramolecular step leading to the formation of the disul-

phide bond between cysteine residues at either end of the peptide [55].

When recombinant mammalian proteins are expressed in bacteria and targeted

for export to the periplasm, their oxidative folding is generally not efficient [56, 57].

Fig. 5 Effect of PDI on folding of lysozyme. (a) Refolding of 6 mM lysozyme in 1 M urea with

and without 2 mM PDI (pH 7.4) determined by recovery of activity. (b) Rearrangement of 55 mM
des[76–94] at pH 8.5 in the presence of 1 and 4 M urea and absence of GSH/GSSG. (c) Effect of

PDI on oxidation of des[76–94] (55 mM) at pH 7.4 in the presence of 1 M urea, 2.0 mM GSH and

0.4 mM GSSG adapted from [47]
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Most authentic bacterial disulphide-bonded proteins contain only one or few

disulphides and lack the complex disulphide bonding patterns found in eukaryotic

proteins. This, together with DsbA’s lack of isomerase activity, has prompted the

suggestion that DsbA can catalyse formation of the native set of disulphide bonds

only in proteins where the disulphides link consecutive cysteine residues; in such

cases, formation of the native bonds would occur directly in co-translational

folding. Examples both supporting and contradicting this proposal have been

cited [58, 59]. However, even for authentic bacterial protein substrates, oxidation

by DsbA is frequently insufficient to generate the native set of disulphides;

periplasmic isomerase activity is required and is provided by the DsbC and

DsbG proteins. DsbC has catalytic activity in the overall oxidative refolding of

BPTI and in the crucial isomerisations of the kinetically-trapped des-intermedi-

ates, but does not catalyse the oxidation of fully-reduced BPTI in these conditions

[60]. DsbC also stimulates formation of native oxidised RNase A in a DsbA- and

DsbB-dependent reconstituted system [54]. Hence the bacterial system differs

from that in eukaryotes in its separation of oxidoreductase and isomerase functions

between different proteins [10, 11], whereas these functions are found together in

eukaryotic PDIs.

3.3 Peptide Binding and Chaperone Activity of PDI: Partial
Reactions of Oxidative Folding?

In the light of the evidence that PDI can catalyse disulphide isomerisations which

involve transient unfolding of highly-structured kinetically-trapped intermediates,

one would assume that PDI can interact with and stabilise the transition states of

such reactions, possibly by binding to regions of unfolded peptide. This capability

was explored by using short unstructured peptides as models of unfolded regions in

proteins [61–63]. Several peptides (lacking cysteine residues) bound to purified PDI

and this binding, monitored by cross-linking of radio-labelled peptides, was satura-

ble, required native PDI and was inhibited by unlabelled peptides or by ‘scrambled’

RNase but not by native RNase, implying that the peptide binding under study was

Table 1 Redox potential of selected redox pairs

Redox potential (mV) References

O2/H2O 820

DsbA, wt (CPHC) �122 [48]

DsbA, mutant (CGHC) �143 [48]

PDI, wt (CGHC) �175 [49]

Unfolded protein App �220 For references see [50]

Trx, mutant (CGHC) �235 [51, 52]

GSH/GSSG �240

Trx, wt (CGPC) �270 [51]

Trx thioredoxin
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a specific interaction at the site at which PDI binds non-covalently to its protein

substrates. Conversely, binding of scrambled RNase was observed directly and was

inhibited by the presence of peptides. In ER-derived vesicles from mammalian

pancreas, this binding of peptides was specific for PDI and for a closely-related,

pancreas-specific homologue of PDI termed PDIp; no other ER chaperones had

comparable affinities [62]. Further work on this system established that peptide

binding by PDIp is highly specific for peptides containing tyrosine or tryptophan

residues while that by PDI shows less clear-cut sequence specificity [64].

The ability of PDI to bind unfolded peptides and polypeptides is also demon-

strated by its activity towards non-disulphide-containing proteins in conventional

chaperone assays. Wang’s group showed that PDI suppresses aggregation and

increases yield of active enzyme when rhodanese or glyceraldehyde-3-phosphate

dehydrogenase are refolded by rapid dilution of denaturant; PDI also suppresses

aggregation of rhodanese during thermal aggregation [65, 66]. These are not

secretory proteins and hence this is clearly not a physiological activity, but a

model for exploring properties of PDI. The activities are not ‘enzymic’ in that

PDI did not enhance rates of folding and did not increase yields of refolding

when present in ‘catalytic’, sub-stoichiometric quantities. Rather, with these protein

substrates and many others, PDI resembles conventional molecular chaperones in

that it enhances yield of folding and suppresses misfolding, but only when present

in substantial molecular excess. The action therefore appears to be one of binding

unfolded or misfolded substrates, reducing their free concentrations and hence

preventing their aggregation or irreversible misfolding.

This action, even in absence of an enzymic role, may be significant in vivo. PDI

interacts with the C-terminal region of monomeric procollagen chains during the

assembly of trimeric procollagen in cells; the interaction does not depend on the

presence of cysteine residues in this region, implying that PDI is acting as a

chaperone in this context [67, 68]. The chaperone activity of PDI is probably

also expressed in the remarkable fact that PDI acts as a permanent structural

subunit of two ER-located enzymes, prolyl-4-hydroxylase (P4H) and triglyceride

transfer protein (MTP) [69, 70]. Prolyl-4-hydroxylase is an a2b2 tetramer in which

the b chains are PDI molecules and the a chains are members of a wider Fe2+- and

a-keto-glutarate-dependent hydroxylase family. The sites required for substrate

(collagen) binding and for hydroxylation activity are within the a subunits, but

these subunits are insoluble when expressed in isolation. To generate active

enzyme requires co-expression of both subunits (or major fragments of both

subunits) and it has been difficult to achieve this in convenient recombinant

systems. The microsomal triglyceride transfer protein is an ab heterodimer of

which the b subunit is PDI while the a subunit is a 97kDa polypeptide related to

the egg-yolk lipid-binding protein, lipovitellin. So both these enzymes contain PDI

plus another polypeptide with the major functional sites associated with the non-

PDI component; nevertheless, PDI is not a passive component, being essential for

the assembly of functional activity [71]. These observations suggest that, in these

enzymes, PDI acts as a chaperone which then remains stably associated with its

substrate.
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3.4 Oxidative Refolding In Vitro in Presence of PDI as a Model
for Oxidative Folding in the Cell

In presence of PDI under optimal conditions, oxidative refolding of BPTI, RNase

A and others (e.g. hirudin [17]) occurs with a half-time of 30–150 s which is

consistent with the rate at which some nascent proteins achieve the native fully-

oxidised state in vivo. These simple model systems do not fully reflect the com-

plexity of the situation in vivo of course, but this similarity in rate suggests that

catalysis by PDI is the key factor ensuring rapid oxidative folding in vivo.

An attempt to examine oxidative folding in a defined but more complex system,

was made in a comparative study of BPTI oxidative folding in presence of mam-

malian PDI or of the complete set of soluble protein contained in the ER lumen of

cultured mouse cells [72]. The activity of the ER luminal content was exactly what

would have been predicted from its content of PDI, implying that no other luminal

proteins contributed significantly to oxidative folding activity.

A further issue in reconstituting oxidative folding is the source of oxidising

equivalents. In most of the studies above, net oxidative capacity was provided by a

‘redox buffer’ comprising both oxidised and reduced forms of glutathione (GSSG +

GSH), the major thiol and disulphide components of the ER lumen; conventionally

these redox components are present at 0.5–5 mM and with GSH in a 2- to 5-fold

excess, similar to the conditions found in the ER environment [73–75]. However,

oxidising equivalents within the ER are ultimately derived from molecular oxygen

via Ero1, a flavin-dependent oxidase located in the ER membrane (Ero1p in yeast,

Ero1a and Ero1b in higher eukaryotes) [76, 77]. In the absence of glutathione

components, oxidative refolding of reduced RNase with stoichiometric consump-

tion of O2 was reconstituted by in vitro systems comprising PDI + Ero1, initially

using yeast enzymes [78, 79] and subsequently human enzymes [80]. In these

systems, as in the cell, PDI is absolutely required for oxidative folding, the flow

of oxidising equivalents is from Ero1 to PDI to protein substrate, there is no direct

interaction between Ero1 and substrate and the role of Ero1 is to recycle reduced

PDI. Half-times for recovery of native RNase were in the range 5–10 min, but these

studies did not optimise kinetics or study the pathway of oxidative folding. How-

ever, these reconstituted systems showed a lag in recovery of RNase activity, as

observed for the simpler in vitro systems, presumably corresponding to the ‘pre-

equilibration’ and ‘structure-formation’ phases of the RNase oxidative folding

pathway described above. Hence, despite the different origin of the oxidising

equivalents, the features of PDI-catalysed oxidative folding in these O2- and

Ero1-dependent systems are very similar to those in conventional in vitro refolding

systems.

A more realistic system for monitoring oxidative folding in the cell is provided

by translating mRNAs in presence of ER-derived vesicles in a reducing environ-

ment, and then switching to oxidative conditions; the translation products translo-

cate into the interior of the vesicles co-translationally and then undergo oxidative

folding post-translationally [42, 81, 82]. In the case of BPTI, translation of mRNA
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encoding the natural precursor, prepro-BPTI in such conditions, led to cleavage of

the pre-sequence and accumulation of reduced proBPTI in the vesicles; on addition

of excess GSSG, this was converted efficiently to native oxidised product with

a t1/2 of 1–2 min [42]. The kinetics and pathway observed in this system are very

similar to that observed for oxidation of reduced pro-BPTI in presence only of PDI

and a GSSG + GSH redox buffer.

A similar situation can be set up by treating whole living cells with agents which

rapidly reduce or oxidise the ER luminal content. When secretory proteins are

biosynthesised and labelled in cells in the presence of DTT, the products are

retained in the ER in the reduced state and their oxidative folding is blocked; the

block can be removed and oxidative folding initiated in a cellular environment

through removal of the DTT by washing or by addition of excess oxidant [83].

Although the model proteins that have dominated in vitro folding work have not

been studied in these cellular systems, work with a wide range of other proteins has

led to similar overall conclusions. Thus minimum half-times for oxidative folding

in this cellular situation are of the order of 2–5 min and proteins undergo defined

oxidative folding pathways [77, 83, 84]. Crucially, these pathways involve species

with non-native disulphide bonds as significant intermediates, and similar inter-

mediates are also observed in newly synthesised proteins in unperturbed whole cell

systems where folding is coupled to translation [5, 84, 85].

Hence none of these more complex systems suggests there are crucial differ-

ences between the process in the cell and that in the simpler PDI-catalysed model

systems considered above (Sect. 3.1) in terms of the mechanism and pathway of

oxidative folding experienced by the substrate protein.

4 Molecular Analysis of Human PDI and Homologues

Early chemical modification and inhibition studies implied that the active site(s) of

PDI involved reactive thiol or dithiol group(s) capable of forming covalent disulphide

bonds with substrate proteins (Fig. 6), but structural and mechanistic analysis was

transformed by the cloning and sequencing of (rat) PDI [86]. This revealed an

approximately repetitive pattern in the PDI amino-acid sequence (a–b–b0–a0) with
each repeating unit corresponding to roughly 100 residues. Subsequent work has

confirmed that each of these regions corresponds to a structural domain.

4.1 Structure of the Thioredoxin-Like Domains

High resolution structures have been solved of all four domains of human PDI

individually and of the human bb0 domains as a pair (PDB accession numbers:

1MEK, 2BJX, 3BJ5, 1X5C and 2K18). These show that PDI contains two domains,

a and a0 that closely resemble thioredoxin, with redox-active CGHC active sites, as
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well as two domains, b and b0 that have the same overall conformation (the

thioredoxin fold) but lack redox active sites. The overall domain organisation of

PDI is a–b–b0–x–a0–c, where x is a 19 residue linker between domains and c is

a very negatively charged extension. Up to 20 other members of the PDI family

have been identified in humans and other vertebrates and 5 more remote relatives

of human PDI have been identified in yeast. All family members contain various

combinations of a-type and b-type thioredoxin-like domains (plus other domains in

some cases).

The core thioredoxin fold is a mixed a/b fold, where the secondary structure

elements are organised bababba [87]. This basic fold has been adapted in a number

of ways in different proteins, so that occasionally an a helix is missing or extra

secondary structural elements are present. In thioredoxin itself and the PDI

domains, there is an extra b strand and a helix prior to the core thioredoxin fold,

hence the arrangement of elements is: b1a1b2a2b3a3b4b5a4 (Fig. 7). The b strands

form a central b sheet, where b4 is antiparallel to the other strands. The helices

a1 and a3 pack onto one side of the b sheet and a2 is placed on the other side

forming an aba sandwich. Although the fold is conserved, the sequence homology

PDI

PDI
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PDI

4

3

21
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Fig. 6 Disulphide reactions catalysed by PDI. For simplicity only one active site of PDI is shown.

(1) The N-terminal cysteine of the reduced active site performs a nucleophile attack on a

disulphide bond resulting in a mixed disulphide. (2) The C-terminal cysteine then reacts with

the mixed disulphide resulting in an oxidised active site and reduced substrate. If the same

reactions run from right to left starting with an oxidised active site then the substrate is oxidised.

(3) Once a mixed disulphide is formed the free cysteines created can participate in isomerisation

reactions. (4) A free cysteine attacks the mixed disulphide resulting in PDI being released with

a reduced active site. The disulphides in the substrate have undergone isomerisation. The figure is

not drawn to scale; in the case of small disulphide bonded proteins such as discussed in Sect. 2,

PDI is much bigger than substrate and the protein would fit within the ‘U’ of PDI
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between thioredoxin domains is low and type b domains are not easily predicted

based on sequence alignment.

The active site (CXXC) is located in the loop immediately prior to and extending

into the N-terminal part of a2. In the a and a0 domains, this a helix contains a

conserved proline residue resulting in a kink (Fig. 7a). Another conserved proline

is present in the loop immediately before b4. This proline is in the cis configuration
(cis-Pro) and although distant in the primary sequence it is adjacent to the active site

in the structure (Fig. 7). Mutation of the cis-Pro in DsbA to an alanine residue, which

adopts a trans configuration, results in a significant destabilisation of the protein and

loss of catalytic activity [88]. The equivalent P ! Amutation in yeast PDI abolishes

catalytic activity [89]. The presence of the cis-Pro has also been suggested to reduce

the risk of the active site cysteine residues ligating metal ions [90].

None of these features are conserved in the type b domains, which despite

retaining the thioredoxin fold show little sequence homology with the type a domains

and each other. The structure of the b domain shows that all of these features are

missing, including the cis-Pro before b4 [91]. In the b0 domain, the cis-Pro is

retained (although the reason for this is not clear) but all of the other above-

mentioned features of the catalytic domains are missing. The b0 domain shows an

extended hydrophobic surface which constitutes the main substrate binding site for

PDI (for more detail see Sect. 4.3).

4.2 The Thioredoxin-Like Active Site

The active site sequences CGHC of PDI (Fig. 7b) are very similar to those of

thioredoxin (CGPC) and DsbA (CPHC) [92] and a range of other proteins involved

Fig. 7 Structure of domain a and its active site. (a) The thioredoxin fold. The secondary structure

of PDI a is shown (pdb 1MEK). (b) The active site of PDI a. The active site WCGHC sequence is

shown as well as the cis-Pro loop (Tyr82, Pro83). Arg103 which modifies the pKa of the C-terminal

cysteine residue by moving close to and away from the active site is shown in two conformations

(1MEK structure #7 and #19 out of 40 deposited NMR structures) to illustrate how mobile it is.

The structures shown were generated using pymol (http://www.pymol.org)
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in thiol chemistry. Recognition of the relationship between all these proteins

provides valuable comparators and allows insight into the whole family from

studies on one protein. The ability of the various proteins containing this active

site motif to catalyse oxidation, reduction or isomerisation depends on kinetic

factors and thermodynamic parameters, particularly the standard redox potential

of the dithiol/disulphide pair formed by the neighbouring cysteines. Hence the

environment surrounding these cysteines is of great importance, particularly the

electrostatic environment which influences thiol/thiolate (�SH/S�) equilibria.
In a protein where the pKa of the N-terminal cysteine residue of the pair is very

low, such as DsbA (pKa 3.3–3.5 [48, 93, 94]) the dithiolate state is favoured,

generating a highly oxidising disulphide group. In contrast, the pKa of the

N-terminal cysteine residue in thioredoxin is 6.3–7.1 [95, 96], favouring the disul-

phide form and generating a highly reducing dithiol site. A major determinant of the

dithiol/disulphide redox potential in these proteins is the two amino acids between

the cysteines which influence the redox potential by electrostatic interactions that

modify the pKa of the N-terminal cysteine and by steric effects that directly modify

the stability of the disulphide bond. Mutation of these residues does indeed dramat-

ically change the redox potential. Changing the active site of thioredoxin to

resemble that of PDI (CGPC ! CGHC) increases the redox potential of thiore-

doxin by 35 mV (Table 1) and enhances by 100-fold the ability of thioredoxin to

fold reduced or scrambled RNAse [51, 52]. This mutant thioredoxin is also able to

complement yeast strains deficient in PDI1a (whereas complementation with wild-

type thioredoxin does not rescue this strain), indicating that a reactive thiol group

capable of catalysing isomerisation is essential for correct disulphide bond forma-

tion in vivo [97]. Recent determinations of the active site redox potentials in PDI

show that in wild-type full-length human PDI the potentials of the redox sites in the

a and a0 domains are very similar (�163 and �169 mV respectively) and that

each can be converted to a much more reducing potential (�229 and �226 mV

respectively) by the mutation CGHC ! CGPC that modifies the sites to resemble

thioredoxin [98].

Conversely, mutating the active site of DsbA to resemble that of PDI (CPHC !
CGHC) lowers the reduction potential of the active site and increases the pKa of the

N-terminal cysteine [48]. This study also surprisingly showed that the nature of

the dipeptide between the active site cysteines dramatically influences the overall

thermodynamic stability of the thioredoxin domain despite the residues being

surface exposed and the mutants causing no major structural changes. In general

most of the changes to the redox potential in DsbA active site mutants can be

explained by changes in the pKa of the N-terminal cysteine, i.e. the higher the pKa

the lower the redox potential [48, 94]. However this is not the case when comparing

wild type and mutants of thioredoxin [99] nor when comparing DsbA and thior-

edoxin with PDI; changing the active site to that resembling PDI shifts the redox

potential in the right direction but not all the way. Hence it is clear that other factors

are also important. Recently it was discovered that the residue preceding the

conserved cis-Pro also appears to be of great importance for catalytic activity.

Mutations in DsbA and thioredoxin have shown that the nature of this residue
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influences the redox potential of the active site cysteines dramatically and the effect

is additive to changes in the CXXC motif (see above) [100]. This residue is also

very important for the interaction of thioredoxin and DsbA with both up- and down-

stream partner proteins [100]. In PDI there has been no study of this residue but it is

generally an aromatic residue (phenylalanine or tyrosine) which forms part of the

hydrophobic patch surrounding the active sites in domains a and a0 (Fig. 7b). The
conserved tryptophan immediately before the active site is also part of this hydro-

phobic patch and believed to be involved in the interaction of substrate with the

active site. The tryptophan is clearly important for the ability of yeast PDI to refold

RNase. Mutation of this tryptophan to glutamate or lysine simultaneously in a and

a0 leads to loss of >50% of the activity [89] in agreement with earlier mutation

studies of the equivalent residue in thioredoxin which showed that other aromatic

residues were tolerated but not alanine [101].

As described above, the role of the N-terminal cysteine residues is relatively

easy to rationalise. This is in contrast to the role of the C-terminal cysteines.

An active site where the C-terminal cysteine is mutated (!CxxS or CxxA) can

function perfectly well as an isomerase [102] and this is indeed the active site found

in Erp44, a member of the mammalian PDI superfamily believed to be involved in

retaining partially folded proteins in the ER during stress [103]. However, without a

C-terminal cysteine, it is possible for the substrate protein to be trapped in unpro-

ductive mixed disulphides, whereas a C-terminal cysteine could react with the

mixed disulphide, generating an oxidised active site and releasing the substrate

(the so-called escape route). Too low a pKa for this C-terminal cysteine will cause

this reaction to be too rapid, abbreviating the lifetime of mixed disulphides and not

allowing the time necessary for isomerisation, resulting in reduction becoming the

favoured reaction. To overcome these apparently conflicting demands, PDI pos-

sesses the ability to manipulate the pKa of the C-terminal cysteines during catalysis

[104]. This is achieved via motion of a highly-conserved surface-exposed arginine

residue (R103 in PDI domain a) which is present in the loop between b5 and a4.
A close inspection of the NMR structure of the PDI domain a showed that the

distance from the guanidino group to the active site is highly variable (5.9–20.3 Å)

[105] (Fig. 7b). When in close proximity to the active site, the arginine is thought to

influence the pKa values of the active site C-terminal cysteine residue, making it far

more reactive. Hence PDI mutated in this residue is impaired in its ability to catalyse

disulphide bond formation and reduction, but is more efficient in isomerisation,

which does not require the C-terminal cysteine residue [104].

4.3 Activities of Isolated Domains

Much of our understanding of the activity of PDI comes from a reductionist appro-

ach where the functions of individual domains and shortened constructs have been

determined. The a and a0 domains, containing the active sites, have very similar

reactivity, although the a0 domain is considerably less stable particularly in its
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oxidised state. These isolated domains can oxidise a reduced peptide or reduced

BPTI [106] but unlike PDI they show low ability to introduce a disulphide bond into

a partially folded protein and their catalysis of disulphide isomerisation is very

impaired when compared to full-length PDI [106, 107]. Similar results have been

obtained using RNAse instead of BPTI as a substrate [108]. Likewise isolated

domain a is impaired in the insulin reduction assay [109].

The isolated b and b0 domains have no catalytic activity. However the b0 domain

has been shown to bind radioactively labelled hydrophobic peptides in a cross-

linking assay [63]. These peptides mimic the binding of unfolded proteins and

indeed the b0 domain is essential for PDI’s ability to bind substrates (see Sect. 3.3

above). However, binding of larger peptides or entire proteins requires the presence

of neighbouring domains too and hence b0 forms the core of an extended binding

site involving several domains [110]. Recently, the core binding site in b0 has been
identified by observing chemical shift changes in NMR titration experiments [111,

112]. The majority of the residues involved in this binding site are in the core

b sheet that forms the bottom of the binding site, as well as in a1 and a3 which

border the site (Fig. 8).

Although the main binding site is situated in the b0 domain, it appears that the

a0 domain is essential and sufficient to suppress the formation of a-synuclein fibres

in in vitro assays [113]. The fibre formation does not involve any thiol chemistry

and hence must be a result of interaction of the misfolded protein with PDI

a process that would usually require interaction with the b0 domain. The involve-

ment of a0 in substrate binding was also suggested by a recent NMR study that

looked at the binding of the peptide mastoparan to PDI from the fungus Humicola
insolens, which showed that binding involved a continuous hydrophobic patch over
the b0 and a0 domains [114].

Fig. 8 The substrate binding site of PDI b0 (pdb reference 3BJ5). (a) The structure has a

hydrophobic binding site on one face of the domain. Residues contributing to this site (grey) are
placed in the central b sheet as well as helix 1 and 3, shown in cartoon representation (b). The x

linker (pink) binds to the hydrophobic binding site on b0 (grey). The side chains of M339, L343 and

W347 are shown as these residues form the main contacts
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It has long been known that PDI can be found as a dimer under some conditions;

dimerisation appears to be mediated via the b0 domain [115]. Self-association

appears to be weak but may be a physiological relevant feature of the protein due

to its very high abundance in the ER [116].

4.4 Overall Molecular Structure and Synergistic Action
of Catalytic and Binding Domains

No high-resolution structure of full-length vertebrate PDI exists but in the past few

years there has been an increase in structural insight into PDI due to the determina-

tion of high resolution structures of some members of the mammalian PDI family

and fungal PDIs [yeast pdi (pdb accession 2B5E and 3BOA) ERp44 (pdb: 2R2J)

and ERp57 (pdb: 3F8U)]. The high-resolution structure of yeast PDI (Pdi1p) was an

important development, providing insight into the overall organisation of PDI [89].

The domain arrangement of yeast PDI and of the human homologue ERp57, where

the structure was determined in complex with a partner protein, give a compact

structure with four well-defined domains organised roughly as a U or horseshoe,

with the tips – which are formed by the a and a0 domains – close in space (Fig. 9a)

[117]. SAXS data on human PDI imply a similar overall arrangement of domains

[118]. As inferred from sequence analysis, and earlier experimental work on

mammalian PDI and fragments, the linkers between domains a and b and between

b and b0 are very short, whereas that between b0 and a0 – the x-linker – is an

Fig. 9 The overall structure of Erp57. (a) The U-shape formed by the domains, where domain a is

green, b red, b0 yellow and a0 blue. The x linker is shown in black and c in pink. (b) Turned 90 �C
round the x axis and shows the b domain is not in the same plane as the other three domains. (c)

Interaction between erp57 (blue) and tapasin (pink). Tapasin is bound via a mixed disulphide to the

active site in domain a and interacts extensively with a and a0. However, there are no contacts to

domain b0
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extended region of defined structure distinct from the thioredoxin-like domains that

it connects [119–123]. The domains are not entirely co-planar and domain b is

displaced, allowing the other three to generate a continuous inner surface (Fig. 9b).

This domain architecture provides a structural basis for understanding the

overall function of PDI in that the key defined functional sites line the inner surface

of the horseshoe, providing opportunities for multi-point attachment of substrates.

The active site dithiol sequences in a and a0 are relatively close in space (~26 Å),

facing each other across the open end of the horseshoe, while the inner surface is

essentially an extended hydrophobic region mainly contributed by residues of the

b0 domain, but also by parts of the a and a0 domains. Crucially, this hydrophobic

surface on b0, observed first in the crystal structure of full-length yeast PDI,

corresponds to the region which has been shown to constitute the core ligand

binding site by direct NMR titration studies on human b0x and bb0x fragments

(see Sect. 4.3). A more recent NMR study on a b0xa0 fragment of PDI from

a different fungal species, confirms this definition of the binding site [124].

These structural insights support the conclusion that the activity of PDI depends

on synergy between domains with distinct functional roles [107, 125]. Whereas,

individual domains have thioredoxin-like thiol:disulphide oxidoreductase activity

(a and a0), or ability to bind short unfolded peptides (b0), they lack full isomerase

function towards protein substrates (see Sect. 4.3). Using multi-domain constructs

containing only one functional oxidoreductase domain, Darby et al. [107] showed

that the abb0 and b0xa0c fragments were the smallest fragments with significant

activity in catalysing disulphide formation and reduction in the 28-residue model

peptide described previously (Sect. 3.1). These fragments were comparable in

activity to full-length PDI with one active-site inactivated by mutation; hence

a combination involving the b0 domain and either redox-active domain is sufficient

in this reaction. However, when the fragments were assayed for their ability to

catalyse the N0 ! N(SH)2 and N* ! N(SH)2 isomerisations in the BPTI refolding

pathway, which involve extensive unfolding and refolding, only the larger bb0xa0c
fragment had significant activity. Direct and competitive binding studies with

a range of peptides and proteins produced comparable results, showing that the b0

domain is the core of the non-covalent ligand binding site, but that adjacent

domains contribute significantly to the binding of larger ligands [63].

Hence the physiological role of PDI in oxidative folding of protein substrates

involves extensive PDI/substrate interactions, potentially involving all domains,

although the dithiol redox-active sites in the a and a0 domains contribute the core

covalent interactions, and the b0 domains the core non-covalent interactions [125].

This picture has now been extended into other functional interactions of PDI. In

vivo assembly studies on prolyl-4-hydroxylase (see Sect. 3.3) have shown that sites

in three domains (a, b0, a0) all contribute significantly to the interaction that allows

mammalian PDI (b subunits) to assemble with a subunits to form intact, functional

prolyl-4-hydroxylase [126, 127].

Similarly, domains and fragments of PDI have been tested for their ability to

interact with Ero proteins (see Sect. 3.4) and reconstitute the pathway of O2-dependent

reoxidation and refolding of reduced RNase; the data from reconstitution of yeast

Assisting Oxidative Protein Folding 23



and human systems suggest some differences, but show that the b0xa0 region is

essential for the functional interaction by which Ero proteins transfer oxidising

equivalents to PDI [79, 80]. The basis for electron transfer between Ero1a and PDI

has been defined more precisely in recent work; studies on active-site mutants of

full-length PDI showed that Ero1a can directly oxidise the a0 domain redox site, but

not that of the a domain [98], and work on PDI/ERp57 chimaeras showed that

Ero1a selects PDI for oxidation because it has specific affinity for the hydrophobic

binding site on the PDI b0 domain [128].

The structural basis for genuine PDI/substrate and PDI/partner interactions has

not been clarified at high resolution, but clues come from the interactions that occur

in crystals of yeast PDI and ERp57. Two X-ray structures of yeast PDI have been

determined from crystals grown at different temperatures, but both involve exten-

sive intermolecular interactions with one PDI molecule fitting into the space

between the a, b0 and a0 domains of an adjacent molecule. Similarly, full-length

ERp57 has not been crystallised alone, but as a complex with a partner protein,

tapasin (Fig. 9), which interacts most extensively with the a and a0 domains,

contacting homologous sites on these domains close to the redox-active sites. The

fact that these interactions are observed in crystals suggests that the contact sites are

important for function and also implies that, in PDI and homologues, occupancy of

these sites is essential to suppress motion and define a fixed structure.

The distance between ERp57 redox active sites in the ERp57/tapasin complex is

greater than that in yeast PDI (34 cf. 26 Å) but, given that these structures represent

ERp57/partner and yeast PDI/pseudo-substrate complexes, it is not clear whether

these distances are imposed by the bound partner or represent preferential distances

for isolated yeast PDI or ERp57 in solution. What is clear is that interaction

between b and b0 domains is relatively fixed [129]. The surface area buried between

the b and b0 domains is considerably greater than that between a and b, or b0 and a0

domains, and comparison of structures (e.g. yeast PDI crystallised in alternative

conditions, full-length ERp57/tapasin and isolated ERp57 bb0 fragment) shows

little change in relative disposition of the b and b0 domains (rmsd < 1.7 Å, change

in relative angle < 20�) implying that the bb0 region provides a solid base or trunk

whereas a and a0 may be more mobile ‘arms’.

5 Current Questions

5.1 Substrate Interactions

Despite significant recent progress, we still lack essential structural, thermodynamic

and kinetic information on the interaction between PDI and its substrates. The most

detailed structural information comes from ligand titration studies monitored by

NMR, which reveal that the binding site in human PDI is a hydrophobic cavity on the

b0 domain formed by the surface of the core b–sheet and flanking helices a1 and a3
[111, 112]. This corresponds to the site occupied by the x-linker in the crystal
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structure of human PDI b0x which shows three hydrophobic residues of the linker

(M339, L343 andW347) extending their side chains into this hydrophobic cavity on

b0 [130]. This coincidence of sites suggests that ligand binding is associated with

displacement of the x-linker, which therefore acts as a cap over the site (Fig. 7b). In

the absence of ligand there appears to be interconversion between ‘capped’ and

‘uncapped’ (or ‘closed’ and ‘open’) states; the balance between the states can be

perturbed by a wide variety of mutations and reported on by the fluorescence of

W347 [130, 131] and NMR relaxation dispersion experiments confirm the dynamic

interconversion between the states (M.J. Howard and R.A. Williamson, personal

communication). The displacement of x by ligand can be monitored in HSQC

spectra of b0x where the resonance arising from the tryptophan residue in the linker

(W347) can be readily resolved and shown to shift from a ‘closed’ to ‘open’ position

as a function of increasing ligand concentration [112]. Most of the hydrophobic

residues that form the central section of the peptide ligand mastoparan (ALAALA)

are involved in the interaction with the ligand binding site [111]. These results

provide solid information on where ligands bind on PDI, but give no direct

information on the conformation adopted by ligands bound at this site or on

specific interactions between residues in ligands and the binding site.

PDI shows very broad specificity for ligand binding and has been shown to bind to

a wide range of peptides with no identifiable sequence or composition defining good

PDI ligands [64]. Conversely, there is no known ligand that is completely specific for

PDI and does not bind to other proteins; bacitracin has been claimed as such a specific

ligand, and cell biologists have used inhibition by bacitracin as diagnostic of PDI-

mediated processes, but this has been shown to be invalid [109]. Affinities for ligand

binding to PDI derived from NMR shift titrations with peptides and fully unfolded

small proteins give values in the range 1–100 mM [111]. Native RNAse has a Kd of

>2 mM by this method, so clearly the binding site is able to discriminate folded and

unfolded proteins. This discrimination has been confirmed by SPR studies on the

binding of unfolded (reduced/alkylated), misfolded (C38S/C55S double-mutant) and

native, wild-type BPTI to full-length human PDI and its bb0x fragment. At 25� the
Kd for misfolded and unfolded BPTI is 1–10 mM whereas for native, wild-type BPTI

it is 1–10 mM, and over a range of temperatures, the affinity was consistently greatest

for unfolded and lowest for native BPTI (Unpublished data).

Some comparative studies on PDI homologues have provided interesting insight

into differences between them in ligand-binding properties. Sequence alignments

indicate that PDIp, PDILT and ERp27 have hydrophobic ligand binding sites on

their b0 domains, entirely comparable to that in PDI. The ligand-binding properties

of the pancreas-specific PDI (PDIp) have been directly compared with those of PDI

itself and they reveal a clear specificity of PDIp for peptide ligands containing

aromatic amino acids, especially tyrosine, and for the corresponding hydroxyl–aryl

group in non-peptide ligands [64, 132]. By contrast, ERp57 and ERp72 do not have

a hydrophobic patch at the position corresponding to the ligand binding site in PDI;

instead they have a charged, polar surface [129]. ERp57 does not bind unfolded

proteins directly but does so indirectly by binding specifically to lectin chaperones

(calnexin or calreticulin) which recruit unfolded glycoproteins as folding
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substrates; similarly, its function in loading peptides onto the MHC complex

involves indirect interactions via other partner proteins [117].

These structural and affinity data on ligand binding leave significant questions

unanswered. Assuming that physiological substrates bind to PDI over an extended

area (i.e. at multiple ‘sites’) are there multiple, roughly-equivalent binding modes

available to any one peptide or unfolded protein, or is there a single preferred binding

mode? What are the rates of association and dissociation? In the course of PDI-

catalysed oxidative folding, does the substrate dissociate and re-associate with PDI

several times or remain bound throughout? Does the mode of binding change as the

substrate undergoes conversion through the stages of ‘disulphide-regeneration’ and

‘conformational folding’ defined in Sect. 2? Given that the major interaction sites for

protein ligands and for the cellular oxidant Ero1a both involve the b0xa0 region of PDI,
and that they compete for binding [128], are there differences in the precise regions

involved? New types of experiment will be required to address such questions.

5.2 Enzyme and Substrate Dynamics

There are several clear lines of evidence indicating that PDI is a dynamic molecule,

especially in terms of flexibility between adjacent domains leading to alternative

conformations (see below). While this work emphasises the dynamic nature of PDI,

it does not yet give a completely consistent picture, does not yield quantitative data

on the modes, rates and amplitudes of PDI’s internal motions and (crucially) does

not demonstrate clearly how these motions might be coupled to function.

Yeast PDI structure has been solved independently from crystals grown at 4

and 25�C [89, 116]. The two structures differ most obviously in a rotation of the

a domain through 123� relative to domain b whereas the interdomain angles b–b0

and b0–a0 change by less than 20�. The rotation is focused on the short interdomain

loop beginning at Ser139, and it is the Ramachandran angles of Ser139 that undergo

the largest change, notably a change in c from �11� to +138�. Experiments

restricting the mobility of the a domain with respect to the rest of the molecule

indicate that this mobility of the a domain is crucial for the function of the enzyme.

The suggestion that the a domain works as a flexible arm mobile with respect to the

bb0 base seems plausible but further work is required to define this. In particular

there appears to be a difference in this respect between yeast and human PDI where

the mobility of the a0 domain is more significant. The evidence from fluorescence

and NMR showing that the x region can occupy two alternative positions in the bb0x
and b0x constructs of human PDI in solution, either capping the ligand binding site

or displaced from it [112, 130], implies considerable mobility of the a0 domain

relative to b0. This conclusion is supported by studies of the full length protein with
several proteases, showing that the a0 domain is much more prone to release than

the a domain, and fluorescence data confirming the existence of alternative con-

formations of the x-linker [131]. Hence in contrast to the picture in yeast PDI,

the major interdomain plasticity of human PDI appears to be relative movement of
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a0 and b0 domains mediated by the x-linker. Yeast PDI is < 30% identical in

sequence to human PDI and notably the short interdomain linker between domains

a and b and the x-linker between b0 and a0 are not well-conserved. Furthermore a

number of functional differences have been noted. It is not yet clear whether this

apparent difference in dynamic properties will be resolved by further work or

represents a genuine difference between the molecules. A further comparison can

be made with another human PDI homologue, ERp72, which has similar overall

domain architecture to PDI, differing only in the presence of an additional a-type

domain at the N-terminus (giving a0abb0xa0c); in this case the major sites of

interdomain mobility appear to be between b0 and a0 (as in human PDI), and

between a0 and a [129, 133].

An interesting approach to the relationship between substrate binding, redox

state and PDI dynamics was developed from studies on PDI action on cholera toxin

[134]. The toxin comprises two polypeptides linked by a disulphide, which is taken

up at the cell surface, retrotranslocated to the lumen of the ER and undergoes

reduction there to release the cytotoxic A subunit. Tsai et al. demonstrated that PDI

catalysed this reduction, generating unfolded toxin A chains, and provided evidence

that only reduced PDI was capable of binding the toxin. They inferred that PDI

was a ‘redox-dependent chaperone’ with unfolding activity, but this result was

challenged by evidence that the conditions used for generating oxidised PDI

involved addition of high concentrations of GSSG (glutathione disulphide) which

competed with toxin for the peptide/protein binding site on PDI [135]. Furthermore,

these authors showed that the oxidised and reduced forms of PDI did not differ in

affinity for procollagen C-propeptide or for the a subunit of prolyl-4-hydroxylase.

They concluded that ‘our experiments do not rule out the possibility that a confor-

mational change in PDI regulates binding, but only that this conformational change

is not necessarily a consequence of a change in the redox state of PDI’.

This question has now been studied using more refined structural tools in work

on PDI from the fungus H. insolens [114, 136]. Unfortunately there are little

functional data on this PDI and it is not closely related in sequence to human PDI

or even to yeast PDI from S. cerevisiae. Nevertheless, it has a similar overall

domain organisation and structural studies using high-field NMR and SAXS meth-

ods have generated intriguing data. The b0xa0 fragment of H. insolens PDI shows
structural and functional differences in properties depending on the oxidation state

of the a0 domain; upon oxidation, this fragment showed changes in overall dimen-

sions as determined by SAXS, had higher affinity for the non-specific ligand ANS

and showed redox-dependent perturbations in the environments, dynamics and H/D

exchange properties of residues within the b0 domain. This fragment contains the

binding-site for peptide ligands and mapping this site in detail revealed that it

included part of the surface of the a0 domain as well as a significant hydrophobic

patch on the b0 domain, corresponding to the site identified in human PDI. The

results could be interpreted as indicating a conformational change on oxidation of

the a0 active-site leading to greater separation between the a0 and b0 domains and

greater exposure of the ligand-binding site. Conversion to the reduced form of PDI

fragment (e.g. following oxidation of bound substrate by transfer of oxidising
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equivalents from the a0 domain active site) would then lead to domain movement,

relative concealment of the binding-site, reduced affinity for ligand and hence

ligand release. The model is attractive but not yet fully proven and corresponding

findings have not been made for human PDI. Furthermore, the redox-dependent

change in affinity for ligands is opposite to that proposed by Tsai et al. [135].

The indirect evidence for conformational changes in PDI associated with its

functional cycle suggests that the best strategy for defining this cycle in more detail

would be to trap complexes involving PDI + substrate (preferably using mutants of

PDI and/or substrate that cannot complete a full cycle of oxidative folding). Such

complexes might be less mobile and more conformationally homogeneous than the

materials studied so far, allowing crystallisation and high-resolution structure

determination. This seems likely to be a productive strategy, but success is not

guaranteed. One negative indicator is the fact that the well characterised complexes

of PDI, prolyl 4-hydroxylase and microsomal triglyceride transfer protein (referred

to in Sect. 3.3) have not yielded to structural analysis. Both these complexes are

potential drug targets and considerable effort has been expended on attempts to

characterise them in detail. It might be thought that these stable complexes of PDI

with a partner protein would be useful models for static PDI/substrate complexes.

However the fact that neither has yielded a high resolution crystal structure suggests

that these complexes are themselves dynamic and/or heterogeneous; this may

reflect the fact that each of these complexes functionally interacts with and modifies

a further protein partner, procollagen or apolipoprotein B, respectively.

5.3 What Next?

Work on the molecular basis of PDI’s action has gathered pace over the past 5 years

but much still remains to be clarified. How do unfolded and highly-folded substrates

interact with PDI? How does PDI act upon them? To what extent does PDI undergo

conformational change during its catalytic cycle, and how is conformational change

in PDI coupled to changes in its substrate, to facilitate a coupling of ‘disulphide

regeneration’ and ‘conformational folding’?. These questions highlight the fact that

we lack a detailed structural and dynamic description of complexes between full-

length PDI and physiological protein substrates and of the intermediate states along

the pathway of PDI-catalysed oxidative folding. To answer such questions we will

need to prepare and trap species representing different steps along this pathway and

describe their dynamics and the range of structural states that they explore.
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Peptide Bond cis/trans Isomerases: A

Biocatalysis Perspective of Conformational

Dynamics in Proteins

Cordelia Schiene-Fischer, Tobias Aum€uller, and Gunter Fischer

Abstract Peptide bond cis/trans isomerases (PCTIases) catalyze an intrinsically

slow rotational motion taking part in the conformational dynamics of a protein

backbone in all of its folding states. In this way, PCTIases assist other proteins to

shape their functionally active structure. They have been associated with viral,

bacterial, and parasitic infection, signal transduction, cell differentiation, altered

metabolic activity, apoptosis, and many other physiological and pathophysiological

processes. The need to understand, characterize, and control biochemical steps

which contribute to the folding of proteins is a problem being addressed in many

laboratories today. This review discusses the biochemical basis that the peptidyl

prolyl cis/trans isomerase (PPIase) family of PCTIases uses for the control of

bioactivity. Special emphasis is given to recent developments in the field of

biocatalytic features of PPIases, the mechanism of catalysis, and enzyme inhibition.
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1 Introduction

Important conformational features of the protein backbone are related to the peptide

bond. The highly mobile electrons of its nitrogen and oxygen atoms cause planarity,

a high barrier to rotation and high polarity [1] which results in peptide bond cis/
trans isomerization (PCTI). The picture of proteins provided by X-ray crystal

structures is suggestive of the conformational homogeneity of peptide bonds in

native proteins, adopting either trans or cis conformation. Isomer propensities in

unfolded chains and native proteins have been the subject of theoretical considera-

tions, empirical studies and statistical analyses of structural databases of proteins

[2–9]. The majority of data has provided collective evidence of the marked peptide

bond cis/trans isomerization (PCTI) based conformational heterogeneity of certain

peptide bonds in a polypeptide chain under all biologically relevant conditions.

Members of peptide bond cis/trans isomerases (PCTIases) are characterized by

catalyzing the interconversion of the two energetically preferred conformers of the

planar peptide bond, the cis (o � 0�) and the trans conformer (o � 180�) in

oligopeptides and in all protein folding states. They are able to enhance the rate

of the intrinsically slow rotational motions caused by PCTI, thus affecting the

conformational dynamics of the protein in a site-directed manner.

In this review we will discuss the essential characteristics of catalyzed confor-

mational interconversions, the enzymes, and their inhibitors mainly from a
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chemical perspective. Because examples for PCTIase catalysis relevant to physio-

logical processes have significantly increased in the last few years, their discussion

would go beyond the scope of this review. Several reviews have addressed the

biological role of PCTIases in a comprehensive manner [10–18].

1.1 Overview of Peptide Bond cis/trans Isomerization
and Peptide Bond cis/trans Isomerases

The peptide bond preceding proline, the prolyl bond, is especially disposed by its

stereochemical nature to maintain cis/trans ratios around unity in short peptides,

unfolded polypeptide chains, or unstructured regions of native proteins. Conforma-

tional heterogeneity is less pronounced, but still visible, for secondary amide

peptide bonds (also termed non-proline peptide bonds), because a typical cis/
trans ratio is about 10�3 in an unfolded chain [19].

Generally, elementary conformational transitions in protein folding and protein

re-structuring take place spontaneously and the energy barriers to bond rotation

regarding angles f, c, and w are mostly rather low ranging around DG6¼ � 6 kT.

Barriers of this magnitude form an upper speed limit for folding [20]. All of these

features make the experimentally easily accessible refolding of small proteins a fast

reaction on the timescale of biological events. Thus, the discovery of PCTIases had to

await the identification of a sufficiently slow conformational interconversion worth

being catalyzed in the de novo folding and the re-structuring of proteins. This event

was shown to be the PCTI of the prolyl bond [21]. Dependent on the sequential

context, barriers to rotation of the prolyl bond range from 16 to 22 kcal/mol. In

essence, PCTI leads to slow periodic changes in the positions of neighboring chain

segments, because the propagation direction and Ca–C0a atom distances for the

polypeptide backbone are different in each isomer [7]. Notably, unfolded chains and

folding intermediates do not represent the sole and perhaps not even the main

physiological states of a protein which undergo spontaneous PCTI. Native state prolyl

bond isomers in dynamic equilibrium with each other have been identified and

characterized for many proteins, mostly using NMR spectroscopy [22, 23].

However, the wide range of cis/trans isomer ratios and interconversion rates,

which depend on the sequential and spatial context of the prolyl bond, allows for

some isomers to escape NMR-based detection. Despite being a minor isomer

(0.017%), a significant functional effect of the trans Ser-Pro55 conformer could

be detected in the side chain reactivity of native RNase T1 [24]. In rare cases,

secondary amide peptide bonds were also shown to be involved in native state

heterogeneity [25, 26].

Chemically, the prolyl bond relates to a tertiary amide group where the NH

hydrogen of a secondary amide peptide bond is replaced by intramolecular substi-

tution with the side chain alkyl group. The other 19 gene coded amino acids form

secondary amide peptide bonds, rendering the prolyl bond the only imidic bond,

which is especially important for the structural and functional features of proteins.
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Later it became obvious in investigations of simple peptide models as well as in the

refolding of denatured proteins that relatively high rotational barriers exist not only

for prolyl bonds but also for secondary amide peptide bonds [19, 27]. Consequently,

two major types of PCTIases have been identified. Peptidyl prolyl cis/trans iso-

merases (PPIases) necessarily require a proline residue in the P10 position of a

substrate chain (nomenclature according to Schechter and Berger [28]) exhibiting

almost no activity against non-prolyl peptide bonds [29]. Secondary amide peptide

bond cis/trans isomerases (APIases) catalyze the PCTI of non-proline peptide

bonds. Proline occurring at the P10 subsite of a potential substrate chain is detri-

mental to APIase catalysis. Subsite specificity of APIases has already been noted

but detailed examinations are lacking. The categorization of PPIase families based

on their amino acid sequence dissimilarities is underlined by comparing effects of

signature inhibitors (see Sect. 4). Currently, the families comprise three members:

cyclophilins, FK506 binding proteins (abbreviated: FKBP), and parvulins. Three-

dimensional structures of PPIases have similarities, despite rather divergent amino

acid sequences [30, 31]. The existence of a fourth family with the single member

PTPA (protein phosphatase 2A phosphatase activator) has not yet been confirmed

by independent investigations [32]. The PPIase families have distinct substrate

specificities and prove to be sensitive to different types of inhibitors. The identifi-

cation of cyclophilins and FKBP responsible for the immunosuppressive properties

of cyclosporine A (CsA) and FK506 by gain-of-function often leads to these

families being called immunophilins (see Sect. 4.1) [33–35].

Prototypical PPIases are monomerically active enzymes ranging in size from 92

to 163 amino acids. PPIases are widely distributed throughout all living organisms,

being present even in the very small genome of Mycoplasma genitalum [36].

Consequently, by means of amino acid sequence homology, a cyclophilin was

identified as a virally encoded protein although it proved to be inactive when

assayed for activity with a standard PPIase substrate [37].

1.2 History of Peptide Bond cis/trans Isomerases

The first peptidyl prolyl cis/trans isomerase (PPIase, EC 5.2.1.8.) was discovered,

isolated, and characterized from pig kidney in 1984 [38], which was later found to

be identical to the CsA binding protein cyclophilin A (CypA) [39, 40]. Notably, the

oligopeptide-based activity assay used for the discovery could be complemented by

enzyme-catalyzed protein folding reactions [41–43]. Surprisingly, as was already

true for CypA, an immunosuppressive drug molecule played a key role for the

identification of a further family of this enzyme class, the FK506 binding proteins

(FKBP), because the human PPIase FKBP12 was identified as the major cellular

binding partner for the peptide macrolide FK506 [44, 45]. In the mid-1990s, a 92

residue member of the parvulins was identified in Escherichia coli, forming the

prototype of the third family of PPIases [46]. Soon after having described these

prototypic enzymes, the first human isoenzymes were characterized for all families
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of PPIases [47–49]. Considering its significance in signaling processes in mammals,

the discovery of the pSer(pThr)-Pro specific parvulin Pin1 was of particular impor-

tance [49, 50].

The ribosome machinery is thought to release some proteins in their native state,

thus leading to the expectation that peptide bond cis/trans isomerases maybe in its

close vicinity. Consequently, the 48-kDa FKBP-like protein trigger factor was

identified in 1995 as the peripheral PPIase of the large subunit of the E. coli
ribosome which was shown to associate with nascent polypeptide chains [51–54].

In 2002, 2D-1H NMR exchange spectra, dipeptide-based UV/Vis stopped flow

investigations, and measurements of the refolding kinetics of RNase T1 variants led

to the identification of the secondary amide peptide bond cis/trans isomerase

(APIase) activity for E. coli DnaK, a member of the Hsp70 family of chaperones

[55]. Based on the structural changes of geldanamycin that occur during HSP90

binding, it was inferred that this protein could also join the APIase family of

PCTIases [56]. However, thermodynamic and kinetic studies on the binding of

geldanamycin derivatives to wild-type and mutant Hsp90 did not provide evidence

of this hypothesis [57].

1.3 Domain Composition of the Enzyme Families

As stated above, the sequence similarities of the respective catalytic domains served as

a feature to sort PPIases into the different families. They are defined by distinct

signature pattern (PROSITE, ID: PDOC00154, ID: PDOC00426, ID: PDOC00840).

However, the larger isoenzymes of each PPIase family are of a modular nature,

consisting of several PPIase and/or protein domains with different functionalities,

whereas single-domain PPIases consist only of the catalytic domain. Additionally,

some single- and multi-domain PPIases harbor a targeting sequence that determines

the subcellular localization of the mature protein. Several supplementary domains of

human PPIases mediate protein–protein interactions. Interestingly, additional

domains are recruited differently among human PPIase families (Figs. 1–3). Some

FKBPs but none of the cyclophilins and parvulins contain multiple catalytic domains.

A major component of the multi-domain FKBPs is a TPR domain which usually

comprises three TPRmotifs, which is known tomediate interactionswithHsp90 or the

calcium-binding EF hand domains (Fig. 2). Cyclophilin supplementary domains

include the RNA recognition motif rrm, WD40 protein–protein interaction domains,

zinc finger domains, and the Ran-binding domain RanBD1. Only Cyp40 and RanBP2

contain TPR motifs frequently found in FKBP. Amongst the human PPIases, only

Cyp58 (Cyp-60, PPIL2) was shown to have an additional enzyme domain, the U-box

that exhibits ubiquitin protein ligase activity (Fig. 1). The human parvulin Par14 has a

DNA-binding domain, whereas the phosphospecific parvulin Pin1 contains a group IV

WWdomain with specificity to pSer(pThr) peptide sequences (Fig. 3). Interestingly, a

Trim5-CypA fusion protein formed by the insertion of a CypA pseudogene within

the Trim5 gene accounts for post-entry restriction of HIV-1 in owl monkeys [12, 59].
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Fig. 1 Human cyclophilins. Protein nomenclature is according to Fischer (1994) [90]. The gene

name and the size of the unprocessed protein are shown in brackets. In the second row, the
accession numbers of UniProtKB/Swiss-Prot database and NCBI Reference Sequence are given.

In the third row, alternative protein names are given. The amino acid residues that border the
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This type of cyclophilin was considered to be a promising anti-HIV-1 gene therapy

candidate [60].

Phylogenetic conservation of domain composition can be followed by compar-

ing the PPIases of different organisms. The cyclophilins and FKBPs of Arabidopsis
thaliana and Caenorhabditis elegans have supplementary domains similar to those

in humans. Both organisms express single-domain PPIases as well as multi-domain

PPIases. FKBP were found to contain TPR motifs and EF hand domains (only C.
elegans), cyclophilins are found to be supplemented with rrm, U-box domains, or

WD-40 domains. Higher plants contain a Pin1-type parvulin lacking the WW

domain of hPin1, whereas the Pin1 of C. elegans is similar to its human congener.

Both organisms contain a single Par14 homolog. Importantly, an AtFKBP is

reminiscent of the ribosome-bound EcTrigger factor containing N- and C-terminal

ribosome-binding domains. This gives rise to the assumption that trigger factors can

only be found in bacteria and in chloroplasts. In addition, a chloroplast-localized

parvulin is unique in that it contains an additional rhodanese domain [61].

The numbers of PPIases and their domain organization vary greatly in phylo-

genetically distant organisms. The Saccharomyces cerevisieae PPIases have rather
different supplementary domains compared to human PPIases. Of the eight cyclo-

philins, two have distinct supplementary domains, the TPR domains. Two of the

total four FKBP have additional nucleolin-related domains. The yeast Pin1 ESS1

has an additional WW domain, like human Pin1.

In E. coli, the two cyclophilins do not contain additional domains. SeveralEcFKBP
are supplemented by dimerization domains, a metal binding domain, or the ribosome-

binding domains of trigger factor. The prototypic parvulin (Par10) is coexpressed with

the EcSurA protein resulting from duplication of the parvulin domain.

As an exception, a novel group of dual-family PPIases exists in protozoan parasites

that contain both a C-terminal cyclophilin and an N-terminal FKBP domain [62]. The

APIase domain of DnaK is adjacent to the N-terminal ATPase domain.

2 Enzyme Activity Assays

A fruitful approach in the development of PCTIase assays has been to utilize

methods used for the kinetic investigations of PCTI. PCTI coupled to a fast irrevers-

ible process with high PCTI specificity in a case in which kobs(isomerization) <<
kobs (coupled reaction) forms the most versatile approach. The slow kinetic phases

which are then finally monitored in the time courses of the coupled reaction represent

�

Fig. 1 (Continued) protein domains or modules are designated according to UniProtKB/Swiss-

Prot, Pfam or ClustalW alignment. The cyclophilin domain is depicted in red. Signal sequences
are shown as colorless boxes. Rrm RNA recognition motif, TPR tetratricopeptide repeat, U-box
U-box domain, WD40 WD40 repeat, RanBD1 Ran binding protein 1 domain, zf RanBP Zn-finger

Ran-binding. Asterisk indicates amino acid residues in positions corresponding to the functionally

important amino acid residues of CypA (catalysis: Arg55, Gln63; CsA binding: Trp121). Hash
indicates “potential”
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Fig. 2 Human FKBP. Protein nomenclature is according to Fischer (1994) [90]. The gene name

and the size of the unprocessed protein are shown in brackets. In the second row, the accession

numbers of UniProtKB/Swiss-Prot database and NCBI Reference Sequence are given. In the third
row, alternative protein names are given. The amino acid residues that border the protein domains

or modules are designated according to UniProtKB/Swiss-Prot, Pfam or ClustalW alignment. The

FKBP domain is depicted in red. Signal sequences are shown as colorless boxes. TPR tetratrico-

peptide repeat, EF EF hand. Asterisk indicates amino acid residues in positions corresponding to

amino acid residues of FKBP12 important for catalysis (Asp37, Trp59, Phe99). Hash indicates

“potential”
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the rate of the conformational interconversion. Regardless of whether the measured

PCTI is spontaneous or PCTIase catalyzed, this condition holds in either case.

Usually, protein folding [21, 63, 64], proteolytic reactions [65, 66], protein phosphor-

ylation [24, 67], protein dephosphorylation [68], membrane transport and pore regu-

lation [69–71], as well as antibody recognition [72] represent coupled reactions

adaptable to PCTI assays. Because of the unimolecular nature of PCTI, resulting

kinetics are first-order and thus rate constants are straightforward to obtain. Rate

constants can be calculated for either cis to trans or trans to cis isomerization,

depending on which isomer is reactive in the coupled reaction. In standard protease-

coupled PPIase assays the high KM values of the oligopeptide substrates allow for

calculation of specificity constants by kcat/KM ¼ (kobs � k0)/E0, where kobs is the

experimental first-order rate constant of the catalyzed prolyl isomerization, k0 repre-
sents its spontaneous rate, and E0 is the PPIase concentration [38].

Solvent jumps into aqueous buffer from substrate peptide-containing non-aqueous

media such as LiCl/trifluoroethanol [73] or micelles [74] exploit solvent-altered PCTI

ratios that are transiently retained in water. Rapid pH changes can also be employed

for the PCTIase assays [55]. Fluorescence quenched substrates provide for a favorable

signal-to-noise ratio for this type of assay [75]. Thereby, time courses of PCTI yield

composite rate constants are characterized by kob ¼ kcis to trans þ ktrans to cis. These

assays avoid artifacts resulting from PCTIase degradation that could potentially be

able to disturb protease-coupled assays.

Dynamic 1H-NMR methods provide a powerful tool for assaying PCTIase

activity against both oligopeptide and protein substrates [22, 76]. They do not

require a prior perturbation of the PCTI equilibrium by chemical means. In 1H

NMR experiments, the cis and trans signals of a substrate experience line broaden-
ing and coalescence in the presence of a PCTIase [77, 78]. In two-dimensional

NOESY experiments, exchange cross peak intensities at different mixing times give

access to the rate constants of catalyzed PCTI [76, 79, 80].

In addition, 15N-NMR experiments measuring the increase in the transverse

relaxation rates R2 showed that the rates of conformational dynamics of the enzyme

strongly correlate with the microscopic rates of substrate turnover [81, 82].

Fig. 3 Human parvulins. Protein nomenclature is according to Fischer (1994) [90]. The gene

name and the size of the unprocessed protein are shown in brackets. In the second row, the
accession numbers of UniProtKB/Swiss-Prot database and NCBI Reference Sequence are given.

In the third row, alternative protein names are given. The amino acid residues that border the

protein domains or modules are designated according to UniProtKB/Swiss-Prot, Pfam or ClustalW

alignment. The parvulin domain is depicted in red. WW WW domain, DNA binding of Par14 is

according to Sekerina et al. [30]. Asterisk indicates amino acid residues important for catalysis
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Notably, NMR-based PCTIase assays require enzyme concentrations up to 105-fold

higher when compared with coupled and solvent-assisted assays. Autocatalysis,

which has already been found in the refolding of denatured PPIases [83, 84], is a

possible complication at high PCTIase concentrations.

3 Biocatalytic Features

We know that the chemical reactivity of peptide bond isomers free in solution is

rather similar and the energy barrier to their interconversion is relatively low on the

time scale of most non-elementary chemical reactions in aqueous solution. Thus, the

question arises as to whether there are molecular reasons for a key role of PCTIase

catalysis in the cell. However, in the presence of a protein as a reactant or a catalyst,

extended binding regions allow amuch greater proportion of the reactants to interact

in the ground state or transition state, thus causing isomer-specific bioreactions.

Owing to the reversible nature of the uncoupled PCTI, the basic catalytic

pathway can be described by the following minimal reaction scheme:

Eþ Scis Ð EScis Ð EStrans Ð Eþ Strans:

The impact of PPIase or APIase catalysis on a substrate chain is based on the

following molecular processes:

1. Abolition of the transient discrimination of unreactive cis/trans isomers in

coupled reactions. This happens for isomer-specific reactions where a reactant

is an isomerase substrate undergoing PCTI in solution. Net effects are seen, for

example, in changed reaction pathways [85] or abrogation of multiphasic

reaction kinetics [86].

2. Accelerated decay of metastable folding states of proteins.

3. Permanent enhancement of the polypeptide backbone dynamics in the presence

of a PCTIase (chain lubrication). This might uncover progression through the

catalytic cycle of a coupled enzyme reaction and could also be effective in

regulation of membrane channels or control of other bioactivity.

4. Generation of mechanical forces necessary to cause structural distortions.

Catalysis causes increased frequency of a directed protein backbone move-

ment.

In addition, PPIases have been found to exhibit other properties which may only

be indirectly related to catalysis:

1. They occasionally act as holding chaperones for unfolded polypeptide chains

(see Sect. 3.3).

2. They show proline-directed affinity for protein ligands.

3. They can alter cis/trans ratios of bound relative to free substrates.

4. They can be utilized as presenter proteins (or matchmakers) of a few microbial

metabolites to uncover gain-of-function (see Sect. 4.1).
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When [E]0 << [S]0, then it has been shown that PPIases do not change the cis/
trans ratio of the free substrate. However, the isomer ratios of Michaelis complexes

can differ from those of the unbound molecules. Sometimes either the trans or the
cis isomer binds better to the enzyme. This behavior must play a role in determining

the total amount of an isomer in solution when the substrate and PPIase are present

in stoichiometric amounts or when there is an excess of the PPIase. Unfortunately,

knowledge about the nature and the concentrations of intracellular PPIase sub-

strates is insufficient. However, high intracellular concentrations in the range of

5–10 mM have been found for cyclophilins and FKBPs [87–89], indicating that

changes of the cis/trans ratio of a substrate have to be considered in vivo.

The biological consequences of either spontaneous or enzyme-catalyzed native

state PCTIs of substrate proteins can be imagined, for example, alternative con-

formations defined by regulatory protein loops [58].

Consequently, it has been proposed that PCTI is unique in that it resembles

a molecular switch [90] or timer [91, 92] in the cell showing the following

characteristics [90]:

1. There are two switch positions, cis and trans, which may correspond to either an

“on” or “off” functional state. Other switch positions are unstable.

2. The energy needed to operate the switch spontaneously is high on the energy

scale relevant for cell signaling and protein folding.

3. The switch involves the chemo-mechanical coupling in the whole molecule that

undergoes isomerization. Lever effects might lead to an amplification of atomic

displacements on remote sites [7]. The reversibility of the isomerization causes

an oscillatory mechanical movement, which may be the movement of a partic-

ular segment of the protein backbone or may generate increased backbone

dynamics of the whole protein.

Decreased switching resistance of PCTI in a substrate chain in the presence of a

PCTIase is a general feature of this “on”/“off” switch. In addition, the degree to which

barriers are lowered depends on general features of enzymatic catalysis such as isoen-

zyme pattern, substrate specificity, enzyme concentration, and expressional regulation,

as well as enzyme inhibition and activation. In this way, the catalyzed conformational

interconversion may be expected to provide subtle regulation of protein properties.

The Pseudomonas syringae AvrRpt2 protease activation exemplifies true “on”/

“off” switching by cyclophilin catalysis because the difference in protease activity

between the “off” state and the cyclophilin-mediated “on” state is more than

105-fold [93, 94].

3.1 Basic Catalytic Parameters

Most prototypic PPIases are perfectly evolved [95] and display high catalytic power

as defined by kcat/KM values which are in the diffusion controlled range of 107 s�1

M�1 [75, 96] and are highly conserved throughout evolution. The high cellular
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enzyme concentrations for prototypic PPIases (see Sect. 3) might considerably

exceed those of a potential substrate. In some cases, such as in human FKBP,

prototypic PPIases do not represent the most abundant enzymes underlining the

need for a complete expression profile of all PPIases. For example, human FKBP51

is abundantly expressed in numerous tissues and in many cases is in molar excess

over FKBP12 [88]. Furthermore, PPIases such as CypA and Pin1 are subject to

considerable up-regulation under stress conditions and in many other pathophysio-

logical situations including cancer and inflammation [97–101].

Taken together, high catalytic efficiency and high enzyme concentration could

make prolyl isomerizations of potential protein substrates very fast in the cell.

Under these conditions, the limiting rates might approach the magnitude of turnover

numbers kcat which were found to range up to 10
4 s�1 as measured for oligopeptide

substrates in vitro [102, 103]. Thus, the magnitude of the acceleration factor in

relation to the spontaneous prolyl isomerization could exceed 106-fold, shifting

exchange rates and thus the lifetimes of the isomeric states into the micro- to

millisecond range. PPIases appear to exhibit significantly lower kcat values for

unfolded protein substrates, which is probably due to changes in the rate limiting

chemical step from catalysis to conformational rearrangements of the enzyme. The

latter process is thought to accompany the dissociation of the PPIase/product

complex [104, 105]. Several studies showed that biologically relevant native state

PCTI can be efficiently catalyzed by PPIases [22, 76, 106].

The presence of a pSer(pThr)-Pro moiety defines a major but not the exclusive

structural feature of Pin1 substrates. Although cyclophilins and Pin1 utilize different

substrate motifs for favored active site recognition, functional replacement in the cell

remains possible [107, 108]. How can a protein become a Pin1 substrate? A solvent-

exposed disordered chain segment containing the pSer(pThr)-Pro moiety may consti-

tute a basis for Pin1 recognition. One of the most important long-range structural

effects caused by Ser(Thr)-Pro phosphorylation is loss of structure and increased

backbone flexibility around the phosphate residue, resulting in the local unfolding of

the polypeptide chain [109]. Thus, potential Pin1 substrates might emerge frommany

protein phosphorylations catalyzed by proline-directed protein kinases.

Mapping specificity determinants of PPIase and APIase catalysis is still at an

early stage. At best, some data sets have been described in terms of physiologically

irrelevant oligopeptide substrate parameters, which might not entirely match the

situation of native or native-like protein substrates. The picture that has emerged

from prototypic PPIases is one characterized by the essential role of the proline

residue in P10 position for substrate specificity [29, 55]. Reversing the stereocenter

at P10 and P1 positions led to decreased activity of prototypic PPIases for all

families [110] but did not prevent substrate binding. Generally, strong proline-

directed binding, though experimentally more easily accessible when compared to

catalysis [111], does not indicate high catalytic interconversion rates of the bound

polypeptide chain.

The activity assay of cyclophilins on various oligopeptide substrates revealed

that this enzyme family is probably rather promiscuous with respect to modifica-

tions by gene coded amino acids at the P1 position [47, 75]. This position is more
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relevant for FKBP and parvulin catalysis [46, 75, 112]. Systematic investigations

regarding other positions are still lacking. The binding segment of HIV-1 capsid1-151

fragment in its CypA complex extends over at least nine residues in support of the

combined subsite concept for PPIase catalysis in which the positioning of a substrate

in the active cleft must activate a still unknown number of remote subsites in the

transition state of the reaction [113]. The number of critical subsites was shown to

vary between the PPIase families [114]. The task of identifying specificities for

protein substrates has recently been approached using FKBP-catalyzed refolding of

a small library for Xaa160-Pro161 of the N2 domains of the gene-3-protein of phage

fd [104]. The bimolecular specificity constants for FKBP12 catalysis strongly

resemble those of a Xaa-Pro tetrapeptide library but at reduced catalytic efficacy.

Interestingly, grafting of the IF1 chaperone domain of EcSlyD into FKBP12

increased the kcat/KM values toward N2 domains relative to FKBP12 by about

103-fold, exceeding the value found for oligopeptide substrates. Concomitantly,

FKBP-like substrate specificity was lost for the chimeric enzyme. This finding

suggests a rate limiting step of catalysis that is independent of the nature of the

substrate.

Prototypic PPIases consisting of a single catalytic domain do not need cofactors

or ATP for catalytic activity in standard assays. APIases of the Hsp70 type are

catalytically active against oligopeptide substrates but must make use of a cofactor

assisted, ATP-consuming mechanism in order to eject the unfolded polypeptide

chain from the catalytic site [55]. Larger PPIases exist which consist of one or more

PPIase domains complemented by other functional protein segments or domains

(see Sect. 1.3). In several cases, enzymatic activity has not been found for recom-

binantly produced catalytic domains or full length proteins of the larger PPIases,

although the choice of the assay substrate could be critical. In a few cases a

cofactor-regulated activity was detected such as was found for FKBP38. Binding

of Ca2+/calmodulin to the inactive, non-FK506 binding apo-FKBP38 plays a major

role in shaping the active site such that it can subsequently be inhibited by FK506

[115]. Activity control by Ni2+ ions has been found for the FKBP-like EcSlyD
[116]. In this case, the Ni2+ interacting C-terminal alpha-helix of the protein is

packed against the catalytic site of the PPIase domain eliciting structural alterations

of the catalytic pocket [117].

Interestingly, the enzymatic activity of several cyclophilins and FKBP can be

reversibly regulated by formation of internal disulfide bonds [118–120]. PPIase

activity of the isolated AtFKBP13 was suppressed several fold in the thiol form of

the protein [121]. On the other hand, the modification of Cys41 and Cys69 of

EcPar10 by Michael addition of juglone results initially in a very rapid reaction

which does not directly influence the PPIase activity, followed by a slow active site

restructuring which abrogated PPIase catalysis [122].

Whether post-translational modifications of PPIases play an important role in

altering their fundamental biochemical properties such as substrate specificity has

not yet been investigated thoroughly but such modifications can be predicted to

occur in the cell. For example, glutathionylation under basal conditions strongly

influences the secondary structure composition of CypA, and it plays a key role in
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redox regulation of immunity [123–125]. Moreover, unlike the singly modified

FKBP12, CypA was found to be acetylated at multiple lysine residues in a human

leukemia cell line [126]. Acetylation of Lys125 decreased kcat/Km of the CypA-

catalyzed isomerization of a tetrapeptide substrate by 26-fold. Inhibition by CsA is

reduced to a similar extent [127].

Pseudomonas aeruginosa ExoS enzyme can make use of CypA as a substrate for

ADP-ribosylation at Arg55 and Arg69 sites. Examination of the effect of this

modification on PPIase activity gave a moderate (19%) decrease in kcat/KM for

Xaa-Pro containing peptides. However, once ribosylated, CypA is no longer able to

serve as a matchmaker protein for calcineurin inhibition by CsA [128].

Although the phosphorylation of PPIases, including FKBP12 and CypA, has

been detected frequently, many questions remain about the influence of this post-

translational modification on their biochemical functions [18, 129–133].

Most PPIases are ubiquitously available proteins in the cell and thus particularly

well suited for multifunctional uses, a trait that has been termed moonlighting [134].

However, great care must be taken with non-PCTIase related activities so as to

ensure they do not result from protein contaminations. For example, the calcium/

magnesium-dependent nuclease activity reported for cyclophilins [135, 136]

originated from an impurity present in the preparations of the cyclophilins

[137, 138].

The cyproase proteolytic function of an E. coli cyclophilin variant is also not

well understood yet [139]. A silent catalytic triad of a serine protease has been

identified by 3D database modeling in CypA (and is present in many other cyclo-

philins too) [140]. Although the three residues are correctly aligned, protease

activity has not yet been reported for cyclophilins or their variants.

Several cysteine SH-groups of PPIases appear to be highly reducing. The

chloroplast-located cyclophilin AtCYP20-3 (also known as “ROC4”) is linked to

photosynthetic electron transport and redox regulation to the folding of SAT1,

thereby enabling the cysteine-based thiol biosynthesis pathway to adjust to light

and stress conditions [141]. By means of a CsA-independent pathway, peroxire-

doxin II (Prx II) was reduced by CypA without help from any other reductant.

These results strongly suggest that CypA might function as an immediate electron

donor in supporting the reactive-oxygen degrading properties of Prx proteins [142].

Consequently, recombinant CypA administered to cortical neuronal cultures

protected neurons from oxidative stress [143]. A PPIase independent large-scale

conformational change was observed for an HIV-1 capsid protein variant upon

CypA binding. This change appears to be mediated by Cys198 of the capsid and

markedly affected disassembly of the viral core [144].

3.2 Catalytic Mechanism

Despite several mechanistic hypotheses and a considerable body of data demon-

strating significant PCTI rate acceleration by PPIases, and thus a highly evolved
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catalytic machinery, a detailed description of the catalytic mechanism is still

lacking [96, 145]. It is a matter of fact that the effects of side chain mutations on

catalytic efficiency of a PPIase cannot be predicted on the basis of the current

atomistic models, and catalytic antibodies raised against transition-state analogs did

not show an enzyme-like rate enhancement [146].

Current knowledge is insufficient to conclude that PCTIases all have a common

catalytic mechanism. By comparison, catalytic parameters allow us to propose that

cyclophilins and parvulins are grouped together mechanistically whereas the cata-

lytic machinery of FKBPs is less evolved. Surprisingly, mutational studies on

FKBP12 suggested that the presence of a hydrophobic cavity can satisfy all

requirements for catalysis [147, 148]. On the other hand, neither non-aqueous

solvents [149] nor micelles could approximate the power of FKBP catalysis [74].

It is possible that mechanistic considerations on the basis of mutational analysis of

recombinantly expressed PPIase variants is misleading due to problems with con-

taminations of mutant protein preparations in E. coli. For example, after selective

removal of E. coli PPIases the apparent residual activity of recombinant hCypA
Arg55Ala decreases from 0.1% [150] to <0.02% of wtCyPA activity (Fanghanel

and Fischer, unpublished) in a tetrapeptide assay. Furthermore, the sticky nature of

PPIases makes them a common minor impurity in many protein samples from

recombinant or authentic sources.

An important lessons from 15N-NMR relaxation experiments is that conformational

dynamics ofCypA residuesArg55, Lys82, Leu98, Ser99,Ala101,Asn102,Ala103, and

Gly109 strongly correlate with the microscopic rates of turnover for a tetrapeptide

substrate [81]. CypA active site variants suffer from greatly reduced kcat/KM values

when compared towtCypA because turnover numbers kcat decrease dramatically [151].

By contrast, ground state affinities were shown to differ by only threefold to sixfold.

Several lines of evidence from high resolution crystal structures and NMR

indicate that interconverting conformational substates exist in CypA and FKBP12

that were found to be relevant for chemical steps of catalysis [151, 152]. Eyring-

plots of kcat/KM values suggested two functional states of free CypA but a single one

for FKBP12 [153].

It is unlikely that there is a single factor responsible for the catalytic rate

enhancement achieved by PCTIases. Our hypothesis, which is based on large

inverse solvent deuterium isotope effects and proton inventory studies (Fangh€anel
and Fischer, unpublished), favors a concerted mechanism in which the lone electron

pair of the peptide bond is fixed on nitrogen by an H-bond donor of the protein.

Simultaneously, the transition state of the reaction is electrostatically stabilized by

an enzyme bound, general base-polarized water molecule that might act as specta-

tor stabilizing the positively charged carbon of the perpendicularly oriented car-

bonyl group. Solvent assistance by a Gln63-bound water molecule has been

proposed on the basis of X-ray structures of substrate-like dipeptide inhibitors

complexed with CypA [154]. Interestingly, the CypA Gln63Thr variant exhibits a

nearly inactivating (>>3,000-fold) reduction in catalytic efficiency in a tetrapep-

tide-4-nitroanilide assay [155]. This model is further supported by structural inves-

tigations of CypA complexes formed with backbone modified substrate analogs
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such as Ala-Gly-trans-c[CS-N]-Pro-Phe-NH-4-nitroanilide (PDB ID: 1VBT) or

Ala-DAla-Pro-Phe-4-nitroanilide (PDB ID: 1VBS) in comparison with the unmodi-

fied substrate. They all show an overall similarity of active site side chain arrange-

ments in the respective structures while the modified peptides lack a water molecule

in the critical location at Gln63. Consequently, the prolyl isomerization in these

peptides could not be catalyzed by CypA [110, 156].

3.2.1 Rotational Direction of Isomerized Peptide Bonds

By ab initio Hartree–Fock and density functional methods it was found that cis/
trans isomerization proceeds asymmetrically through only the clockwise rotation

about the peptide bond in the gas phase and the solution [157]. In a protein

backbone, lever–arm amplification of the isomerization-mediated structural

changes is supposed to occur. Chemo-mechanical coupling involving PCTI and

anchoring points has been discussed as playing a role for the active movement of

motor proteins such as myosin and kinesin because minute chain translations can be

magnified to larger ones by lever arm effects [158].

It is especially interesting to address the directionality of the cis to trans
isomerization accompanying the interconversion of the PPIase/cis-peptide complex

to the PPIase/trans-peptide complex. According to reversible reaction features both

binary species are Michaelis complexes. Assuming that the central Xaa-Pro dipep-

tide segment complexed in a PPIase domain active site will remain fixed, either the

C-terminal or the N-terminal part of the substrate chain will undergo rotation as the

peptide bond flips between the cis and the trans conformations. The vectorial

character of the isomerization mediated effects implies that there is increased

backbone dynamics but only in the propagation direction of the effects. 1H-NMR

chemical shift differences of a CypA-bound tetrapeptide 4-nitroanilide substrate

suggested C-terminal rotation of the substrate chain [77]. Similarly, R2 relaxation

time-based evaluation of substrate chain dynamics indicates that the carboxy

terminal tail of a tetrapeptide 4-nitroanilide substrate rotates [81]. In contrast,

using an accelerated MD method in explicit water the reaction trajectories of

CypA-bound acetyl-His-Ala-Gly-Pro-Ile-Ala-N-methylamide indicate a different

rotational direction because the C-terminal part including the proline ring never

rotated during the MD simulation [145]. The latter finding is in line with crystal

structure data of Pin1 complexed with pThr-Pro containing substrates and inhibi-

tors. In these complexes, the C-terminal end of the bound peptide was shown to

reside in a restrictive environment, effectively limiting the range of conformations

accessible to a bound substrate whereas the structural data for the N-terminal part of

the substrate indicate a mobile structural element [31]. In theoretical studies of the

complex between human CypA and the 146 residue N-terminal domain of HIV-1

capsid protein the targeted proline residue remains fixed during catalyzed PCTI

whereas the prolyl bond carbonyl rotates 180� [159]. This finding is complemented
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by crystal structures of CypA in complex with HIV-1 capsid protein variants

because substrate and product chains are accommodated within the enzyme active

site by rearrangement of their N-terminal residues [160].

Asymmetric transmission of structural changes along a polypeptide chain has

already been detected for spontaneous prolyl isomerizations in the uncomplexed

state of potential PPIase substrates. In 12 native protein pairs exhibiting both prolyl

isomers in different crystalline states, the structural changes seen on backbone Ca
atom distances are unidirectional relative to the isomerizing bond whereby the

magnitude of the isomer-specific effect exceeds 3.0 Å even at atomic positions

remote to proline. Both directions, N-terminal and C-terminal to the isomerizing

bond, were found to be involved, dependent on the nature of the protein [7]. This is

in accordance with the idea that the substrate sequence determines the part of the

substrate chain which is motion-coupled to the PCTI.

3.3 Chaperoning vs Catalysis

In vitro studies of refolding yields of denatured proteins in the presence of PCTIases

have led them to be named chaperones. Indeed, preventing other proteins from

aggregating into non-functional structures appears to be a major characteristic of

this enzyme group [161–165]. An important question is: what is the relationship

between PCTI catalysis and chaperoning in the cell? There have been significant

advances toward answering this question and explaining the increase in refolding

yields of denatured proteins by isomerase catalysis. It was shown that PCTIase-

catalyzed decay of aggregation-prone folding intermediates could ultimately lead to

increased folding yields [85].

Another aspect deserving mention is that the ability to sequester (to hold chains)

a polypeptide substrate is an inherent feature of the catalytic machinery of

PCTIases. It also contributes, for example, to the catalytic mechanism of proteases,

protein kinases, and phosphatases. In all these cases, catalytic power is linked in a

compulsory manner to substrate binding to an extended array of S-subsites of the

enzymes. Relatively simple experiments permit us to assess whether or not a

protein can be classified as a holding chaperone, based on its ability to bind to

and transiently hold a client protein [161–163, 165]. In contrast to PCTIases,

proteases, protein kinases, and protein phosphatases can be correctly categorized

in vivo by conventional methods because they catalyze quasi-irreversible reactions.

Here, chemically well-distinguishable product and reactant states exist. As antici-

pated, proteases reveal their chaperone function when protease inactive variants

were shown to prevent the aggregation of denatured substrate proteins as has been

exemplified for trypsin [166] and aspartic proteases [167]. However, there is

absolutely no doubt that proteases have evolved to catalyze peptide bond hydrolysis

in the cell and that chain sequestration is used to assist their catalytic machinery.
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The question now arises as to whether or to what extent this single molecular

function impacts on the action of PCTIases in the cell. Several molecular features

of peptide bond cis/trans isomerase catalysis present some analytical drawbacks

to the accurate analysis of experimental data and these need to be considered in

exploring cellular functions: (1) the small chemical differences between cis and

trans isomers, (2) the volatile equilibrium of PCTI, and (3) functional rescue by

enzyme isoforms. However, we want to stress, by way of conclusion, that peptide

bond cis/trans isomerases have also evolved to bind to and sequester polypeptides

as an auxiliary factor but prerequisite for catalysis. The clues to understanding

PPIase and APIase catalysis in the cell are provided by enzymatically inactive

variants as well as by pharmacological inhibition using potent inhibitors of high

selectivity (see Sect. 4). These studies provide a means of dissecting and asses-

sing the functional characteristics of PCTIases in biological experiments provided

enzyme variants can be applied that combine strongly reduced catalytic activity

with the ability to sequester a client polypeptide chain [16]. For chromatin

modulation in yeast, the chaperone domain of SpFKBP39 suffices to induce

effects on DNA supercoiling and nuclease digestion in vitro. However, rDNA

silencing is sensitive to activity-reduced active site-mutants of SpFKBP39 in vivo

[168]. In particular, experiments on Pin1 provide experimental evidence for the

exclusive role of PPIase activity in signaling processes [11, 15, 79]. In addition, it

does not make sense chaperoning native proteins to prevent their aggregation in

the phosphorylated state.

Due to their high catalytic power, great caution must be exercised when

interpreting the lack of changed phenotypes subsequent to knock down or phar-

macological inhibition of PPIases. For example, extremely low cellular levels of

Ess1, an essential parvulin-like PPIase of yeast, were found to be required and

sufficient for optimal and for minimal cell growth of yeast. In this case, about

1.5–20 Ess1 molecules per cell suffice for minimal growth, but the cells die in its

absence [242].

4 Enzyme Inhibitors

Since the functional importance of PCTIases for a large variety of biological

processes has been revealed, there is an increasing interest in the development of

inhibitors as mechanistic tools and potential drugs for various diseases. Selective

inhibition among the three families of PPIases can be easily achieved. However,

development of specific inhibitors of the human isoenzymes within the respective

subfamilies has only been of limited success owing to the conservation of active

sites within the subfamilies. In many cases, PPIase inhibitors are found to be

surrogates of the prolyl bond in its twisted transition state of isomerization.

Thereby, the pharmacophore interacts with catalytically important residues in the

enzyme’s substrate binding pocket forming reversible adducts. Having now identi-

fied the many biochemical functions potentially performed by PPIases (see Sect. 3),
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low molecular weight inhibitors can take a major step forward in dissecting the role

of PPIases in the cell. However, this review will not be able to convey a compre-

hensive picture of their potential biological effects. Until now, there have been only

a few attempts to develop inhibitors targeted to APIases.

An extensive review of PPIase inhibitor development before 2006 is provided by

Wang and Etzkorn [169].

4.1 Inhibitors Characterized by Gain-of-Function

Nature has provided for secondary metabolites such as FK506, rapamycin, sangli-

fehrin, and CsA, all of which inhibit their target PPIase in the low nanomolar range

[39, 44, 170]. However, calcineurin has been shown to be the immunologically

relevant receptor for the CypA/CsA and the FKBP12/FK506 complexes in the cell

[33, 34]. Once bound, both drugs inhibit the serine/threonine-specific protein

phosphatase activity of calcineurin through gain-of-function. In other words, phys-

iological effects observed after the administration of these drugs are due to the

compulsory combination of both PPIase inhibition and gain-of-function. Moreover,

the PPIase/calcineurin concentration ratio >>1 in the cell argues that there is a

predominance of gain-of-function at low concentrations of the systemically admi-

nistered drug. In a few tissue-based assays, cyclophilin concentrations were found

to be limiting [171].

Chemically, both CsA and FK506 are of dual-domain composition, with one

distinct part of the molecule responsible for PPIase binding and the other part, the

“effector domain,” mediating the interaction of the PPIase/drug complex with

calcineurin [35]. However, the composite surface formed by the PPIase/drug com-

plexes does not play an essential role for calcineurin inhibition. CsA derivatives

substituted in residue 3 have been shown to inhibit calcineurin without prior

formation of a complex with CypA, as exemplified for [R-a-N,N-dimethylami-

noethylthio-Sar]3–CsA (Fig. 4) [172]. Unlike CsA, this cyclosporine derivative is

unable to inhibit calcineurin after forming the binary complex with CypA. These

results indicate that subtle conformational changes in CsA are induced either by

CypA binding or substitution in 3-position and these are responsible for calcineurin

inhibition and thus immunosuppression [173]. To remove calcineurin inhibition

while retaining the high cyclophilin PPIase inhibitory potency of the cyclosporine

warhead, modifications at side chains of positions 4 and 6 of CsA can be utilized

[174, 175]. Such derivatives have been termed nonimmunosuppressive cyclospor-

ins and have played a pivotal role in dissecting cyclophilin functions (see

Sect. 4.2.1).

CsA binds to the active site of CypA with its cyclophilin binding domain

(residues 1–3 and 9–11). Its “effector domain” consists of residues 4–8 [176].

CsA inhibits the PPIase activity of a wide variety of cyclophilin isoenzymes;
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their susceptibility is determined by the presence of Trp121 (CypA numbering) in

the catalytic domain of the protein (Fig. 1) [177].

The macrolide lactone FK506 (tacrolimus) contains a hemiketal-masked trike-

toamide moiety incorporated in a 23-membered ring [178]. FKBP12/FK506

complex formation results in strong inhibition of both the PPIase activity of

FKBP12 (IC50 ¼ 0.88 nM) and the protein phosphatase activity of calcineurin

Fig. 4 Schematic representation of the chemical structures of cyclosporine A (CsA) and CsA

derivatives
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(IC50 ¼ 47 nM) in vitro [33, 179]. In the FKBP12/FK506 complex, the pipeco-

linyl ring of FK506 is considered to mimic the proline residue of a substrate and

its twisted a-dicarbonyl moiety resembles the transition state of cis/trans isomer-

ization [180]. The strong immunosuppressant FK520 (ascomycin) is a C21 ethyl

analog of FK506 with somewhat changed pharmacological properties [181].

Generally, elimination or modifications of the “effector domain” of FK506 or

ascomycin, respectively, resulted in the abolition of gain-of-function, whereas the

PPIase inhibitory potency remained at a relatively high level. The effector domain

includes backbone atoms and substituents at C18 to C23 in the macrocycle and

C26 to C34 in the cyclohexyl ring [35, 182]. Thus, C18 hydroxylation of

ascomycin completely abolished both immunosuppression and calcineurin inhibi-

tion, retaining the high affinity of the parent compound for FKBP12 (KD � 4 nM)

[183]. The macroring derivative 506BD, which lacks the effector domain back-

bone, still exhibits the feature of being a strong FKBP12 inhibitor. However, it is

nonimmunosuppressive and is able to reverse suppression of Il-2 transcription by

FK506 (see Sect. 4.3.1) [184].

Rapamycin (sirolimus), a related macrolide-type tight binding FKBP12 inhibitor

(KI ¼ 0.2 nM), causes immunosuppression by means of a cellular signaling

mechanism independent of calcineurin but controlled by gain-of-function [185].

Structurally, the FKBP binding domain of rapamycin is highly similar to FK506,

whereas the effector domains of rapamycin and FK506 differ significantly.

The FKBP12/rapamycin complex is inert against calcineurin but it binds to and

inhibits the mammalian target of rapamycin (mTORC1 or raptor) [186–188]. It is

thought that ternary complex formation leads to different signaling responses in

different cell types [189]. mTOR is centrally involved in cancer metabolism,

growth, and proliferation [190]. CI779 (temsirolimus), a 42-ester derivative of

rapamycin with 2,2-bis(hydroxymethyl) propionic acid, RAD001 (everolimus,

42-O-(2-hydroxyethyl) rapamycin), and ridaforolimus (42-O-dimethylphosphinate

rapamycin), are collectively named rapalogs. These immunosuppressive rapamycin

derivatives are being applied in the clinics for medical purposes [191].

In the ternary complex formed by FKBP12, rapamycin, and the FRB domain of

mTOR, the most extensive contacts with the FRB domain involve the triene part of

rapamycin [192]. Thus, the triene-modified rapamycin analog WAY-124,466,

can inhibit PPIase, but does not show rapamycin-specific immunosuppressive

properties [193]. Cleavage of the cyclohexyl ring of rapamycin leads to loss of

immunosuppressive activity at only slightly reduced affinity to FKBP12, indicating

that the C37–C39 segment of the cyclohexyl ring also belongs to the effector

domain (see Sect. 4.3.1) [194].

Notably, as has emerged for other PPIase inhibitors that utilize gain-of-function,

cellular effects of rapamycin are of a composite nature. Beside affecting mTOR

signaling, administration of rapalogs can involve profound effects caused by

inhibition of the PPIase activity of the 16 human FKBP isoforms. Thus, it is highly

probable that adverse or even therapeutic effects observed for rapamycin or rapa-

logs could result from FKBP inhibition.
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4.2 Cyclophilin Inhibitors

4.2.1 Cyclosporine Derivatives

Based on CsA, various derivatives have been developed for inhibition of cyclophi-

lins without targeting calcineurin (Fig. 4). The nonimmunosuppressive cyclospor-

ine molecule NIM811 is modified as compared to CsA at the fourth amino acid

from N-methyl-leucine to N-methyl-isoleucine so as to retain its ability to bind

tightly to the active site of cyclophilins but to prevent mediating calcineurin

inhibition [195]. NIM811 inhibits the PPIase activity of CypA with a KI value of

2.1 nM [196]. Debio-025 and SCY-635 are modified at the fourth amino acid from

N-methyl-leucine to N-ethyl-valine or N-methyl-hydroxyleucine, respectively.

Both compounds have an additional modification at the third amino acid from

sarcosine to N-methyl-D-alanine or dimethylaminoethylthio-sarcosine, respec-

tively [10]. Debio-025 and SCY-635 are potent inhibitors of CypA PPIase activity

with KI values of 0.34 nM and 1.8 nM, respectively [196, 197], and are being tested

in clinical phase studies for treatment of hepatitis C virus infections [10].

A disadvantage of the use of a global cyclophilin inhibitor in biological systems is

the high susceptibility to inhibition of several cyclophilin isoforms. Treatment with

more specific inhibitors would (1) probably elicit less side effects than a global

cyclophilin inhibitor and (2) not get dispersed into a cellular sink when sequestered

by off-target cyclophilins. Consequently, attempts were made to address the inhibitor

to a subfraction of cyclophilins defined by their distribution throughout the organism.

Thus, extracellular cyclophilins are specifically targeted by cell-impermeable CsA

derivatives. A potent cell-impermeable cyclophilin inhibitor has been synthesized that

contains a 6-mer D-glutamic acid moiety and 5(6)-carboxytetramethylrhodamine as a

fluorescence probe attached to side chain-modified [D-Ser]8-CsA [198].

Similarly, selective targeting of CypD, a mitochondrial cyclophilin, was

approached by conjugating CsA to the lipophilic triphenylphosphonium cation,

enabling its accumulation in mitochondria due to the inner membrane potential [199].

4.2.2 Other Inhibitors

Sanglifehrins are macrolides found to bind to cyclophilins. They display immunosup-

pressive activity in the murine mixed lymphocyte reaction but lack gain-of-function

[170]. Sanglifehrin A (SFA) has a complex molecular structure consisting of a

22-memberedmacrocycle with a nine carbon tether terminated by a highly substituted

spirobicyclic moiety in position 23 [200]. It inhibits the PPIase activity of CypA with

an IC50 value of 12.8 nM [201]. By X-ray crystallography it was shown that, similar to

CsA, the 22-membered macrocycle of SFA is deeply embedded in the active site of

CypA [200]. Unlike CsA, which blocks IL-2 production, SFA blocks IL-2 induced

proliferation and cytokine production of T cells [202]. Molecular details by which

SFA accomplish its immunosuppressive activity are not yet fully explored.
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A large number of compounds have recently been developed as inhibitors of

cyclophilins either based on rational design or screening of chemical libraries. The

high throughput virtual screening program LIDAEUS fed with the two million

compounds of the ZINC database as input filtered six compounds with an experimen-

tally determined IC50 value against CypA in the micromolar range [203]. Another

approach gave quinoxaline derivatives with an IC50 value of 0.4 mM for CypA [204].

Several designed inhibitors are based on the idea of peptidomimetic inhibitors

using conformationally locked prolyl amide substrate analogs. For example, ground

state analogs such as alkene isosteres of prolyl amide bonds or bicyclic lactams were

found to have affinities to CypA in the micromolar range [205, 206]. The attempt to

design mimics of the twisted amide transition state of cyclophilin substrates led to the

synthesis of phosphoamide mimics of the tetrapeptide Ala-Gly-Pro-Phe, which inhib-

ited the PPIase activity of CypA in the lowmicromolar range [207]. Also, bimolecular

oxorheniummetalloconstructs were shown to bind CypAwith a slightly better affinity

than the corresponding nonmetalated peptides [208]. Aryl-1-indanylketones exhibit a

twisted amide structure with an sp3 hybridized indanyl carbon atom, which might

resemble the putative transition state of catalysis. The highest affinity compounds of

this class inhibited CypA with KI values in the high nanomolar range. As a new

feature, this compound class was able to discriminate between the two most abundant

human cyclophilins, CypA and CypB. It was shown that aryl-1-indanylketones could

abolish CypA-mediated chemotaxis ofmouse CD4+ T cells but were inert whenCypB

was the chemoattractant. Notably, cross-inhibition with Pin1 takes place with similar

potency [209, 210].

4.3 FKBP Inhibitors

4.3.1 FK506 and Rapamycin Analogs

L-685,818, the C18-hydroxy, C21-ethyl derivative of FK506, and FK1706, the

C21-propanone derivative of FK506 are non-immunosuppressive compounds that

have affinities toward FKBP12 comparable to FK506 [211, 212]. The nonimmu-

nosuppressive rapamycin derivative ILS-920 was prepared from rapamycin via a

[4 + 2] cycloaddition reaction with nitrosobenzene at the C1, C3 diene and by

further catalytic hydrogenation. An over 200-fold preference for binding to

FKBP52 relative to FKBP12 was reported with a KD value of 0.48 nM for the

ILS-920/FKBP52 complex [213].

The design of several FKBP inhibitors was based on the common structural

elements of FK506 and rapamycin which represent the binding domains of these

drugs. As mentioned above, the analogs of the FKBP binding domain of FK506,

cyclic 506BD, and the acyclic 506BD showed remarkable FKBP12 inhibition with

KI values of 5 and 20 nM, respectively but do not show immunosuppressive activity

[184]. In several approaches, dicarbonyl, thiocarbonyl, a-hydroxy carbonyl,

sulfonamide, and acyl hydrazide derivatives of pipecolyl-containing compounds,
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polycyclic aza-amides and prolyl-containing compounds were characterized as

causing micromolar and submicromolar FKBP12 inhibition [214–218]. Bulky

hydrophobic alkyl groups as substituents for the pyranose ring region of FK506

as well as alkyl or alkyl aryl esters instead of the lead cyclohexylethyl moiety

appeared to be favorable for high affinity [219]. Broadly tested for beneficial effects

in neuroregeneration, nonimmunosuppressive open-chain FK506 derivatives such

as GPI 1046 (KI ¼ 306 nM) [220] and V-10,367 (KI ¼ 0.5 nM) [214] have been

developed [221]. Unfortunately, reported inhibition constants are of high variance;

the reason why is discussed elsewhere [222].

4.3.2 Other Inhibitors

Beside FK506 and rapamycin, there are other natural polyketides containing an a-
ketoacyl pipecolic residue. Members of this structural class are meridamycin and

the antascomicins, which bind tightly to FKBP12, competing thereby with FK506,

but are not immunosuppressive [223, 224]. The newly isolated nocardiopsin poly-

ketides were also found to bind to FKBP12 [225]. Pregnane derivatives have been

found by molecular docking studies to be active site directed FKBP12 ligands

[226]. This property has been experimentally confirmed with KD values in the low

micromolar range.

Interestingly, cycloheximide, a well-known inhibitor of eukaryotic protein synthe-

sis, inhibits the PPIase activity of FKBP12 with an IC50 value of 3.6 mM [227]. Its

derivative N-(N0,N 0-dimethylcarboxamidomethyl) cycloheximide forms a relatively

specific inhibitor of the apoptosis-related FKBP38 with a KI value of 85 nM [220].

4.4 Pin1 Inhibitors

Reversible inhibition of parvulins other than Pin1 by small molecules has not yet

been established.

Since inhibition of the pSer(pThr)-Pro specific parvulin Pin1 might lead to a new

opportunity in cancer therapy, much effort has been invested in the search for

efficient inhibitors of this enzyme. The development of parvulin inhibitors started

with the irreversible small molecule inhibitor juglone. However, although juglone

differentiates the parvulin family of PPIases from cyclophilins and FKBP, its use

has been hampered by lack of specificity [122].

The design of reversible inhibitors was initially based on phosphopeptide mimics,

which led to inhibitors with low nanomolar inhibition of Pin1. Thus, the substrate-

analog inhibitor Ac-Phe-DThr(PO3H2)-Pip-Nal-Gln-NH2 specifically targeted to the

PPIase active site with a KI of 18 nM [228]. Both enzyme kinetics and structural data

support the conclusion that the Thr(PO3H2)-Pip moiety exhibits a transition state

analog conformation [229]. By using composite peptides consisting of a substrate-

analog inhibitory motif and a WW domain targeted segment, it was shown that
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bivalent binding of ligands toward Pin1 enhanced affinity compared to monovalent

binding [230]. Other phosphorylated peptidomimetic Pin1 inhibitors are the (E)- and

(Z)-alkenes Ac-Phe-Phe-pSerC[CH¼C]Pro-Arg-NH2 with IC50 values for Pin1 inhi-

bition in the micromolar range [231]. Phosphorylated perhydropyrrolizine derivatives

and pepticinnamin analogs are moderately potent non-peptidomimetic inhibitors of

Pin1 with KI values in the micromolar range [232, 233]. Improved affinities could be

reached by structure-based de novo design of phosphorylated compounds using an

aminophenylpropanol core [234]. As found for CypA, aryl-1-indanylketones can

inhibit Pin1 with KI values in the range of 400 nM [209]. This finding might indicate

similarities in the transition state configuration of the catalytic pathways of both

enzymes. The structure-guided evolution of an indole 2-carboxylic acid fragment

resulted in the identification of a series of a-benzimidazolyl-substituted amino acids

which inhibited Pin1 activity with IC50s < 100 nM [235].

Impressively, screening of more than one million compounds with a Pin1

fluorescence polarization binding assay and a Pin1 PPIase activity assay did not

yield any inhibitory compounds that could be confirmed by secondary assays such

as ITC or NMR-based ligand binding analysis [234]. On the other hand, dipenta-

methylene thiuram monosulfide found by a screening approach gave a KD value of

60 nM when bound to the active site of Pin1 [236].

4.5 DnaK Inhibitors

DnaK from E. coli serves as a well-studied model system of Hsp70 chaperones.

Compounds targeting the ATP-binding pocket of Hsp70s are not in the scope of this

review. A limited number of approaches have identified DnaK inhibitors targeted to

its peptide binding domain.

Anti-bacterial fatty acylated benzamido inhibitors of the APIase activity of DnaK

were shown to bind to the peptide binding site of DnaK, thereby inhibiting the

DnaK-assisted refolding of luciferase [237]. Screening for inhibitors of the DnaK-

mediated refolding of firefly luciferase from a dihydropyrimidine library resulted in

the identification of micromolar inhibitors of the DnaK refolding activity [238].

5 Conclusion and Perspectives

Clear evidence for the role of PCTI for bioactivity in vitro has been shown by the

“on”/“off” peptide bond-based photoswitch implanted in the backbone of RNase S

[239]. Elegant studies on the infection of E. coli cells by the filamentous phage fd

showed that the “on” switch state of infection is realized by the cis-to-trans
isomerization of the Gln212-Pro213 peptide bond of the gene-3-protein whereas

re-isomerization to trans actuates the “off” position for phage infectivity [91].

Switching the cell-signaling adaptor protein Crk represents another impressive
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example for the PCTI-based regulation of signal transduction [240]. Of course, a

rate-limiting PCTI switch might be kinetically suspended when the respective

peptide bond undergoes enzymatic catalysis by a PCTIase.

However, looking to the future, enzymatically enhanced chain dynamics of

substrate proteins deserves closer attention. How the dynamics of a molecule

contribute to its function has long been a matter of debate and controversy

[241, 243].

To render proteins functional by means of catalytically controlled chain dynam-

ics on the basis of site-specific enzymes is a fascinating new aspect of PCTIase

research.

Probing physiological pathways in response to isoenzyme-specific inhibitors of

PCTIases will become increasingly important. Characterizing and understanding of

these pathways may be an effective strategy for determining previously unde-

scribed PCTIase targets and thus for future drug development.
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Abstract The small heat-shock proteins (sHSPs) comprise a family of molecular

chaperones which are widespread but poorly understood. Despite considerable

effort, comparatively few high-resolution structures have been determined for the

sHSPs, a likely consequence of their tendency to populate ensembles of inter-

converting conformational and oligomeric states at equilibrium. This dynamic

structure appears to underpin the sHSPs’ ability to bind and sequester target

proteins rapidly, and renders them the first line of defence against protein aggrega-

tion during disease and cellular stress. Here we describe recent studies on the

sHSPs, with a particular focus on those which have provided insight into the

structure and dynamics of these proteins. The combined literature reveals a picture

of a remarkable family of molecular chaperones whose thermodynamic and kinetic

properties are exquisitely balanced to allow functional regulation by subtle changes

in cellular conditions.
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1 Introduction

The small heat-shock proteins (sHSPs) are a family of almost ubiquitous stress

proteins [1].Most organisms encodemultiple sHSP genes, an observation particularly

clear in the case of higher organisms [2], with Californian Poplar having asmany as 36

[3]. In humans the sHSPs number 10 [4] and are implicated in a range of cellular

processes including modulation of cytoskeletal dynamics, stabilisation of membranes

and apoptosis [5]. These diverse cellular roles appear to be linked by the ability of the

majority of the sHSPs to interactwith non-native states of proteins [6, 7]. This property

is fundamental to their general behaviour as “molecular chaperones” [8], acting to

prevent improper polypeptide associations and aggregation [9].

Molecular chaperones play a vital role in protein homeostasis [10], the mecha-

nism through which the cell maintains proper function by balancing the influence of

a multitude of biochemical pathways [11]. It has recently become apparent that

the native state of proteins is in general less thermodynamically favoured than the

amyloid aggregates they can form [12], revealing an underlying metastability of

the proteome [13]. Consequently, the breakdown of “proteostasis” can lead to a

variety of diseases [14], many of which are characterised by the aggregation and

deposition of misfolded proteins [15]. sHSPs represent a central node in the

proteostasis “network” [11], and in the main are dramatically up-regulated under

conditions of cellular stress to being among the most abundant of all proteins [16, 17].

Furthermore, they are often found associated with protein aggregates obtained post

mortem from victims of protein-misfolding disorders [18]. The sHSPs’ chaperone

function is therefore crucial to the cell’s tolerance to stress, and their malfunction is

implicated in a range of human pathologies [19–21]. Together these observations

suggest that the sHSPs are on the front line of defence against the deleterious

consequences of protein unfolding.

Despite their obvious importance, the sHSPs remain relatively poorly characterised

on the molecular level. This is largely due to their tendency to populate a range of

dynamic oligomeric states at equilibrium, rendering them refractory to many struc-

tural biology approaches [22]. As a consequence, high-resolution information exists

only for very few members of the family [9]. Recent years have, however, seen

considerable developments in the techniques available to structural biologists, and

the means to combine data from multiple sources into “hybrid” approaches [23, 24].

Concomitantly there have been significant recent advances in our understanding of the

sHSPs. Here we describe the current knowledge of the structure and dynamics of these

remarkable molecular chaperones and their interaction with target proteins.

2 The Dynamic Architecture of sHSPs

Proteins are inherently highly dynamic entities [25–27], and an appreciation of how

their different structural forms interconvert is necessary to understand how they

carry out their cellular roles [24]. These fluctuations can span picoseconds to days,
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have diverse amplitudes and span all levels of protein organisation [28]. Further-

more, the emerging consensus is that sparsely populated “excited” states are

frequently responsible for the molecular recognition events underpinning biological

function [29–33]. The sHSPs represent a particularly intriguing illustration of this

dynamical paradigm: although they share common features, these chaperones

undergo intrinsic motions and conformational rearrangements on a wide range of

both spatial and temporal scales.

2.1 sHSP Primary Structure

The sHSP family is characterised by the presence of an “a-crystallin” domain [34],

derived from the eponymous mammalian sHSP. This central domain is flanked by N-

and C-terminal regions (Fig. 1). As perhaps to be expected for a family as large as the

sHSPs, exceptions to this basic subdivision exist, including the presence of a “middle

domain” [35] or multiple a-crystallin domains [36]. A comprehensive bioinformatics

analysis ofmore than 8,700 sHSP sequences has revealed sHSPs to be composed of on

average 161 amino acids [2], corresponding to approximately 17.9 kDa. With an

average length of 94 residues, the a-crystallin domain typically composes the bulk of

the sequence (approximately 58%). The N-terminus has an average length of 56

residues (35%), whereas at 10 residues (6%) the C-terminus is much shorter.

As the defining element of the sHSP family, the a-crystallin domain is the most

conserved region of the sHSP sequence. Interestingly, genomic data has revealed

there to be an under-representation of aromatic residues, and an over-representation

N-terminal region α-crystallin domain

β2 β3 β4 β5 β7 β8 β9

IXI ExtensionTail

β6

Middle domain C-terminal region

Fig. 1 Domain architecture of the sHSPs. The defining element and most highly conserved region

of the sHSP sequence is the a-crystallin domain, which is flanked by the variable N- and C-

terminal regions. The a-crystallin domain is composed of seven or eight b-strands, for metazoans

or non-metazoans, respectively [37]. In the latter, the sequence between b5 and b7 contains an

additional, and distinct, b6 strand. In the metazoans this loop region is shortened, and instead the

b7 strand is elongated, into a “b6 + 7” strand. This leads to two alternative modes of dimerisation

for the sHSPs (see Fig. 2). The C-terminal region is split into two parts, referred to here as the “tail”

and “extension”, separated by an IXI motif. The N-terminal region by contrast has no obvious sub-

divisions. In HSP26, however, limited proteolysis has revealed a “middle domain” which is

inserted between the N-terminal region and a-crystallin domain [35]
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of charged amino acids in this domain [2]. Additionally there are notable positions

of particularly high conservation, for example the “disease arginine” (at position

120 in aB-crystallin) [37], mutation at which results in a variety of pathologies [38].

The C-terminal region is generally considered to be of two segments, termed

here as the “tail” and “extension” [39], which are separated by a highly conserved

IXI motif (Fig. 1). The extension appears to be present primarily in higher

eukaryotes [39]. In some members of the sHSP family, e.g. human HSP20 [40]

and Taenia saginata TSP36 [36], the entire C-terminal region is absent. The

N-terminal region is however essentially omnipresent and, in the main, consider-

ably longer. It displays almost no sequence conservation, and is responsible for the

majority of the sequence variation between sHSPs in the same organism [2].

Additionally, sites available for post-translational modification appear to be found

largely in this part of the protein [41]. It is quite possible that this variability of the

N-terminus may have a role to play in ensuring that a cell’s cohort of sHSPs can

recognise a wide range of target proteins.

2.2 The Protomeric a-Crystallin Domain Dimer

High-resolution structures have been very hard to come by for the sHSPs, and the

vast majority stem from isolated a-crystallin domains, truncated of the terminal

regions. All of these structures, however, reveal a common basic fold of the

a-crystallin domain, namely an immunoglobulin-like b-sandwich comprising up

to nine b-strands (Fig. 2). The different structures align very well, and are replicated
in the two structures solved for full-length, oligomeric sHSPs [42, 43]. However a

significant difference can be seen between the structures from animals relative to

other organisms (Fig. 2). In the structures determined for plant [43], archaeal [42,

44], and bacterial [45] sHSPs dimerisation occurs via reciprocal donation of the b6
strand, located in a loop, into the b-sandwich of a neighbouring monomer. By

contrast, in the mammalian sHSPs the b6 strand has fused with b7 [46–48] into an

elongated “b6 + 7” strand which had previously been suggested by spectroscopic

experiments, and predicted to enable dimerisation [49–51].

Interestingly, SAXS data has indicated that this dimeric interface observed in

truncated forms of the mammalian sHSPs has significant flexibility [52]. Further

insight comes from X-ray crystallography which has found three distinct alternative

registers formed by the paired b6 + 7 strands, causing a translation in the dimer

interface, two residues at a time, spanning approximately 15 Å [46, 48, 53] (Fig. 2).

These polymorphic states are termed, in order of decreasing overlap between anti-

parallel b6 + 7 strands, API, APII and APIII [48]. Solid-state nuclear magnetic

resonance spectroscopy (NMR) revealed that dimerisation of aB-crystallin
mediated by b6 + 7 pertains also to full-length protein, but to date only one register,

APII, has been observed [54]. While relating hydrogen/deuterium exchange rates

determined for full-length aB-crystallin [55] to the structure of the truncated dimer

certainly reveals the interfaces to be dynamic, it remains to be elucidated to what
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extent multiple AP interfaces are populated in the oligomers at equilibrium in

solution, and whether they interconvert. However, irrespective of these registry

shifts, it is clear that, despite very similar basic monomer structures, two distinctly

different modes of dimerisation have evolved across the kingdoms of life.

2.3 Heterogeneous N-Termini; Dynamic C-Termini

In contrast to the recent wealth of structural insight into the a-crystallin domain,

equivalent information about the termini remains relatively limited. In the crystal

structure of Methanocaldococcus jannaschii HSP16.5 none of the N-termini are

resolved [42]; however EM data revealed additional density within the central

cavity of the oligomer [56]. In HSP14.0 from Sulfolobus tokodaii two crystal

forms were obtained, with the N-termini resolved in one but not the other [44].

Similarly, in the crystal structure of the Triticum aestivum HSP16.9 oligomer, half

of the N-termini are unresolved; the remainder are structured and found in the

centre of the oligomer [57]. Atomic models generated for the N-termini of HSP16.5

[58] and aB-crystallin [59, 60] using sparse spectroscopic restraints, and the

N-termini resolved in the crystal structures of HSP16.9 [43], TSP36 [61] and

HSP14.0 [44], reveal a propensity to form helical secondary structure.

In apparent contradiction with these results, in hydrogen/deuterium exchange

studies of two plant sHSPs, HSP16.9 and Pisum sativum HSP18.1, rapid

90o

APIII

APII

API
Animal

Other organisms

β6-β2

[β6+7]2

Fig. 2 Distinct dimeric a-crystallin cores. The overall fold of the a-crystallin domain is an

immunoglobulin-like b-sandwich with a protruding loop, reminiscent of a “thumbs-up” hand

gesture. The structures are highly conserved amongst sHSPs, and accordingly monomers from

animals (red) and other organisms (blue) align very well. The corresponding dimeric partners

(light red and light blue, respectively), however, are found in distinctly different locations,

rotated � 180� relative to each other. This is as a result of the non-metazoan proteins dimerising

through reciprocal interaction between b6 and b2 strands; whereas the metazoan proteins dimerise

through their extended b6 + 7 strands. The latter dimerisation form has been observed in three

distinct registers, termed API, APII and APIII
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exchange of the N-terminal backbone amides was observed [62, 63]. Even those

positions involved in inter-dimer contacts approached complete exchange with

100 s, and only a single exchanging population was observed [63]. This

reveals that all 12 of the N-termini in these dodecameric proteins are essentially

equivalent, but does not rule out that at any given moment a sub-population

thereof may be structured and form relatively transient interactions. Taking these

results in combination with the evidence from the crystal structures suggests

that the N-termini populate multiple slowly inter-converting conformations in

the centre of the oligomer, perhaps helping to maintain the integrity of the

assemblies [64]. Such intrinsic heterogeneity could conceivably be important in

recognising and binding variable target proteins by presenting diverse geometries

for interaction [65].

In the structures of HSP16.9 and HSP16.5 the C-terminal tails were revealed to

span between dimers, such that the IXI motif binds into a groove between strands

b4 and b8 (Fig. 3a). Similar “cross-linking” interactions mediated by the C-termini

were observed both in X-ray structures of a-crystallin constructs lacking the

C-terminal extension [48] and solid-state NMR data on the full-length protein

[54], both obtained at temperatures below freezing. Interestingly, however, for

the a-crystallins at physiological temperature in solution it appears that the IXI

motif is actually predominantly detached from the oligomer [66–68]. This apparent

DrαA-crystallin
BtαA-crystallin
HsαB-crystallin

RnHSP20
TaHSP16.9
MjHSP16.5

StHSP14.0
XaHSPA
Tsp36

N-terminus

C-terminus

90o

a b

Fig. 3 Variability in the termini. C-termini make inter-dimer contacts, binding over the groove

between b4 and b8 strands; by analogy with Fig. 2, the a-crystallin core “hand” grasps the

C-terminal “string” from an adjacent monomer (a). This interaction has been observed in all

crystal structures in which the C-terminal IXI motif is resolved. In other cases (Tsp36, RnHSP20)
the groove is instead occupied by residues from the N-terminus. Notably both directions of binding

have been observed (direction indicated by triangles placed in the location of the X in the IXI,

solid arrows bind top-right to bottom left). Note that this interaction can even be intra-molecular,

as observed in the structure of DraA-crystallin (cyan). The angle which the C-terminus makes

from the a-crystallin domain is very variable (b). Illustrated are all C-termini resolved in sHSP

crystal structures, and it is notable that this variability in angle is found even for the same protein,

either in the same oligomer (TaHSP16.9) or in different crystal forms (StHSP14.0, BtaA-
crystallin). N-terminal residues are observed in fewer structures, but also reveal heterogeneity.

This ability of the terminal regions to adopt different orientations is likely crucial for the sHSPs’

ability to populate multiple oligomeric states
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contradiction can be rationalised by the strong temperature dependence of

fluctuations of the tail [66], and points to a careful thermodynamic regulation of

the IXI binding [69]. Unlike the tail, NMR studies have revealed that the C-terminal

extension, for those sHSPs in which it is present, is intrinsically disordered and

tumbles freely in solution [70, 71]. This region of sequence is primarily hydrophilic

and is thought to facilitate the detachment of the remainder of the C-terminus [72].

Considering that a-crystallins with truncated extensions are associated with cata-

ract [73], a picture emerges in which the dynamics of the C-terminus are crucial to

chaperone function, potentially through regulating access to the b4/b8 groove in a

form of “auto-inhibitory” regulation [43, 54].

2.4 Oligomeric Assembly Is Mediated by Flexible Terminal
Interactions

While the sHSPs are prefixed by “small” due to their low monomeric molecular

mass, relative to the other heat-shock proteins (HSPs), this is something of a

misnomer. The sHSPs are typically oligomeric, with the majority studied so far

comprising 12 or more subunits and having masses in excess of 200 kDa [9], making

them among the largest of the HSPs. Though only two high-resolution structures (for

HSP16.5 and HSP16.9) exist for such oligomers, in both cases they are stabilised by

inter-dimer connections formed by the terminal regions of the protein as well as

specific interactions between the a-crystallin core building blocks [42, 57].

In these structures the C-termini decorate the surface of the oligomer, holding it

together by bridging between the a-crystallin domains of adjacent dimers [42, 57]

(Fig. 3a). It is notable that the angle made between the domain and the tail is

variable, even within the same oligomer [57] (Fig. 3b). Such flexibility in the tail is

mediated by a “hinge-loop” just C-terminal to the core domain [48, 74] and, it is

tempting to speculate, explains how the sHSPs can be found in a range of oligo-

meric forms [75]. Furthermore, it is notable that for the a-crystallins the area of

sequence around the IXI is palindromic [46, 48], which may allow an additional

degree of variability in assembly. The versatility of the C-terminus is reminiscent of

that in the coat protein VP1 whose conformational flexibility mediates its variable

assembly in simian virus 40 [76].

In the case of TSP36, which lacks a C-terminus, the b4/8 groove in the

a-crystallin domain is instead occupied by N-terminal residues [61]. The presence

of IXI motifs in both the C-terminus and extreme N-terminus of a number of sHSPs,

such as the a-crystallins, raises the possibility that there may be some extent of

inter-changeability between the two termini. Alternatively, the structure of

HSP16.9 demonstrated the ability of the N-termini to extend across the central

cavity of the oligomer, intertwined in a pairwise manner [57]. Considering HSP16.9

is a monodisperse dodecamer, this may amount to a specific interaction acting to

lock the protein into a single oligomeric stoichiometry, reminiscent of the role

played by the protein P30 in the bacteriophage PRD1 [77].
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Conceivably, as the N-termini in the main appear heterogeneous, it is possible

that they interact with each other relatively non-specifically, driven together

by hydrophobic interactions [64]. Constructs of the a-crystallins, truncated of the

N-terminus but retaining the C-terminus, were only able to form oligomers to very

low abundance relative to sub-oligomeric species [48]. However, in the case of

HSP16.5, the protein was still observed as an oligomer after removal of the

N-terminus [78], but was completely disassembled after further removal of the

C-terminus [79]. It appears therefore that the N-termini are not necessarily required

for oligomerisation, but contribute to the thermodynamic stability of the resultant

assemblies. While the importance of the N-terminus therefore appears to vary

between sHSPs, it clearly has a role to play in defining oligomerisation, the details

of which warrant further investigation.

2.5 sHSPs Assemble into Multiple Polyhedral Topologies

Members of the sHSP family populate a continuum of oligomeric states, from

monodisperse to extremely polydisperse [56]. Notably, plant sHSPs typically

exist as single oligomers, generally dodecamers [80]. Conversely, many mamma-

lian sHSPs co-populate a wide range of oligomeric states at equilibrium; for

example the a-crystallins adopt all possible stoichiometries between approximately

10 and 50 subunits [81, 82]. Between these two extremes, sHSPs have been

characterised that populate an intermediate number of oligomeric states, with

certain amongst them preferred, such as for example Saccharomyces cerevisiae
HSP26 [83] and Acr2 from Mycobacterium tuberculosis [84]. This tendency

towards polydispersity has proven to be a major hindrance in the structural

characterisation of sHSPs [22].

Nonetheless, the X-ray structures determined for sHSPs at conditions in which a

single oligomeric state was populated provide considerable insight. HSP16.5

crystallised as a 24mer, in which the subunits are assembled into an octahedron,

with a protomeric dimer comprising each edge (Fig. 4a) [42]. Remarkably, insertion

of additional residues in the N-terminus resulted in an expanded symmetric oligo-

mer, with 24 dimers assembled into a cuboctahedron [75] (Fig. 4a). The dodecamer

of HSP16.9, by contrast, assembles into a “double-ring” topology, i.e. two triangu-

lar rings stacked on top of each other (Fig. 4a) [43]. Docking of a dimer into the

electron microscopy (EM) reconstruction of Acr1 from M. tuberculosis reveals an
alternative arrangement for dodecameric sHSPs, namely a tetrahedron (Fig. 4a)

[84]. This striking oligomerisation into polyhedral geometries reveals the important

observation that all the a-crystallin core dimers within the oligomers are essentially

equivalent structural environments, connected via terminal interactions (Fig. 4b). It

is plausible that this characteristic results in there being no great energetic differ-

ence for a dimer residing in a specific oligomeric stoichiometry, and therefore

enables multiple oligomeric states to be populated at equilibrium [66]. As polyhe-

dral arrangements result in dimers being arranged symmetrically while also
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satisfying similar terminal interactions, it has been proposed that polydisperse

sHSPs share these scaffolds [85].

2.6 Hybrid Approaches to Determine the Structure
of Polydisperse sHSPs

The inherent polydispersity and plasticity of sHSPs are a significant impediment to

their structural characterisation. These characteristics are likely however to be impor-

tant to their cellular function, for example in preventing the unwanted crystallisation

of the a-crystallins despite their high concentration in the eye lens [86], but

sHSP dimer

C-terminus
Ring

Stacked-ring

Pyramid

Prism

Bipyramid

a

b

Fig. 4 Polyhedral architecture of the sHSPs. The structures, from left to right, of HSP16.9

(12mer), Acr1 (12mer), HSP16.5 (24mer), and a modified HSP16.5 (48mer) display striking

polyhedral geometries (a). They assemble as a double ring, tetrahedron, octahedron and

cuboctahedron, respectively (in sequence, left to right). In each case the a-crystallin domain

dimers (blue) are collinear with the edges of the polyhedron, as illustrated for HSP16.9. The

dimers are held together by extended C-termini (red, cf. Fig. 3), and the N-termini (green) are
sequestered on the inside of the oligomers. This assembly of core dimers into polyhedra via C-

termini can be illustrated schematically using nets of several classes of polyhedra (b). Nets are

shown based on a triangular base-unit, but could easily be drawn for larger polygons in these

classes (e.g. a square pyramid). Similar nets can be drawn for any given polyhedron such that all

the C-termini are “satisfied”, binding dimers together at the vertices
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accordingly render the determination of X-ray structures of these proteins extremely

challenging [22]. This has in recent years led to the application of both novel and

integrated structural biology approaches to the sHSPs. The size limit of traditional

solution NMR approaches has been circumvented to provide insights into the

a-crystallins, either by examining truncated forms [50] or regions of marked flexi-

bility [70, 71]. Moreover, the large oligomeric species have even be examined

directly by means of solid-state NMR [54, 59], or via selective labelling of amino

acids in methyl transverse relaxation optimised spectroscopy (TROSY) solution

NMR [66] and electron paramagnetic resonance (EPR) approaches [51, 87, 88].

These varied strategies all provide structural information, ensemble-averaged

onto the monomer level. In order to translate these insights onto the quaternary

structure, studies have combined NMR data with that obtained from EM [59, 85],

small-angle X-ray scattering (SAXS) [54, 59] or ion-mobility spectrometry (IM)

[85], all of which report on the oligomeric form. Particular challenges are posed in

the cases of polydisperse sHSPs and techniques are required which can separate,

and address individually, the constituent oligomeric states. Single-particle analysis

of EM data provides the opportunity to generate three-dimensional reconstructions

of particles after their sorting according to size [89, 90]; currently however, the

highest resolution of separation for macromolecular assemblies is afforded by MS

approaches [91]. In the case of aB-crystallin, the archetypal polydisperse sHSP,

early EM analysis revealed a broad range of oligomeric sizes and masses, with

apparently variable symmetries [92, 93]. MS enabled the identification and relative

quantification of the underlying individual oligomeric states, revealing a broad

distribution of stoichiometries centred around �28 subunits [81, 82] (Fig. 5a).

Recently, an EM reconstruction for aB-crystallin was obtained by assuming that

the principal oligomer states shared common symmetry elements [94]. This was

combined with solid-state NMR [59] and cross-linking MS [60] data to generate

model oligomers constructed from hexameric sub-complexes [59, 60]. An orthogo-

nal approach, using IM–MS to discriminate between candidates based on a variable

polyhedral architecture, and cross-validation with EM data, revealed alternative

structures for this protein [85] (Fig. 5a). While these studies have reported plausible

models for aB-crystallin, they differ in terms of symmetry and size distribution.

While definitive structures therefore remain elusive, it is clear that the emergence of

novel and hybrid approaches have provide new impetus to the structural study of

this notorious target for structural biology.

2.7 sHSP Oligomers Can Transition Between Compact
and Expanded Forms

Aside from the variability in quaternary structure afforded by polydispersity, it

appears that sHSPs oligomers themselves can exist in multiple conformations

(Fig. 5b). A cryoEM study of HSP26 revealed two distinct populations of

24mers, differing by approximately 5% in diameter [90, 95]. Additionally, subunit
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Fig. 5 Macro- and micro-heterogeneity of the sHSPs. Many sHSPs are polydisperse, populating a

range of oligomeric states at equilibrium (a). The most famous example of this macro-

heterogeneity is aB-crystallin, which forms oligomers spanning 200–1,000 kDa, as determined

using size-exclusion chromatography coupled to multi-angle light scattering (SEC-MALS) (pur-
ple) [91]. Mass spectrometry measurements have revealed the underlying distribution of oligomers

(cyan) to be centred on 28 subunits, with those stoichiometries composed of an even number of

subunits to be preferred [82]. Ion-mobility mass spectrometry measurements allowed the filtering

of structural models, based on polyhedral scaffolds (Fig. 4), to reveal the likely architecture of the

24mer, 26mer and 28mer forms [85]. These structures are based on an octahedron, augmented

triangular prism and gyrobifastigium, respectively (right). Aside from populating multiple

stoichiometries, different conformations of individual sHSP oligomeric states have been observed

(b). Electron microscopy investigations of both ScHSP26 and AfHSP20.2 suggested the possibility
of sHSPs populating “expanded” and “compact” forms, differing in overall size but not topology.

This micro-heterogeneity adds an additional level to the quaternary complexity of the sHSPs

80 G.R. Hilton et al.



exchange of HSP26 could only be quantitatively understood by invoking at least

two separate dissociation rate constants, consistent with two types of oligomers

[83]. Differences were noted between negative-stain EM reconstructions of

Arabidopsis thaliana HSP21, in the presence or absence of cross-linker, hinting

at the possibility of multiple conformations differing in terms of compactness [96].

A similar observation was also made in a negative-stain EM study of the octahedral

HSP16.5 and Archaeoglobus fulgidus HSP20.2 24mers. For both proteins the

relative proportions of the two forms varied as a function of temperature,

demonstrating that the two states can interconvert [97]. Previous studies of

HSP16.5 had reported some heterogeneity of the protein [56, 98, 99]. As such it

appears that sHSPs not only display “macro-heterogeneity”, that is populating

multiple oligomeric stoichiometries, but that these individual stoichiometries can

adopt multiple quaternary structures in a form of “micro-heterogeneity”. Moreover,

for HSP20.2 the larger form was predominant at temperatures both above and

below the physiological temperature of the organism, suggesting a functional role

for these quaternary conformational fluctuations.

The underlying structural origin of these expansions and contractions of the

oligomers is unclear. There is evidence that they might stem from packing differences

enforced by rearrangement of the inter-dimer contacts formed by the terminal regions

[95]. For HSP26, theymay be caused by its uniquemiddle domain, which undergoes a

conformational switch upon heat shock [100]. Alternatively, the a-crystallin domain

dimeric building-block itself might fluctuate in length, for example due to changes in

register at the interface [48, 53], which would propagate to have consequences on the

overall size of the oligomer. Alternative registers have so far only been observed for

mammalian sHSPs, which have an extremely labile dimer interface formed by the

b6 + 7 strand [50, 82]. However, considering that the interface of dimers formed via

the b6 loop are also easily broken [101], it is not inconceivable that a similar

mechanism might also occur in sHSPs from lower organisms.

2.8 sHSPs Co-Assemble into a Recycling Oligomeric Ensemble

In addition to the complexity afforded by both macro- and micro-heterogeneity, it has

long been known thatmembers of the sHSP family co-assemble into hetero-oligomers

in vivo [102]. Isolated sub-populations of oligomers re-equilibrate to the parent

distribution [103] in a process mediated by the movement of individual subunits

[104]. The combinations of sHSPs which are compatible for co-assembly are depen-

dent on their evolutionary relationships [80]; however the subunit exchange of the

individual oligomers appears to be a general property of these proteins [105–108]. As

such, the sHSPs should not be considered as static homomeric proteins, but rather as a

continually “recycling” ensemble of hetero-oligomers.

Subunit exchange occurs via the dissociation of the oligomer, with a rate

strongly dependent on solution conditions [82, 105]. This reveals that the sHSPs

are in a rapid equilibrium with a small population of sub-oligomeric forms. The

Small Heat-Shock Proteins: Paramedics of the Cell 81



identity of the exchanging unit depends on the sHSP in question, with monomers

[82], dimers [108] and mixtures thereof [101] all having been observed directly in

high-resolution mass spectrometry experiments. This equilibrium between

oligomers and smaller species is shifted towards dissociation at elevated

temperatures, with appreciable concentrations of the latter observed under heat-

shock conditions for some sHSPs [80, 83, 109], but not for others [80, 82].

Concomitant to this dissociation, high-order oligomers have also been observed,

such that sHSPs which are monodisperse under ambient temperatures effectively

become polydisperse at elevated temperature [110, 111]. These processes of

assembly, dissociation and exchange are also affected by modifications to the

sHSPs thought to regulate or compromise sHSP activity such as post-translational

modification [72, 112, 113] or mutation [114–116]. Given these characteristics, it is

tempting to speculate that such quaternary dynamics are important for chaperone

function, presumably by exposing target-protein binding regions either on the sub-

oligomeric species, or en route to dissociation [9, 57].

3 The Molecular Chaperone Function of sHSPs

As might be expected from their evolutionary diversity, sHSPs have been reported

to be involved in a range of cellular processes. The role which is common to most

members of the family is the ability to act as molecular chaperones [117, 118]. This

function of the sHSPs was first demonstrated when it was found that a-crystallin
could prevent the accumulation of aggregation-prone eye-lens proteins [119]. This

in vitro observation was later confirmed in vivo when aA-crystallin knockout mice

developed inclusion bodies rendering the eye lens opaque [120]. Furthermore,

disruption of the aB-crystallin and the adjacent HSPB2 sHSP genes resulted in

degeneration of some skeletal muscles [121]. Since the pioneering work on

a-crystallin, many other sHSPs have been demonstrated to have molecular chaper-

one activity, and it is quite likely that the ability to interact with non-native states

even underpins the mechanism of their other activities in the cell [6].

3.1 High-Capacity Holdase Function of sHSPs Sequesters
Destabilised Targets from Aggregation

It has been established for some time that the molecular chaperone role of sHSPs is to

bind target proteins whose native structure is destabilised by a range of stresses [119,

122–125]. Under such conditions, these proteins can have a tendency to form amor-

phous or amyloid aggregate morphologies [18]. Rather than refolding the targets,

as is the case for the ATP-dependent “foldase” chaperones such as HSP60, HSP70

and HSP90 [126], the sHSPs instead act in an ATP-independent manner to trap

them as they unfold [119, 122–125]. The resultant complexes formed between

82 G.R. Hilton et al.



the sHSP and target proteins can range in mass up to several MDa [111, 127, 128].

The binding capacities of the sHSPs vary between different members of the family,

but can be very high, with the chaperones capable of protecting stoichiometric

quantities of target [128, 129]. The capacity appears to be somewhat dependent

on the identity of the target protein [127, 129], perhaps purely reflecting the

mass of the target [7, 130]. As such, the sHSPs can be viewed as high-capacity

“sponges” for non-native proteins, preventing the deleterious consequences of their

aggregation [131].

Themajority of assays for studying sHSP activity rely on assessing the ability of the

chaperone to suppress the aggregation of model proteins, due to the difficulties in

purifying inherently unstable targets [132]. It is not uncommon that the apparent

efficiency of protection is dependent on the choice of model protein [133]. As such

these in vitro assays might not be expected to capture all aspects of in vivo function

[134]. Nevertheless, the capacity of sHSPs to interact with a range of destabilised

model proteins renders it likely that they have multiple targets in the cell [9,

57]. Determining the characteristics of actual cellular substrates has however been

hampered by the absence of easily assayed phenotypes associatedwith sHSP deletions

in yeast orEscherichia coli [135, 136]. However, a study using Synechocystis sp. PCC
6803, in which only a single sHSP is encoded and the deletion of which results in

lack of thermo-tolerance [137], identified interactions with numerous proteins [132].

These interactors displayed no commonality in sequence or structure, and spanned

functions ranging from transcription, translation, to cell signalling, and secondary

metabolism [132]. A similarly heterogeneous set of targets was also observed in

yeast, corroborating the apparent broad specificity of sHSPs [138]. The general

chaperone function of the sHSPs therefore appears to be to act as “holdases”,

sequestering target proteins and thereby impeding the deleterious consequences

of their aggregation [131].

3.2 sHSP Activity Is Influenced by Environmental Conditions

Multiple different stresses have been reported to stimulate the activity of sHSPs.

Primary to these is heat shock, with sHSPs generally thought to be more effective

chaperones at elevated temperature. For example, HSP26 has been demonstrated

to undergo significant structural and dynamical changes around 40�C, consistent
with a thermal activation of the protein [83, 100, 109]. While HSP26 is unusual in

containing a middle domain, HSP18.1 undergoes a similar dynamic transition in

oligomerisation from an inactive “storage form” into a functional chaperone with

temperature [111]. In fact chaperone functions at temperatures far in excess of

those normally termed “heat shock” have been reported [139]. On the other hand,

some sHSPs have been shown to retain chaperone activity below heat shock

temperatures [140], demonstrating that thermal activation is not a universal

requirement for sHSP function.
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Solution pH is also known to affect the molecular properties of the sHSPs.

Studies of aB-crystallin have revealed dramatic changes in the thermodynamics

and kinetics of the inter-subunit interfaces [50, 54, 66, 82]. This is reflected in pH-

dependent changes in chaperone function in vitro [141–143], and a role for aB-
crystallin in responding to cellular acidification [144–146]. sHSPs have also been

demonstrated to provide protection against toxicity from metal ions in vivo [147].

The a-crystallins have been shown to bind metal ions directly [48], potentially

silencing any tendency to oxidise [148, 149], and resulting in modulation of their

chaperone function [150, 151]. This behaviour is interesting in light of the role of

the redoxins, which switch from their enzymatic function to become molecular

chaperones upon oxidative stress [152, 153].

While it has been generally accepted that the function of sHSPs is as ATP-

independent molecular chaperones, there have been reports suggesting that the

sHSPs can bind nucleotides [154, 155]. This finding is supported by the observation

of sulphate ions accumulated at the dimer interface in recent crystal structures [48,

156]. Mapping changes in residue-specific protease susceptibility of aB-crystallin
upon the addition of nucleotide [157] on the structure of the core domain suggest

that the location of the sulphate may represent ATP-binding sites [53]. This is in

line with the notion that nucleotide binding (rather than hydrolysis) might regulate

activity [154], a mode of action that contrasts with the canonical chaperones, in

which the turnover of ATP drives their action [158].

Members of the sHSPs can become post-translationally modified upon stress,

with phosphorylation in particular implicated in affecting their function [159–161].

Accordingly, profound effects of phosphorylation on the chaperone activity have

been observed in vitro [112, 162–164]. However, the identity of the target protein

and solution conditions both strongly influence whether the post-translational mod-

ification leads to an increase or decrease in chaperone efficacy [133]. As such, while

the evidence clearly points to phosphorylation regulating the function of sHSPs, a

simple description of the mechanism appears unlikely [165]. Overall, from the

differences in activity observed for the sHSPs as a result of multiple and varied

stimuli, a picture emerges of a family of molecular chaperones which are exquisitely

and directly controlled by the insult responsible for a particular stress condition.

3.3 sHSPs Co-Operate with the Cellular Machinery to Allow
Reactivation or Degradation of Targets

While the sHSPs are active under stress conditions and act to bind non-native target

proteins, they do not themselves appear to enable their refolding. Instead the target

protein is subsequently retrieved from the sHSP:target complex and refolded upon

interaction with ATP-dependent chaperones [166–169]. This renaturation pathway

involves the HSP70/HSP40 system (DnaK/J in prokaryotes), a nucleotide exchange

factor, and HSP100 working in concert with the sHSPs to liberate and refold

unfolded substrate proteins [170].
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While it has been demonstrated that the sHSPs facilitate the disaggregation of

insoluble protein deposits [135, 170–174], the mechanism by which this is achieved

is presently unclear. Recent studies suggest that different sHSPs may play varying

roles in the resolubilisation process [175]. It is likely that they act to compete

kinetically for the inter-molecular interactions that would otherwise ultimately lead

to the formation of stable aggregates, instead holding proteins in a conformation

more amenable to subsequent refolding [170].

While the link between the sHSPs and ATP-dependent foldases is clear, recent

evidence also points to their interaction with the protein degradation machinery [176].

A number of studies have linked sHSPs with the proteasome/ubiquitin pathway

[177–180], and the E. coli sHSPs IbpA and IbpB have been shown to be substrates

of the Lon protease [181]. Though this field warrants considerably more attention, the

involvement of sHSPs in both the refolding and degradation pathways reveals them as

crucial switching points in determining the fate of unfolded proteins [182].

3.4 sHSPs Possess Multiple Sites that Become Exposed to
Bind Targets

Considerable effort has been expended in an attempt to elucidate the region of the

sHSPs which interact directly with the target proteins. Different studies have

implicated the N-terminal region [65, 134, 183, 184], the C-terminus [185, 186]

and the a-crystallin core [149, 187, 188]. Indeed, isolated a-crystallin domains from

some sHSPs have been shown to have a certain amount of molecular chaperone

activity [48, 52]. Taking these results together implies that there is no single binding

site within the oligomer, but rather that these are dependent on the sHSP or target

protein in question [6] (Fig. 6).

A commonality observed in the majority of putative interacting regions which

have been elucidated is that they are hydrophobic in nature [6]. This is unsurprising,

considering that it is the exposure of complementary hydrophobic surfaces on target

proteins which renders them aggregation prone. It has been shown that the number

of accessible hydrophobic sites on the sHSP increase upon heat shock [80, 167,

189], prompting the question whether this is a consequence of structural

rearrangements of the sHSP oligomer.

A popular hypothesis, based on cumulative evidence from studies of several

different members of the family which demonstrated oligomeric dissociation at

heat-shock temperatures, is that a sub-oligomeric species form of the sHSP initially

binds the target [109, 137, 190]. This mechanism does not appear to be universal,

however, as a number of examples have emerged showing that dissociation, or its

corollary, the rate of subunit exchange, is not necessarily correlated with chaperone

activity [72, 80, 82, 191, 192]. In this regard it is informative to consider the case of

HSP26. An early study of this protein demonstrated it to undergo dissociation into

sub-oligomeric species at heat shock temperatures, suggesting this event to predi-

cate chaperone activity [109]. However, subsequent studies revealed that chaperone
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activity was unaffected if the oligomer was cross-linked such that it could not

dissociate [191]. Instead, a thermally regulated conformational change in the

middle domain [100], which in the unrestrained protein is concomitant to changes

in oligomerisation [83], has been implicated as underlying activation of this sHSP.

This example illustrates that even if a protein undergoes dissociation into sub-

oligomeric species at heat-shock temperatures, this does not necessarily imply that

the sub-oligomeric species is the active target-binding form.

An alternative model is motivated by a recent cross-linking study between

HSP18.1 and malate dehydrogenase which suggested that the N-terminal region

was primarily responsible for binding [65]. However, examination of the structure

of its homologue HSP16.9 reveals at least some of the N-termini to be sequestered

within the centre of the oligomer [43], a location structurally incompatible with the

high binding capacity of the chaperone. It is possible therefore that the N-terminal
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Fig. 6 Molecular basis for activation of binding of target by the sHSPs. A range of structural and

dynamical changes in the sHSPs have been observed which have been ascribed to switching the

chaperone into an “active” state. These are separated here according to effects on the oligomer

(left) or protomer (right) level. The former include dissociation of the oligomer; a conformational

rearrangement of a domain within the oligomers; or a change in oligomeric distribution. At present

no universal pathway has emerged, and activation is likely to be sHSP dependent. Ultimately, and

common to all sHSPs studied, large and heterogeneous sHSP:target complexes are formed. On the

protomer level evidence for the exposure of the b4–b8 groove by detachment of the C-terminus,

exposure of the dimer interface and unfurling the N-terminus has been proposed. The diversity in

mechanism is likely to reflect the evolutionary diversity of both the sHSPs and their targets
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arm unfurls from the central cavity of the protein to become exposed at heat-shock

temperatures in an intrinsically disordered state which can present diverse

geometries of interaction sites for binding [65]. One can even envisage a situation

whereby the N-terminus acts to modulate the surface of the oligomer, similar to the

way in which the specificity of protein phosphatase 1 is governed by the binding of

its unstructured regulator proteins such as spinophilin [193]. Such a release of the

N-termini would necessitate the loss of the directional inter-dimer constraints they

form in the crystal structure of HSP16.9. Circumstantial evidence for this mecha-

nism therefore comes from that fact that at heat-shock temperatures the oligomeric

form of this protein is no longer confined to a dodecamer [110].

This change in protein partitioning, with most of the protein being re-allocated

from a monodisperse oligomer at ambient temperatures into a polydisperse ensem-

ble, arises purely from thermal motions that transfer subunits between oligomers of

varying relative stability. This is particularly pronounced for HSP18.1 [111]

where, interestingly, the resultant distribution of higher oligomers that was observed

in this study was very similar to that populated by the a-crystallins at ambient

temperatures [82, 162], conditions under which they remain chaperone-active.

This raises the possibility that a polydisperse ensemble of oligomers may not only

be a direct consequence of sHSP activation, but may even itself be of direct

functional benefit.

In combination these studies suggest that there are not only multiple binding sites

on the oligomer but also different mechanisms for their exposure to target proteins

(Fig. 6). A common thread appears to be that the native oligomer represents a

chaperone-inactive “storage form”, which undergoes a transition to a chaperone-

active form. Such a change may exist purely to prevent unwanted, retarding

associations with non-native states during non-stress conditions. Alternatively it

may signal a switch between different cellular functions, analogous to redoxins

which have been observed to become chaperone active upon a stress-induced change

in the oligomeric state [152, 153]. Overall, however, it is clear that there are

considerable mechanistic variations in the chaperone function of different sHSPs,

emphasising the broad specificity of these chaperones in protecting the proteome.

3.5 sHSP:Target Complexes are Plastic and Polydisperse

The complexes formed when sHSPs are incubated with target proteins are very

large and extremely heterogeneous [127, 128]. This is in stark contrast to the

defined stoichiometries of interaction observed for foldase chaperones and their

targets [158]. Such heterogeneity severely hampers structural interrogations, but

can be overcome using the high resolution of separation afforded byMS approaches

[91]. Employing a tandem-MS strategy [81], the different complexes formed

between HSP18.1 and luciferase were identified and quantified [111]. Despite

these experiments being performed with an excess of chaperone, remarkably over

300 stoichiometries of interaction were observed, variable in both the number of
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sHSP and target subunits [111]. In light of the observation that sHSP:target

complexes scale with the amount of target protein [127], a glimpse of the

bewildering polydispersity of these complexes is obtained.

The complexes are not static entities; indeed they can continue to incorporate

ever-increasing amounts of substrate [111, 127, 128]. Moreover, the sHSP subunits

continue to exchange with free sHSP oligomers and other complexes [127].

By contrast, target proteins appear unable to transfer from one complex to another

[127].Hydrogen/deuterium exchange experiments revealed no difference in backbone

amide protection between the sHSP free in solution or in complex [62], and

a-lactalbumin associated with a-crystallin is still visible in proton NMR spectra,

implying that it must spend a significant proportion of its time tumbling independently

in solution [194]. These data therefore reveal that the interaction between sHSP and

target protein is, at least in some cases, only transient, presumably to facilitate

subsequent transfer to the refolding machinery.

In addition to these inherent dynamics and variability, it also appears that sHSP:

target complexes can adopt different morphologies [128, 130]. Interestingly it appears

that this is target-protein dependent: the same sHSPs formed different morphologies

with different targets [128, 130] but complexes of different sHSPs and the same target

appear similar [128]. This can be rationalised by the observation that the sHSPs bind

target proteins early during the unfolding process, when their structure is largely

preserved [62, 130]. In summary, the complexes formed between sHSPs and targets

are extremely polydisperse and dynamic, which renders their structural

characterisation very challenging, but is likely integral to their cellular function.

4 Paramedics Within the Proteostasis Network

Molecular chaperones are crucial for the maintenance of cellular protein homeosta-

sis [10]. sHSPs are an important part of this network, being dramatically

upregulated and activated during cellular stress, and sequestering destabilised

targets from aggregation. In this way, sHSPs can be regarded as the paramedics

of the cell [83], rapidly stabilising the targets prior to their attention by the refolding

or degradation machinery. Aside from this important role in overcoming the

kinetics of aggregation, the sHSPs also act to increase the proteostasis capacity of

the cell. By temporarily storing the aggregation-prone proteins, awaiting refolding

or degradation, they act as a vital buffer between protein unfolding and its poten-

tially deleterious consequences.

While the sHSPs form a crucial part of the proteostasis network [11], they

themselves can be thought of as a highly dynamic sub-network. As discussed

above, many studies have shown that sHSPs can adopt a range of plastic oligomeric

states, containing chains from multiple different sHSPs. As many organisms

express multiple sHSPs in the same cellular compartment, this will lead to their
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coassembly upon synthesis. If all particular subunit arrangements are allowed the

number possible of oligomers NOli is given by

NOli ¼
Xn

i

½NsHSP þ Pi � 1�!
Pi!½NsHSP � 1�!

where NsHSP is the number of sHSPs capable of coassembly and i the number of

sHSP subunits in a particular oligomeric stoichiometry P.
As an example, for monodisperse hetero-dodecamers (Pi ¼ 12), if there are six

compatible sHSPs (NsHSP ¼ 6), as is the case for class I sHSPs in the Arabidopsis

cytosol [3], the number of potential oligomers is 6,188. In the analogous calculation

for class I cytosolic sHSPs in Californian poplar (NsHSP ¼ 18) [3], almost

52,000,000 combinations are possible. While what proportion of these potential

hetero-oligomers are formed in vivo will be influenced by factors such as tissue

specificity and relative expression rates and levels, the number of possibilities is

nonetheless remarkable. Combined with the observation that the oligomers rapidly

exchange subunits, this suggests that sHSPs should not be regarded as individual

oligomers but rather an extensive and interconverting ensemble.

The very large numbers of compatible sHSPs in plants are not replicated in

mammals but instead it appears that a different mechanism to achieve the same

effect might be at play. In the case of a-crystallin in the eye lens, where both

isoforms A and B are expressed and populate oligomeric states between 10 and

50mers [66], 1,271 combinations are possible. Additionally, aB-crystallin is found

outside the lens, and is one of seven sHSPs abundant in muscle, leading to

potentially over 264,000,000 different complexes. Although, specificities of inter-

action between sHSP pairs [195] will act to reduce this number in the cell, the

polydispersity of many members of the family can act as a means to magnify the

diversity of hetero-oligomers.

Indeed, in the case of plant sHSPs it has been shown that a mono- to polydisperse

transition occurs under heat-shock conditions, and therefore both the large number

of sHSPs and polydispersity can combine to create astonishingly large possible

numbers [111]. It remains to be proven to what extent this diversity exists in vivo,
and how it acts to regulate molecular chaperone function. It is however enlightening

to consider the parallels with the immune system in higher eukaryotes, whereby a

relatively small number of genes (~300) can give rise to over 108 different antibodies

[196], allowing the recognition of the diverse structures of antigens. It is tempting to

speculate that evolution of such an extensive sHSP ensemble, within the context of

the wider chaperone network [197], allows organisms to protect themselves against

the diversity of unfolding client proteins and thereby maintain proteostasis.
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Allostery in the Hsp70 Chaperone Proteins
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Matthias P. Mayer, Jason E. Gestwicki, and Atta Ahmad

Abstract Heat shock 70-kDa (Hsp70) chaperones are essential to in vivo protein

folding, protein transport, and protein re-folding. They carry out these activities

using repeated cycles of binding and release of client proteins. This process is under

allosteric control of nucleotide binding and hydrolysis. X-ray crystallography,

NMR spectroscopy, and other biophysical techniques have contributed much to

the understanding of the allosteric mechanism linking these activities and the effect

of co-chaperones on this mechanism. In this chapter these findings are critically

reviewed. Studies on the allosteric mechanisms of Hsp70 have gained enhanced

urgency, as recent studies have implicated this chaperone as a potential drug target
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in diseases such as Alzheimer’s and cancer. Recent approaches to combat these

diseases through interference with the Hsp70 allosteric mechanism are discussed.
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1 General Introduction

Heat shock 70-kDa proteins, Hsp70s, were first identified in bacteria as being over-

expressed in response to cellular stress such as elevated temperatures, nutrient

deprivation, heavy metals, oxidative stress, and viral infections [1]. Hsp70s rescue

proteins that have been partially denatured, misfolded, and/or have become

aggregated by these conditions. Hsp70s can unfold these clients in a complicated

process fueled by ATP hydrolysis under allosteric control [2]. The unfolded clients

are then free to refold properly. In addition to their roles in the stress response,

Hsp70s are also expressed in normal, unstressed cells, where they act as

chaperones, catalyzing the overall folding yield of newly expressed proteins by

unfolding off-pathway intermediates [3, 4].

Hsp70s occur in all domains of life: archaea, eubacteria, and eukaryotes. In the

eukaryotes, (specialized) Hsp70s are found in the cytosol, nucleus, mitochondria,

chloroplasts, and endoplasmic reticulum. Hsp70s have been shown to be the most

conserved proteins found in all organisms [5]. In archaea and eubacteria Hsp70 is

referred to as DnaK. In yeasts they are called SSA, in mammals including humans

they are referred to as HSPA. The latter are enumerated in Table 1. Most species

encode for at least three Hsp70s.

In stressed human cells, the 13 Hsp70 isoforms account for 2% of all protein

mass [6]. In addition to Hsp70’s role in protein re-folding, Hsp70s direct irrevers-

ibly denatured proteins to degradation by the ubiquitin-proteasome system [7] or by

the lysosomal proteolysis system [8]. Hsp70s are assisted by co-chaperones called

J-proteins (Hsp40) [9] and nucleotide exchange factors (NEF) [10]. Apart from
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their function in protein (re)folding, the Hsp70 proteins also mediate uncoating of

clathrin-coated vesicles [11], trafficking of nuclear hormone receptors [12], and

antigen presentation by MHCs [13]. Because of these varied roles, Hsp70 is

considered a core mediator of protein homeostasis.

Hsp70s have been implicated in numerous diseases. For example, Hsp70s are

upregulated in tumors [14], and they are required for the survival of these cells

[15–17]. Enhanced expression of Hsp70 in tumor cells is likely caused by conditions

which mimic stress [18, 19]. Hsp70s are thought to play at least three roles in cancer.

First, they are thought to attempt to neutralize the conformational changes in mutant

proteins [20, 21] which are common in tumorigenic cells. Second, Hsp70s are found

to inhibit specifically cell death pathways [19, 22–26]. Third, mitochondrial Hsp70

can directly inactivate p53 tumor suppressor protein [27, 28]. Hsp70s are also

involved in several CNS disorders. Diseases such as Alzheimer’s, Pick’s disease,

progressive supranuclear palsy, corticobasal degeneration, and argyrophilic grain

disease are characterized by the aberrant accumulation of hyperphosphorylated tau,

called tau-tangles [29]. Hsp70s participate in the clearance of tau-tangles through a

mechanism that is currently not well understood. Because of these emerging roles of

Hsp70s in multiple diseases, there is renewed interest in understanding the

mechanisms of this chaperone, with the goal of creating new medicines that best

exploit the complex mechanisms of allostery in the Hsp70 system.

2 Hsp70 Overall Architecture and ATP Hydrolysis

Because Hsp70s are extremely well conserved proteins (53% identity, 68% homo-

logy between the Hsp70 of E. coli and Hsc70 of humans), the conclusions of studies

using an Hsp70 from one organism are often considered to approximate the

behavior of the others. Thus, we primarily discuss the properties and allosterics

Table 1 Homology for the hydrophobic NBD-SBD linker for the human HSPA (HSPA8 count) as

compared to Hsp110 of S. cervicea (bottom)

Systematic name Old name 390 391 392 393 394 395 396 397 398

HspA1A Hsp70 1A/1B D L L L L D V A P

HspA1L Hsp70 1-like D L L L L D V A P

Hspa2 Hsp70 2 D L L L L D V T P

HSPA5 Grp78, Bip D L V L L D V C P

HSPA6 Hsp70 6 D L L L L D V A P

HSPA8 Hsc70 D L L L L D V T P

HSPA9 Mt-Hsp70, mortalin D V L L L D V T P

HSP12A Hsp70 12A A V I K V R R S P

HSPA12b Hsp70 12B G V V R V R R S P

HSPA13 Hsp70 13 A L E I P N K H L

HSPA14 Hsp70 14 D S L M I E C S A

395 396 397 398 399 400 401 402 403

HSP110 SSB-1 E D I H P Y S V S
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of the Hsp70s in the context of the E. coli ortholog, called DnaK, because it is one

of the best studied. Further, in this review we will often use the names DnaK and

Hsp70 interchangeably.

DnaK contains three domains (see Fig. 1). The N-terminal 45-kDa Nucleotide

BindingDomain (NBD) is formally divided into four subdomains: IA (1–37, 112–184,

363–383), IB (38–111), IIA (185–227, 310–362) and IIB (228–309), all in DnaK

E. coli numbering. IA-IB and IIA-IIB form the two arms of a V-shaped structure [30,

31]. Nucleotide is bound at the center of the V-shaped cleft and is coordinated by

residues derived from all four subdomains. The distribution is skewed: the adenosine

and deoxy-ribose moieties are wedged into the interface of subdomains IIA and IIB.

The a-phosphate and b-phosphate interact mostly with residues from subdomain IIA,

whereas the g-phosphate and the ATP-coordinated Mg2+ ion are mostly in contact

with residues of subdomain IA. Only one residue from subdomain IB is involved in

interaction with nucleotide. It is Lys70 which is absolutely essential for catalysis

(Lys71 Hsc70 for which the definitive mutagenesis experiment was carried out [32]).

The lysine e-amino group is likely involved in the activation of thewatermolecule that

carries out the nucleophilic attack on the gamma phosphate [32]. Mutations of other

residues involved in nucleotide or Mg2+ binding affect kcat and/or KM, but no single

mutation completely abolishes hydrolysis [33]. Hence there is no single residue acting

as the sole general base catalyst. Even the nature of the monovalent ions that help

coordinate the g-phosphate in the active site is important: ATP hydrolysis is five times

slower in NaCl than in KCl [34].

The NBD is connected via a linker to the Substrate Binding Domain (SBD). The

linker is 10–12 residues in length and is highly conserved, showing a characteristic

D/E-V/I/L-L-L-D-V-*-P hydrophobic sequence [35]. The SBD is a b-basket of
13 kDa, which is made up of two antiparallel b-sheets of four strands each [36]. The
substrate-binding pocket is located between the two b sheets, is highly hydropho-

bic, and displays a high affinity for hydrophobic residues such as Leu [37]. A short

linker connects the SBD to the 15-kDa alpha-helical LID which shields the

substrate-binding pocket [37]. Beyond the LID is a tail region of varying length

(approximately 50 residues) and sequence. In E. coli DnaK this tail is disordered

and dynamic [38]. Recent work indicates that it may act as a disordered tether

linked to a weak substrate-binding motif which enhances chaperone function by

Fig. 1 Hsp70 domain architecture in DnaK E. coli count
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transiently interacting with folding clients [39]. In human Hsp70s the very

C-terminus of the tail region contains sequences that are important for the interac-

tion with the CHIP [12], a ubiquitin ligase, or for ER targeting [40].

3 The Hsp70 Functional Cycle

Misfolded proteins (substrates) display stretches of exposed hydrophobic amino

acids. The most quoted [41], but not universal [42], view is that co-chaperones of the

DnaJ class (Hsp40) are the first to recognize and bind to such substrates, and escort

them to the Hsp70 protein. In the DnaK–DnaJ–substrate complex, the substrate is

transferred to the hydrophobic cleft located on the Hsp70 SBD. The cleft is solvent-

accessible in the ATP state of the chaperone. By combined action of DnaJ and bound

substrate, the Hsp70 hydrolyzes ATP. This leads to a large-scale conformational

change in which the substrate becomes more tightly bound. EM-structural analysis

of an Hsp70 bound to a full-length protein client confirms that the binding takes

place through the SBD [43]. Nucleotide exchange factors (NEF; GrpE in the case of

E. coli) help the Hsp70 to acquire ATP, reversing the conformational change, and

reducing the affinity of the Hsp70 for the substrate, after which it is released. This

cycle constitutes the so-called “holdase” and release function of the Hsp70 (see

Fig. 2). This function is utilized to transport un/mis-folded proteins between

organelles or to protect the un/mis-folded proteins from aggregation until more

favorable folding conditions exist [44].

In addition to the holdase function, the Hsp70’s main function is to help in the

protein (re)folding process. Hsp70s such as DnaK, in the presence of DnaJ, GrpE,

and ATP, can refold heat-denatured luciferase [45], polymerase [46], and

resolubilize protein aggregates [47]. In fact, in the eukaryotic cytosol, Hsp70s are

the predominant protein (re)folding machine, handling more substrates (20% of the

proteome) [48] than the eukaryotic GroEL analog TRiC (7% of the proteome) [49].

Protein refolding must involve an active unfolding step of the substrate [4, 50, 51].

Possible mechanisms are (1) that Brownian motion of the chaperone loosens the

bound misfolded protein, in a process called entropic pulling [52], (2) that

misfolded proteins are inherently unstable and will transiently expose additional

hydrophobic sequences which are trapped by additional DnaJ and/or DnaK, leading

to progressive unfolding in a multi-molecular complex, (3) a combination of (1) and

(2) [47], and (4) that the closure of the Hsp70 lid upon binding to the client is a

molecular wedge to alter the conformation of the bound substrate [43]. Unfolded

protein is subsequently released by action of the NEF, after which it can spontane-

ously refold. Especially in the refolding function (Hsp70 as “foldase” actually,

better, “un-foldase”) timing and kinetics must be critical to success.
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4 Allostery and Structures of Hsp70

Hsp70s are allosteric proteins in which ATP binding at the NBD causes substrate

release at the SBD, and in which substrate binding causes hydrolysis of ATP, and in

which hydrolysis of ATP enhances substrate binding. In the ADP state substrate

binding is tight, while in the ATP state, the substrate binding affinity is reduced by

one to two orders of magnitude [53–55] (depending on substrate and species; see

Table 2). As the distance between the nucleotide binding cleft and substrate binding

cleft is more than 50 Å, the clefts must communicate indirectly by allostery.

PO4

PROTEASOME

Hsp70 (DnaK) 

Hsp40 (DnaJ) 

NEF (GrpE) 

ATP

ATP

ATP

ATP

ADP

ADP

ADP

ADP

ADP

Fig. 2 The Hsp70 functional cycle as an unfoldase. DnaK NBD is in red, SBD is in blue, LID is in

dark green. DnaJ J-domain is in yellow, DnaJ SBD is in cyan, DnaJ GF-region is in pink. Substrate
(client) is in green. NEF is in gray. The oligomeric complex with several Hsp70s and Hsp40s is

unproven. Successful cycles result in unfolded protein that can spontaneously refold. Unsuccessful

cycles result in protein degradation by the proteasome
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Our discussion here will focus mostly on allosterics as observed in DnaK, the

Hsp70 of bacteria E. coli. This is because much of the early Hsp70 work was carried

out for DnaK and also because the majority of the recent structural information on

allostery has been collected on DnaK. We are, as of this writing, not aware of any

structural/kinetic/thermodynamic findings that are fundamentally different for the

mammalian Hsp70s. The latter differ from DnaK E. coli mostly in the utilization of

different co-chaperones.

The difference in the affinity for substrate in the case of DnaK-ATP and DnaK-

ADP corresponds to a free energy of allostery of only 2 kcal/mol (see Table 2)

[53–55]. This is less energy than is contained in a typical H-bond. However, the

substrate off-rate is different by three orders of magnitude between the ADP and

ATP state, which corresponds to a respectable change of 4–5 kcal/mol in the free-

energy of the dissociation activation barrier.

DnaK’s allostery can be measured in a number of ways. In vitro assays include

stimulation of ATP-hydrolysis upon substrate binding [56], which can be monitored

by detecting the release of ortho-phosphate by g32P radio-isotope assays [57],

colorimetric assays [58], or 31P NMR spectroscopy [59]. In addition, substrate

binding at the SBD may be monitored by change in the emission maximum of the

intrinsic fluorescence of Trp102 of DnaK [60], which is located in the subdomain

IB of the NBD [61]. The fluorescence change can hence be used to monitor

allosteric communication. Furthermore, the quintessential substrate release upon

ATP binding can be monitored by a decrease in the fluorescence anisotropy of

fluoroscein-labeled substrate peptides [62]. Nucleotide and substrate binding result

in global changes in the DnaK molecule. The linker between NBD and SBD is more

easily cleaved in the ADP state than in the ATP state [61]. Also, amide proton

exchange in the SBD is different in ADP and ATP states [63]. Finally, extensive

chemical shift changes of the NMR lines of the NBD occur when peptide becomes

bound to the SBD [64], and, conversely, the NMR spectrum of the SBD changes

upon ADP/ATP exchange in the NBD [65].

In vivo assays of Hsp70 functionality include evaluation of capability of cells

to survive heat shock [66], and, for DnaK in particular, its ability to stimulate

lambda-phage growth in E. coli [67]. A stringent test is the refolding of mutated

or heat-denatured luciferase, which will only occur in the presence of ATP and

co-chaperones of the DnaJ and NEF class [45]. Recently, suspicions that all of these

functional/biophysical assays may not perfectly correlate with each other have been

put forth [68, 69].

Much about allosteric mechanisms of proteins can usually be learned from the

comparison of the structures of different allosteric states of the proteins. The

classical example is the comparison of the crystal structures of oxyhemoglobin

and deoxyhemoglobin. The conformational differences seen provided strong clues

about the allosteric mechanism, which was eventually verified with biochemical and

genetic experiments. A similar structural analysis has been a longstanding goal in the

Hsp70 field. While structures for isolated NBDs [37, 70–72], SBDs [37, 73, 74], and

LID [37, 75] were published almost two decades ago, structural biology techniques

have only recently captured a few constructs that contain both NBD and SBD
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[38, 64, 76, 77]. For the Hsp70s, at least four allosteric states should be compared:

NBD(ATP)-SBD(apo), NBD(ATP)-SBD(sub), NBD(ADP)-SBD(sub), and NBD

(ADP)-SBD(apo). In addition, one can add NBD(apo)-SBD(apo) and NBD(apo)-

SBD(sub). However, nucleotide-free NBD can exist only transiently during the

ADP ! ATP exchange and should not be considered to be a physiologically

relevant state. Nevertheless, biochemical evidence suggests that its properties are

not unlike the ADP-bound state [61]. ATP hydrolysis in the NBD(ATP)-SBD(sub)

state is relatively rapid (0.05–0.5 s�1) [56]. Consequently, the lifetime of this state is

too short for structural studies. This leaves three other relevant states to be studied.

The NBD(ADP)-SBD(sub) state is completely stable in the absence of NEFs and so

is the NBD(ADP)-SBD(apo) state. The NBD(ATP)-SBD(apo) state is stable enough

for most biophysical experiments (ATP hydrolysis rate is 5 � 10�4 s�1) [56], but

not for NMR or X-ray structure determination.

In addition to these fundamental considerations, there are technical problems.

The Hsp70s tend to aggregate in both ADP and ATP states, especially when the

SBD cleft is unoccupied, and the NBD-SBD linker is very susceptible to proteolytic

cleavage. These properties hamper both NMR and X-ray studies. Hsp70s are

“large” for NMR, precluding high-resolution structure determinations to be made

(except for the isolated SBD [73, 78]). As multi-domain proteins of dynamical

nature, Hsp70s also are a challenge for X-ray crystallography, both in crystalliza-

tion and in the effect of packing on the relative (sub)domain positions in the crystal.

Because of these technical issues, only one of the four allosterically relevant

structures is available to date: it is the NBD(ADP)-SBD(sub) state, determined in

solution from a combined analysis of X-ray structural data of the subdomains, with

NMR residual dipolar couplings which delineate the relative domain orientations.

The structure was obtained for wt-DnaK in the presence of ADP, phosphate, and the

peptide NRLLLTG (KD ¼ 5 mM) [38]. In this structure, the LID domain is docked

to the SBD, but the SBD-LID unit moves rather unrestricted with respect to the

NBD [38] as can be seen from the NMR intensity data presented in Fig. 3. Using
15N NMR relaxation data, it was established that the dynamics of the SBD is

consistent with motion in a cone of 70� opening angle with respect to the NBD,

and that the time scale of the motion is shorter than 1 ns. The study substantiated

earlier NMR studies that noted that the NBD and SBD behave as independent units

in the ADP state [65, 79]. So the NMR data from two groups show that there is no

stable communication between NBD and SBD in the ADP state. Hence, one expects

that the two domains must interact in the ATP state.

By itself this is an interesting finding: conventional understanding is that allo-

stery involves (at least) two well-defined states, in which the interaction free energy

between the allosterically-coupled units differs. Possibly this outlook may be

derived from the fact that virtually all structural studies of allosteric systems have

been studied by crystallography, a method which can only characterize well-

defined states. Possibly, allostery involving dynamic, “non-communicating” states

is widespread, but has gone undetected. Alternatively, we observe here a primitive

form of allostery. It must be simpler evolutionarily to develop interface
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complementarity in only one instead of two allosteric states. Hsp70s, which are

some of the most ancient proteins [5], may have conserved this mechanism.

The following other two-domain structures are available, but neither of these

contains wild-type proteins.

First, an NMR solution conformation is available for a truncated construct of the

DnaK of Thermos thermophilus, in the ADP state, but without bound substrate [64].

This protein, an NBD(ADP)-SBD(apo) state construct, is missing the complete alpha-

helical LID domain. It does not show relative domain motions. Its overall domain

alignment is within experimental uncertainty, identical to that of wt-DnaK-E. coli
NBD(ADP)-SBD(sub).Whether the lack of inter-domainmotion is caused by the lack

of the LID, the lack of substrate, or the fact that the experimental data were recorded at

55 �C, a temperature well below the temperature of optimal activity ofT. thermophilus
(65–80 �C), is currently unknown.

Second, a crystal structure of a two-domain construct of bovine Hsc70 truncated

at residue 554 was reported [76]. The C-terminus binds to the substrate-binding

cleft. In this construct, NBD and SBD were found to interact. However, the

mutations E213A and D214A, which were essential to the crystallization process,

are found to be on the interface between NBD and SBD (see Fig. 4). It is likely that

these aggressive mutations are the cause of the observed hydrophobic packing

between NBD and SBD. We believe that the crystal structure for this Hsc70

triple-mutant [76] is artifactual.

Third, a crystal structure of DnaK(1–509) from Geobacillus kaustophilus bound
in the ADP state was reported [77]. The construct is missing the alpha-helical LID

domain. The crystal contains dimers, in which the SBD of one monomer binds to

the NBD-SBD linker of the other monomer. While this is not likely to be a

physiologically relevant state, the structure does show that the NBD and SBD are

significantly separated from each other, in agreement with NMR solution structure

of wt-DnaK in the ADP state [38].

Fourth, a crystal structure of SSE1, an Hsp110 from S. cerevisiae, has appeared
[80]. Hsp110s are homologous toHsp70s, and bindATP stablywithout hydrolyzing it.

Despite the fact that the Hsp110 crystal structure is a dimer mediated by LID–LID

interactions, the NBD-SBD interface may be representative of the Hsp70 ATP state.

Fig. 3 (a) The relative orientation of the SBD (left) and NBD (right) for DnaK(1–605) in the ADP –
NRLLLTG state in solution [38]. NBD domain IA: yellow, IB: blue, IIA: green, IIB: red, linker:
white, beta domain: cyan, LID-helix-A:magenta, LID-helix-B: pink, Lid: orange. Residues rendered
in space fill are important for the NBD-SBD allosteric communication as determined bymutagenesis

studies from several other workers as discussed in the text. (b) Dynamical properties of the ADP-

NRLLLTG state of the DnaK backbone as determined from cross-peak intensity ofHNCONMRdata

[38]. High intensity indicates high mobility, low intensity indicates low mobility. Colors: NBD: red,
Linker: black, SBD: green, LID: blue. (c) Dynamical properties of the ATP-APO state of the DnaK

(1–605)(T199A/V436F) backbone as determined from cross-peak intensity of HNCO NMR data.

High intensity indicates high mobility, low intensity indicates low mobility. Colors: NBD: red,
Linker: black, SBD: green, LID: blue (Bertelsen and Zuiderweg, unpublished)
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It is depicted in Fig. 5. The structure shows a docked NBD and SBD, in agreement

with the expectation for the ATP state ofHsp70. The linker is engaged as an additional

strand of the two-stranded beta sheet in NBD subdomain IIA. This docking would

explain the extensive solution NMR chemical shift changes uponATP/ADP exchange

Fig. 4 A crystal structure of human Hsc70 D(555–646) E213A/D214A [76]. (a) Left, overall
docking. Green: SBD, cyan: SBD-beta; blue LID; black NBD-SBD linker. A213 and A214 are

yellow. (b) Right, docking of the NBD (ribbon) on the SBD/LID/Linker (surface). The linker is at

the bottom. Color coding: green: apolar, red: negative, blue: positive, white: polar, mud-green:
Thr + Tyr. The mutations A213 and A214 on the NBD are in pink and interact directly with a

hydrophobic SBD surface

Fig. 5 A crystal structure of Hsp110 of S. cervisea [80] Orientation and color coding is as in

Fig. 3a. (NBD domain IA: yellow, IB: blue, IIA: green, IIB: red, linker: white, beta domain: cyan,
LID-helix-A: magenta, LID-helix-B: pink, Lid: orange)
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seen for residues in these strands [64, 65, 81, 82]. The LID inHsp110 has moved away

from the SBD and is docked against subdomain IB. This docking would explain the

fact that the fluorescence of Trp102 in subdomain IB of DnaK is affected by the ATP-

ADP conformational change, but not in the absence of the LID [61]. Despite all these

expected features, there is still doubt as to the validity of Hsp110 as a model for the

Hsp70ATP-apo state. In particular, the lack of homology for the linker (see Table 1) is

of great concern. The linker plays a key role in the allosteric function of the Hsp70s

(see below). The linker sequence VLLLD, strongly conserved between Hsp70

members, is DIHPY in Hsp110. On the one hand, the differences in linker are quite

to be expected as they would explain why Hsp110 is locked in the ATP state; on the

other hand, one questions whether the observed docking in Hsp110 can be representa-

tive of the presumed docking in the Hsp70s since the differences in physico-chemical

properties of the linker residues are so large.

A recent NMR contribution from the Gierasch group [83] is weighing in on this

discussion. They observe chemical shift changes in the two-stranded beta sheet in

NBD subdomain IIA between DnaK NBD constructs with and without the linker,

but only in the ATP state. While no actual structure determination was carried out,

these results were interpreted to reflect that, only in the ATP state, the linker may

form an additional strand of the two-stranded beta sheet in NBD subdomain IIA.

Hence, this study supports the claim that the crystal structure of SSE1 [80] may

indeed be a model for the ATP state of the Hsp70 chaperones.

Nevertheless, as of this writing, this leaves us with only one reliable structure for

a full-length and authentic Hsp70: it is the solution structure of wt-DnaK in the

NBD(ADP)-SBD(sub)state in which no communication between NBD and SBD

takes place [38, 65]. Hence all understanding of the allosteric mechanism for

Hsp70s has to be derived from either structural studies of the individual domains

and their changes upon ligand binding or biochemical/biophysical studies of the

full-length proteins without direct structural insights.

Fortunately, many such studies are available, and will be reviewed below.

5 Global Characteristics of the Allosteric Change

The g-OH of Hsc70 active-site residue T13 (T11 in DnaK E. coli numbering) forms

a hydrogen bond with an oxygen of the ATP g-phosphate. This hydrogen bond is

one of the few direct links between the nucleotide and NBD subdomain IA (see

above). Mutation of T13 to valine did not affect the efficiency of ATP hydrolysis,

but completely abrogated the allosteric communication between NBD and SBD

[84]. The mutation T13S was allosterically active [84] and structural studies

revealed that its g-OH took the position of the g-OH of Thr. These findings

underscore the importance of this single hydrogen bond for the allosteric mecha-

nism. Possibly it is the key linkage signaling the nucleotide state to subdomain IA,

which, in turn, propagates the signal to the SBD (see below). However, the
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mechanism is probably more complicated: mutation of Hsc70 residue K71 (K70 in

E. coli numbering), the only ATP-contact residue derived from subdomain IB (and

essential for ATP hydrolysis [32]) also abrogating the ATP-induced conformational

change (as determined by SAXS) [32]. Hsc70 point-mutations E175S, D199S, and

D206S also bind ATP and also impair the ability of ATP to induce a conformational

change [32] (E171, D194, and D201 in E. coli numbering). All of these residues

are involved in coordinating Na+ or K+ ions, which in turn neutralize the ATP

g-phosphate. The mutation E543K on the LID can “rescue” the ATP-induced

transition for E175S/E543K, D199S/E543K, and D206S/E543K. E543 (D540

E. coli) forms a salt-bridge with R469 (R467 E. coli), stabilizing the LID-closed,

ADP state. It is likely that the E543K mutation destabilizes the ADP state,

facilitating the ATP-induction of the LID-open state. Hence, it is likely that the

mutations E175S, D199S, and D206S attenuate, but do not eliminate, allosteric

communication. The g-OH of T204 (T199 E. coli) was initially thought to be a

candidate for the nucleophile attacking the ATP. However, its mutation to Ala

yielded a protein that could still turn over ATP (albeit less efficiently), and in which

allostery was intact [85]. The same mutation in E. coli (T199A) had the same

phenotype [61, 86]. A rather rigorous mutation in the DnaK substrate binding cleft,

V436F, retained significant substrate binding capability, and retained allostery [61,

87, 88].

Some representative mutations of surface residues that yield Hsp70 constructs

that still can hydrolyze ATP and bind substrate, but which lack allosteric coupling,

are Y145A, N147A, and D148A [86]; P143G and R151A [89]; K155D and R167D

[35]. Mutagenesis of most residues of the NBD-SBD linker leads to loss of

allosteric communication [35, 90]. On the SBD, mutations K414I [62] and P419A

[91, 92] eliminate allostery. N415G and D326V attenuate allostery [93]. All

mentioned positions are listed in DnaK E. coli numbering and are shown in

Fig. 3. The NBD surface mutations all occur in subdomain IA facing the SBD in

the solution structure except for D326V on subdomain IIB, rendered in a different

shade of green in Fig. 3. The SBDmutations occur on the solvent exposed loops that

face the NBD in the solution structure of the ADP state. These areas are potentially

in contact in the ATP state. Recent work showed that these areas have been subject

to co-evolutionary mutagenesis [93], further bolstering the observation that they

could be in contact in the ATP allosteric state.

SAXS experiments showed considerable changes in overall molecular shape

between the ATP and ADP allosteric states of Hsc70 [94, 95]. The ADP state is

extended and monomeric, while the ATP state has a more globular shape. However,

the SAXS experiments on the ATP state should be critically viewed, considering

that this state has a strong tendency to aggregate at the concentrations needed for

SAXS.

Both hydrogen exchange and limited proteolytic digestion studies of DnaK show

that ATP binding stabilizes the NBD, while simultaneously destabilizing most of

the SBD [61, 63].

Gierasch and coworkers observed that the TROSY NMR spectra of the isolated

NBD and isolated SBD superimposed well on the TROSYNMR spectrum for DnaK

in the ADP state, but not for DnaK in the ATP state [65, 79]. This data suggested that
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NBD and SBD do not interact in the ADP state, but do interact in the ATP state. The

former observation was fully confirmed in the solution structure of DnaK in the ADP

state (see Fig. 3). In this figure the intensities of the HNCO cross peaks are plotted as

well [38]. Larger peaks indicate greatermobility of the associated amino acid residues.

Clearly, the SBD and LID domains have equal mobilities, while the NBD domain has

a different mobility. NBD-SBD domain docking in the ATP state is confirmed with

NMR mobility data on a DnaK construct in the ATP state as shown in Fig. 3c. This

figure also shows that part, but not all, of the LID is undocked in the ATP state.

Extensive domain dynamics has also been observed in FRET studies of the yeast

Scc1 DnaK homolog [96]. Fluorophores attached to NBD position 341 (318 in

DnaK E. coli count) and SBD position 448 (425) are closer to each other in the

presence of ATP than in the presence of ADP. The distance distribution is much

wider for the ADP state than the ATP state, in agreement with the relative mobility

of the NBD and SBD in that state. Fluorophores attached to SBD position 448 (425)

and LID position 590 (564) are closer to each other in the presence of ADP than in

the presence of ATP, showing that the LID undocks in the latter state. Again, the

distance distribution is wider for the ADP state than the ATP state, suggesting that

the LID can also undock in the ADP state.

As deduced from the following observations, the determinants for the allosteric

communication appear to be solely embedded in the NDB and the beta domain of

the SBD and the NBD-SBD linker. The LID domain, which certainly has to move

away from the beta domain to allow substrate binding and release, does not directly

drive the allostery. Mutant DnaK in which the complete LID was deleted (1–507)

showed wild-type activity in the ATP-hydrolysis and ligand fluorescence assays

(see Fig. 6) [74]. When the severely truncated DnaK(1–507) was expressed in a

DnaK-deficient strain, it still supported significant bacteriophage growth [74]. It is

unknown, but unlikely, that this construct is also functional in protein refolding,

given the pivotal role of the LID in regulating the kinetics of substrate binding and

release [97–104].

Other workers have also shown that other “lidless” constructs retain considerable

allostery [97, 98, 101–104]. It seems prudent to conclude that the conformational

changes of the LID domain are a result rather than a cause of the Hsp70 allostery.

However, comparisons of the kinetics of ligand binding and hydrolysis between

wild-type and constructs lacking the LID showed that the LID domain affects the

kinetics of substrate binding and release in a dramatic fashion [97, 98, 101–104].

Fine control of substrate binding and release kinetics must be essential to the protein

refolding machinery – maybe even more so than thermodynamics (see below).

6 The Key Role of the NBD-SBD Linker

The ten-residue linker between NBD and SBD is mostly hydrophobic and strongly

conserved between Hsp70s (see Table 1). This linker is more exposed in the ADP

than in the ATP state according to proteolysis assays [105] and hydrogen exchange
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experiments [63]. This is fully confirmed with the NMR dynamics data in Fig. 3: in

the ADP state the linker is very mobile, while the linker in the ADP state is docked.

Combined with the knowledge that mutations in the linker are detrimental to the

allosteric coupling [90, 106], these results imply a significant role for the linker in

allosteric signal transduction between the NBD and SBD.

Mayer and co-workers were the first to observe that the ATP-hydrolysis rate by

the isolated NBD of DnaK(2–393) was 41-fold faster than that of DnaK(2–385)

[35]. The difference between these constructs lies in the presence or absence of the

linker sequence 386VKDVLLLD393. As such, the mere presence of the linker in this

truncated construct mimicked, partially, the hallmark allosteric stimulatory effect

of substrate binding in the context of the wild-type protein. The mutation D393A

abolished the enhancement. This demonstrated that the linker itself is necessary and

sufficient for allosteric control of the NBD. Together with the observations that

mutations of the hydrophobic residues interfere with allostery [90, 106], and with

the observation that mutation of D388 did not interfere with allostery [35], the

essential part of the linker is demarcated as 389VLLLD393.

The effect of the presence of linker on the ATP hydrolysis rate was indepen-

dently observed by Gierasch and co-workers, who found that DnaK(1–392) was a

13-fold more efficient enzyme than DnaK(1–388) [65]. These workers used NMR

investigations to characterize the differences between the NBD constructs. The

domains in the ADP state revealed major chemical shift differences for about 50

residues between DnaK(1–392) and DnaK(1–388). In addition, the four C-terminal

residues of DnaK(1–388) were seen to be mobile. Significantly, the C-terminus of
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Fig. 6 In vitro studies of DnaK(1–507) allosteric function. (a) ATP-induced release of peptide

F-APPY in DnaK(1–507) measured by fluorescence anisotropy. The first bar represents the

anisotropy value for peptide bound to 1.1 mM DnaK(1–507). The second bar represents the

anisotropy value 5 min after addition of 0.44 mM ATP. The third and fourth bars represent

the values for wt-DnaK under comparable conditions, and the last bar indicates the anisotropy

value of free peptide. Error bars reflect the standard deviation from a mean of three measurements.

(b) Peptide stimulation of ATPase activity of DnaK(1–507) (P) and wt-DnaK (m). As DnaK

(1–507) is titrated with the peptide NRLLLTG, the ATPase activity is stimulated in a manner

similar to that of wt-DnaK. The hydrolysis rate is reported as moles of ATP hydrolyzed per minute

per mole of DnaK(1–507) or wt-DnaK. The error bar on the first point reflects the standard

deviation from a mean of three measurements and is valid for both assays. From [74]
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DnaK(1–392) was not mobile, indicating that the linker is docked in this construct.

Using selective labeling experiments, it was possible to show that L177 and I373 in

the IA-IIA hydrophobic cleft undergo large chemical shift changes between the two

constructs. The sidechain of L177 is part of the surface of the IA-IIA hydrophobic

cleft. I373 is completely buried but packed against L177. It was suggested that the

shifts of these residues indicate that the linker binds in this cleft. Recent work

strongly suggests that DnaK residues 215–220, which form the edge strand of the

beta sheet in subdomain IIA, interact with the NBD-SBD linker in the ATP state but

not in the ADP state [83]. There is some indication that the linker forms an extra

strand of the beta sheet. Very likely this interaction is crucial to the propagation of

the allosteric signal from the NBD to the SBD [80].

Mayer and coworkers set out to identify the electrostatic partner for linker

residue D393 on the NBD surface [35]. Mutagenesis of likely candidate residues

R151, K155, and R167 in the IA-IIA cleft showed those to be important for the

regulation of allostery in the context of the full molecule. However, charge reversal

mutations of these residues in the context of DnaK(2–393) exacerbated the ATP

hydrolysis enhancement effect instead of abolishing it. So, it is unlikely that D393

interacts with these positive residues in DnaK(2–393). This leaves one with the

suspicion that the interaction of the linker in the context of the isolated NBD could

be different to that in the full protein. In this context it is interesting to note that

crystal structures of linker-extended Hsc70 NBD constructs did not show electron

density for the linker, and their three-dimensional structures were identical to those

of constructs without the linker [107].

7 Allosteric Changes in the NBD

The linker interacts differently with the NBD in the ATP state compared to in the

ADP state [35, 65, 83] . Hence, one expects differences for the structures of the

NBD in these different states. Remarkably, only very small differences were

observed between the conformation of the (isolated) NBD by X-ray crystallography

in the presence of a variety of nucleotide analogs (see Fig. 7), making it difficult to

explain why the linker docks in one state but not the other. However, NMR spectra

showed distinct differences in chemical shifts between the ADP and ATP states in

Hsc70 [81] and in DnaK [82, 108], especially in the groove between NBD

subdomains IA and IIA. This strongly suggests that conformational changes also

occur in solution for the isolated NBD (Fig. 7).

Since these conformational changes are not observed in the crystal, the energy

difference between them is likely to be small, which is in agreement with the overall

characteristics of the Hsp70s as described at the outset. The solution-detected

differences reveal much of the workings of the Hsp70 allosteric machine. With

the modern NMR method of residual dipolar couplings, relative domain orientation

can be determined in solution, even though detailed changes and translations cannot

[109]. Using these methods it was possible to detect up to 9� rotation between the
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different subdomains for the isolated NBD of DnaK T. thermophilus (TTh) when
comparing the ADP and AMPPNP states [82]. In particular, the hydrophobic cleft

between subdomains IA and IIA is different between the AMPPNP state and the

ADP state. The structure calculations suggest that the groove is narrow and deep in

the ATP state and broad and shallow in the ADP state (see Fig. 8). However, the

calculations are based on rotations of entire subdomains without translational

information, and the accuracy of the presented structural models is very limited.

Fig. 8 The SBD’s view of the IA/IIA interface of DnaK-TTh. (a) Left: in the ADP state. (b) Right:
in the AMPPNP state [82]. Color coding: hydrophobics, green; positive, blue; negative, red; polar,
white. The C-terminus (residue 372) is magenta. Residue L174 (L177 in DnaK E. coli) in yellow,
residue R148 (R151 in E. coli) in cyan, residue A152 (K155 in E. coli) sand, residue R164 (R167

in E. coli) in teal

Fig. 7 (a) Superposition of five crystal structures for bovine Hsc70 NBD: wt-APO (2QW9.pdb),

wt-ADP.PO4 (3HSC.pdb and 2QWL.pdb), wt-ADP.VO4 (2QWM.pdb) and K71M-ATP (1KAX.

pdb). The N-terminus is in red, the C-terminus is in yellow. (b) 15N-1H chemical shift differences

between the ATP and ADP.Pi conformation of Hsc-70-NBD. Orange: significant shift, green: no
shift, gray: not known. (c) 15N-1H chemical shift differences between the AMPPNP and ADP.Pi

conformation of TTh-NBD. Red: large shifts; orange: medium shifts; yellow: small shifts; green:
no shift; gray: not known. ADP is in light blue, PO4

3� in dark blue
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Nevertheless, the rotation of subdomain IIA relatively to subdomain IA is real (with

97% significance), which will obviously affect the details of the groove between the

subdomains. Figure 8 also shows the locations of the different relevant residues

discussed in the previous paragraph.

The NMR data show that the nucleotide-binding cleft is “closed” in the ATP

state and is “open” in the ADP state. These studies suggest that the crystal structures

of the isolated NBD all correspond to the “closed” ATP state, irrespective of the

bound ligand.

Different orientations of the NBD subdomains have also been observed, by

crystallography, for NBDs complexed with different nucleotide exchange factors

[71, 110–113]. These studies show that subdomain rotations are also possible in the

crystal. Similar changes have been seen for actin and hexokinase, which show

considerable structural homology with the Hsp70 NBD [31]. The nucleotide bind-

ing cleft is more open in the Hsp70-NEF-complexes. The open state of Hsc70 with

an NEF in the crystal resembles the ADP state of DnaK TTh without an NEF in

solution [82]. This would suggest that the NEF captures and stabilizes the more

open ADP state.

What local changes could allow these global rotations? The sugar-ribose moiety

and alpha-phosphate of ATP is exclusively in contact with subdomains IIA and IIB.

Only the beta and gamma phosphates contact subdomain IA (hydrogen bonds with

Thr14 NH and Thr13 NH, respectively), and form the only link between lobes II

and I (from inspection of the structure of Hsc70-K71M, with bound ATP). Break-

age of the gamma-phosphate, as has occurred in the ADP state of the protein, may

therefore weaken the link between the lobes, allowing for (dynamic) rearrangement

of the relative positions of these lobes. In this way, the state of the deeply buried

nucleotide can be signaled to the surface of the NBD by (dynamic) subdomain

rotations. The rotations are probably responsible for the change in access to the

hydrophobic cleft between IA and IIA as was described above.

Mayer and co-workers have discovered an interesting mutation R151K in DnaK,

which abolishes all allosteric communication [63, 89]. R151K is located in

subdomain IA and its sidechain is partially exposed to the groove between

subdomains IA and IIA. In the Hsc70 crystal structure the guanidinium group of

the homologous R151 is within hydrogen bond distance of the carbonyl oxygen of

P143. P143, in turn, stabilizes E175, which protrudes into the nucleotide-binding

pocket (see Fig. 9). The authors hypothesize that the NBD nucleotide state affects

this network reversely, possibly by a proline cis-trans isomerization and a more

extensive conformational change in segments 139–163 and 165–177, which flank

the IA-IIA cleft. This change then leads to a change in the linker docking. Substrate

binding hypothetically reverts all of these conformational changes, in particular in

Pro143 (cis-trans isomerization) and E171, thereby bringing the catalytic K70 with

its coordinated water molecule into the ideal position for ATP gamma-phosphate

cleavage.

Whether this hypothetical mechanism actually contributes to nucleotide-cleft

signaling awaits investigation of the mutant R151K by structural analysis.

Allostery in the Hsp70 Chaperone Proteins 117



8 Allosteric Changes in the SBD

The SBD has been extensively investigated (see Fig. 10). Its topology is unique in

the PDB [36]. A crystal structure of an SBD-LID construct of DnaK showed that the

substrate-binding cleft is lined with hydrophobic residues to which a hydrophobic

substrate (NRLLLTG) binds [37]. The cleft shows one particularly deep pocket that

accommodates the sidechain of Leu4 of the substrate. The backbone of the substrate

is stabilized by H-bonds to the main chain of the SDB. The SBD is a rather “flat”

molecule, with the binding cleft spanning the short axis. The cleft just about covers

the seven-residue substrate; hence it is believed that an Hsp70 can in principle bind

to stretches of seven exposed residues in un- or misfolded proteins.

In the substrate-bound form, the LID is closed. LID helices A and B (the rising

and horizontal helices in Fig. 10) are stabilized by a combination of hydrophobic

and charge interactions, while the part that covers the cleft has exclusively

charge–charge interactions [37, 115]. Recent NMR data [38] confirms that, in

solution and with NBD present, the complete LID domain is docked to the beta

basket in the ADP state and when substrate is present (also see Fig. 3b). Figure 3c

shows that the latter section of the lid un-docks when the ligand is absent with the

NBD the ATP state. This result confirms, with direct data, the long-standing belief

that the lid must come off the cleft for binding or release of substrate protein.

Interestingly, the NMR dynamics data in Fig. 3c suggest that the release does not

engage the entire LID, and confirms an early hypothesis based on slight structural

differences at exactly this hinge point between different molecules in the crystallo-

graphic unit cell [37]. However, it disagrees with our earlier hypotheses that the

entire LID can come off, which was based on observations of displacements of the

entire helix with respect to the beta domain for different SBD constructs [73, 78].

Muga and co-workers [115] found that mutations at the N-terminus of the horizontal

helix destabilize the ADP but not the ATP state, also suggesting that the entire helix

comes off in the ATP state. Other data also suggest that the entire helix B can come

off: for DnaK it is well known thatW102 fluorescence changes upon binding of ATP

[100, 116]. The change is compatible with a reduction in solvent exposure of this

residue, which is located in NBD subdomain IB. This change in fluorescence is lost

Fig. 9 (a) Left: the hypothetical “proline switch” in Hsc70 ADP.Pi. (b) Right: the hypothetical

“proline switch” in DnaK-E. coli without nucleotide. Following [89]
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upon removal of the entire LID as in truncation DnaK(1–507) [99, 117]. Nevertheless,

allosteric communication, as judged by peptide-release stimulation by ATP and ATP

hydrolysis stimulation by peptide, is still fully functional in DnaK(1–507) [74, 117].

This suggested that, in the ATP-apo state, the LID may directly collide with NBD

subdomain IB. It is of interest to note that the crystal structure of Hsp110, potentially a

model for Hsp70 in the ATP state, shows direct contact between the LID helix and

subdomain IA [80]. Muga and co-workers [117] also found that the W102 fluores-

cence change remains in DnaK(1–537), suggesting that N-terminus of helix B, must

come off to allow changing interaction with subdomain IA.

The following results may shed light on this conundrum. Using EPR spinlabels

and cysteine cross linking, Mayer et al. [68] show that the LID can hinge at residue

515 (between helix A and B) and also at residue 530 (in helix B, close to the binding

cleft, see in Fig. 3c) but that these different modes depend on the nature of the

substrate offered: binding/release of entire proteins requires the first mode.

Fig. 10 (a) Comparison of E. coli DnaK(389–605)-NRLLLTG (yellow [37]) with DnaK

(393–507)-NRLLLTG (blue [114]), with nomenclature following [37]. (b) Comparison of DnaK

(393–507)-NRLLLTG (blue [114]) with DnaK(393–507).apo (red [74]) (c) DnaK(389–605)-

NRLLLTG. The ligand is in blue. Residue 552 is in green. L542Y, L543E on the LID are in

sticks. K414, N415 and P419 are in space fill, T417 and I418 are in dots. (d) The N-terminal “face”

of DnaK(389–605)-NRLLLTG. Phobics are in green, positives in blue, negatives in red, polars
white. The structure protruding at 3 o’clock is the residual NBD-SBD linker, with Asp393 (red)
close to the SBD core
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Gierasch and co-workers [79] used NMR to study the DnaK(387–552, L542Y,

L543E), a construct containing both beta basket and helices A and B of the LID.

The mutations were made to avoid self-binding of the truncated lid [78] (see

Fig. 10c). Changes in chemical shifts of DnaK(387–552, L542Y, L543E) upon

titration of NRLLLTG were small, and localized around the substrate cleft. The

pattern of hydrogen exchange protection with and without bound substrate were

largely the same, although the overall stability of the domain was slightly enhanced

by the substrate. Analysis of NOEs and hydrogen bonding confirmed that DnaK

(387–552, L542Y, L543E) showed very little and certainly no widespread confor-

mational change upon ligand binding. These studies present a question: if no

changes occur in the SBD structure upon substrate binding, how does substrate

binding get transmitted to the NBD?

The above results are at variance with the results of an earlier NMR investiga-

tion, in which DnaK(393–507), containing only the beta basket, was investigated

[74]. As stated above, lidless DnaK(1–507) is functional protein in vitro and, at

least partially, in vivo. Hence, one expects that the basket alone should display

allosteric effects. The properties of substrate-bound and substrate free basket

differed greatly. In the presence of substrate, the basket was rigid (confirmed with
15N relaxation measurements; L. Wang and E. Zuiderweg, unpublished), and the

solution structure was identical to the corresponding region of the crystal structure

of substrate-bound DnaK(389–605) [114] (Fig. 10a). In contrast, unliganded basket

is a dynamic molecule which fluctuates between different conformations on

the milli/microsecond time scale [74]. All resonances for loops 3, 4, 5, and 6

(see Fig. 10a for nomenclature) were broadened away beyond detection, suggesting

a dynamical collapse, or melting, of part of the substrate binding cleft. Less, but still

significant, broadening was observed for Q424, V425, F426, and S427, which in the

liganded structure form the latter half of beta strand 3. It was concluded that the

latter part of this strand is dynamically disordered in the apo state. Broadening was

also observed for the amide protons T417 and I418 in loop 2,3 which are quite

remote from the cleft, and which “face” the NBD in the structure in Fig. 3. Hence,

the NMR data show a conformational/dynamical linkage between events in the

substrate binding cleft and loop 2,3.
15N relaxation studies on the basket showed that the rotational correlation time

of the domain decreases from 12 to 7 ns upon binding of NRLLLTG (L. Wang and

E. Zuiderweg, unpublished). Such a change in rotational correlation time is com-

patible with a change from dimer to monomer. Dilution experiments suggest that

Kdimer < 1 mM. Ligand-linked monomerization could explain why the substrate

NRLLLTG binds with considerably lower apparent affinity (600 mM) [74] than to

wild-type protein (5 mM) [37], even though the structure of the bound complex is

similar to the wt structure (Fig. 10). Isotope-edited NOE experiments on mixed
15N-14N labeled protein preparations showed NOEs between the 15N and 14N

labeled proteins, confirming the existence of a dimer for the APO state of the

basket (S. Stevens and E. Zuiderweg, unpublished). Significantly, the inter-

monomer NOEs suggested that dimerization was not mediated by the substrate-

binding pocket. In contrast, a few inter-monomer NOEs to residues in the
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hydrophobic “face” of the SBD shown in Fig. 10d and at the beta sheet at the

“bottom” were observed, suggesting that the dimerization interaction may take

place at these locations. Despite this unnatural (?) dimerization of the isolated beta

basket, the fact remains that substrate binding/release causes major changes in its

properties. This is in line with expectations for an allosteric protein. Apparently, a

protein–protein interaction interface is only exposed in the apo state but not in the

substrate-bound state. This is quite reminiscent of the fact that the SBD interacts

with NBD in the apo state but not in the substrate-bound state. It is tempting to

speculate that the unnatural dimerization of the isolated SBD without LID fortu-

itously mimics the interaction of the SBD with the NBD. However, if such is true,

why was this unnatural dimerization not seen for the beta domain extended with

helices A and B [79]?

Perhaps the combined results point to the following mechanism. (1) In the SBD

apo-state, there exists a patch which is poised for protein–protein interactions.

(2) Without NBD and LID, the patch interacts to form unnatural homo-dimers.

(3) Without NBD but with LID, the patch is covered by the LID. (4) With LID and

with NBD, the NBD displaces the LID from the patch because NBD has a high

affinity for that patch (or NBD-SBD linker; see below).

This hypothesis would suggest that the internal substrate-binding allostery of

isolated SBD is different from the internal substrate-binding allostery of the SBD in

presence of NBD. The following supports such a view. While the isolated DnaK

(387–552, L542Y, L543E) showed little difference in hydrogen exchange rates

between apo and substrate-bound states [79], widespread changes in amide proton

protection were seen upon ADP/ATP exchange for the SBD in the two-domain

construct DnaK(1–552, L542Y, L543E) [65]. In particular, Thr 420 and V436 are

more exposed in the ATP state, whereas H422 is protected in that state.

These findings correspond closely to those of Mayer and co-workers [118] who

mapped the differences in amide proton exchange of DnaK(T199A) between ADP

and ATP state using proteolysis and mass spectrometry. ATP hydrolysis in DnaK

(T199A) is greatly reduced, but allosteric communication with the SBD is

maintained. Figure 11 shows that the SBD is dramatically destabilized in the

ATP/apo state, just as was found for the isolated beta basket without substrate

[74]. Noteworthy is that stretch 413–437 and the edge strand of the lower beta sheet

become more exposed in the ATP state. The former area contains the mutation sites

K414I [62] and P419A [91, 92] and N415G [93] which abolish or attenuate

allosteric communications. Regretfully the resolution is not high enough to distin-

guish the loop from the strand. Substrate binding significantly reduced amide

proton exchange in the beta domain, especially on the longer time scale. Regret-

fully, again, the resolution is too low to disclose whether global rigidification or just

local rigidification around the peptide binding cleft occurs.

New amide proton exchange experiments [118] for wt-DnaK in the ATP-APO

state show a gradient of deprotection towards loops 3,4 and 5,6 closely

corresponding to the melting of the substrate-binding cleft in the isolated beta

basket in the APO state [74].
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Taken together, there is sufficient evidence from several sources to suggest that

widespread conformational/dynamical change takes place in the SBD upon ligand

binding and/or ATP/ADP binding. The results obtained for the construct containing

both beta basket and helices A and B of the LID, which did not show such changes

[79], appear surprising in this context, but do help in underlining the subtleties of

NBD/beta/LID/linker/substrate interactions, and the need for further investigations.

9 Where Does the SBD Interact with the NBD in the ATP State?

As discussed above, we do not believe that any valid Hsp70 structures in which

NBD and SBD dock have yet been described. In the previous section we

hypothesized that a hydrophobic “face” of the SBD, may interact with the NBD

in the NBD(ATP)-SBD(Apo) state.

There have been suggestions that the hydrophobic linker may interact with a

hydrophobic patch that “faces” the NBD as seen in Fig. 10b [37, 78]. In this way,

the NBD and SBD never interact directly – interaction is mediated by the linker

from both sides. Presence of a hydrophobic site in the corresponding SBD area has

been confirmed: NMR signals for L392, L397, and A413 disappeared while V394,

T395, L484, and L507 weakened in the NMR spectrum of DnaK(386–561) due to

interaction with a hydrophobic peptide labeled with paramagnetic label [78].

Significantly, L392 is part of the linker, while A413 is next to the mutation sites

K414I [62] and N415G [93] that affect allostery. It was also noted that LID helix

A is docked to the same hydrophobic patch [78]. Perhaps the NBD-SBD linker can

displace the LID in the ATP form.

Fig. 11 Differences in

amide-proton exchange for

E. coli DnaK in the ATP and

ADP state. Positive numbers

indicate less protection in the

ATP state. From [63]
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The precise mechanism by which the substrate binding is signaled to the loop

that contains K414?, P419A and N415G is unknown. Perhaps the intrinsic flexibil-

ity of this loop as seen in substrate-free SBD [63, 74] allows a captured fit [119] of

the NBD-SBD linker, while the rigidification of the entire domain upon ligand

binding is sufficient to interfere with this process. This mechanism would be related

to allostery by dynamic change alone, predicted by Cooper and Dryden [120], and

experimentally confirmed by NMR studies for several systems [121–126].

On the other hand, there are also indications that beta strands 3, 6, 7, and 8 of the

SBD are involved in contact: residues in these strands show dramatic chemical shift

changes between the NBD(ADP)-SBD(apo) state and the NBD(ADP)-SBD(sub)

state of TTh DnaK(1–501) [64] (see Fig. 12a). Similarly, chemical shifts in these

strands were identified when comparing the NMR spectrum of DnaK(1–605) in the

NBD(ADP)-SBD(sub) state with that of DnaK(1–605) T99A V436F in the NBD

(ATP)-SBD(apo) states (Fig. 12b).

Surprisingly, no changes were observed in either of these cases for the residues

in the Loop 2,3 facing the NBD, which contains all the mutation sites mentioned.

Clearly, more work is still needed to understand fully the complete allosteric

pathway in the SBD of the Hsp70s.

Fig. 12 Chemical shifts changes and two-domain allostery. (a) Chemical shift changes between

the ADP-apo and ADP-NRLLLTG state in DnaK T. Thermophilus (1–501) From [64].

(b) Chemical shift changes between ADP-apo DnaK E. coli (1–605) and ATP-apo DnaK E. coli
(1–605) (T199A/V436F) (Bertelsen and Zuiderweg, unpublished)

Table 3 Sequence homology of Hsp110 S. cerv. vs Hsc70 H. sapiens

Identity (%) Homology (%) Identity (%) Homology (%)

IA 35 61

IB 30 55 Linker 12 32

IIA 44 76 Beta 10 20

IIB 42 67 LID 16 31

NBD 35 60 ALL 25 44
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10 Relevance of Hsp70 Allostery

Structural and dynamical properties for the two “end-point” allosteric states are

listed in Table 4. Some, but not all aspects of this table can be represented in a

cartoon as shown in Fig. 13. It is truly amazing that so many differences exist, while

the free energy of allostery is only a few kcal/mol as judged from the difference in

substrate binding energy between these states (Table 2). The real conundrum,

however, is that the corresponding small difference in substrate binding constants

(~2 mM for the ATP state and 70 nM for the ADP state; see Table 1) can only

discriminate between ligands in the concentration range of 200 nM: ten times more

concentrated substrates would remain bound even to the ATP state, while ten times

less concentrated substrates would not even bind to the ADP state. Such a concen-

tration limitation seems awkward for a molecular machine that needs to refold a

variety of proteins over a wide concentration range.

Maybe one should look at this differently. Classically, the argument is that the

free energy of ATP hydrolysis is needed to unfold the misfolded proteins; in this

view, little of the ATP hydrolysis energy remains to effect conformational changes

in the Hsp70 themselves. However, ATP’s free energy may not be (directly) needed

for the unfolding task: the gain in hydrophobic interaction between substrate and

SBD should at least partially compensate for the loss of energy associated with the

loss of aggregation. In turn, the loss of the interaction energy upon release of the

substrate is at least partially regained in the hydrophobic docking of NBD and SBD

in the ATP state. In this view, considerable fractions of the 7–14 kcal/mol of ATP

hydrolysis energy (depending on conditions) may be used to break the NBD-SBD

interface and be the cause of the major conformational changes seen. In this view,

substrate binding to the ADP state does not need to be tighter than substrate binding

to the ATP state. This hypothesis also explains how substrate could efficiently bind

to the low-affinity open ATP state at the start of the chaperone cycle, while it is

efficiently released from this same state at the end of the cycle. Indeed, all that is

needed is that the chaperone is brought into contact with the substrate (with help of

DnaJ, see below) and retains its substrate long enough to allow unfolding by

Brownian motion, referred to as “entropic pulling” [52], with the possible assis-

tance of multiple copies of DnaK or DnaJ (transiently) binding to the same target

(see Fig. 2 and [127] and see below). Opening of the substrate binding cleft at the

end of the cycle is then sufficient to let the unfolded protein diffuse away. In this

sense, the “thermodynamic” allostery would play only a minor role in the functional

cycle. One may quantify this as a mixed thermodynamic/kinetic mechanism as

follows. Substrate binding occurs with the high association rates of the DnaK-ATP

state and dissociates with the slow dissociation rate of the ADP state. Such a non-
equilibrium KD is in the order of 1 nM (kon(DnaK-ATP) ~ 1 � 106 M�1 s�1,

koff(DnaK-ADP) ~ 0.001 s�1; see Table 1). This “affinity” is high enough to bind

even low-abundant proteins. Upon nucleotide exchange the KD reverts to that of the

ATP state, i.e., it increases 1,000-fold. Potentially, NEFs can even compete for the

bound substrate (see below), further reducing effective substrate affinity. Viewed in

this mixed thermodynamic/kinetic way, the Hsp70s could successfully operate on

substrates in a concentration range between 1 and 1,000 nM.
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The kinetics of the Hsp70 chaperone system is complex. It involves substrate on-

off processes, nucleotide on-off processes, lid opening and closing, ATP hydrolysis,

and conformational changes. In addition, co-factors such as DnaJ and GrpE bind

and release and affect the rates mentioned above. It is not the purpose of this chapter

to review the large body of literature on this subject. We note that Witt and

coworkers [97, 101, 128–131], Christen and co-workers [132–135], and Bukau

and co-workers [56, 61, 136] have contributed much to this field.

11 The Role of the NEFs in Allostery

Nucleotide exchange factors enhance the exchange of ADP for ATP up to 1,000-

fold [133, 137]. At the present time, four very different NEFs have been

co-crystallized with Hsp70 NBDs: GrpE [71], BAG-1 [110], BAG-2 [138],

ATP

Fig. 13 Cartoon representation of the allosteric changes between the ADP.sub state (top) and
ATP-apo state (bottom). Color coding is (as in Fig. 1): NBD subdomain IA, yellow; IB, blue; IIA,
green; IIB, red; linker, gray; beta domain, cyan; LID-helix-A, magenta; Lid, orange. Relative
domain orientations of NBD, SBD and LID in the top cartoon are representative of reality (see

Fig. 1). The relative domain orientations of those domains in the bottom cartoon are based on the

hypotheses reviewed herein. Also see Table 4

126 E.R.P. Zuiderweg et al.



Hsp110 [80, 139] (see Fig. 14). A partial structure is available for exchange factor

HSPBP [111, 140]. While the binding interfaces between the factors and the Hsp70

are vastly different, all Hsp70 NBDs in the different complexes have in common

that the nucleotide binding cleft is opened wider than in isolated Hsp70 NBD

crystal structures. These observations clearly account for enhanced access and

egress of the nucleotide. Initially the NEFs were thought to open actively the

NBD cleft in an induced-fit mechanism [71, 110]. However, in light of the wide

variety of NEFs which all achieve the same effect, it is more reasonable to assume

that NEFS capture (transient) opening fluctuations of the NBD. This is in line with

the recent solution NMR data that show that the nucleotide binding cleft in the

isolated NBD in the ADP state is considerably more widely open than in the ATP

state [82]. Such a “captured fit” would also provide a mechanism for GrpE to

interact exclusively with the (dynamic) ADP-like state, and not with the static

closed ATP state; the latter would be a wasteful and undesirable interaction.

The bacterial NEF, GrpE, has a remarkable structure. It is a hammer-like dimer,

which (also in solution [141]) interacts with a monomeric Hsp70. The interaction of

the NBD occurs mostly by the head of the hammer. Upon inspection of the crystal

structure of the complex, the authors suggested [71] that the shaft might interact

with the SBD (which was absent in the complex). Interestingly, the simple exercise

of superposing the common NBD in the crystal structure of DnaK(NBD)-GrpE [71]

with the solution structure of wt-DnaK in the ADP-sub form [38] places the end of

Fig. 14 NBD-NEF complexes. The NBDs were superposed and all colored blue. GrpE (1DKG) in

red; Hsp110 (3C7N) inmagenta, BAG-1 (1HX1) in green; BAG-2 (3CQX) in yellow. The NBD of

Hsc70 without NEF (3HSC) is shown in cyan
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the GRPE shaft in immediate vicinity of the SBD cleft (see Fig. 15a). GrpE residues

1–37, which would extend even further towards the SBD cleft, are not visible in

the crystal. It is intriguing that a hydrophobic sequence 17Ile-Ile-Met19 exists in

this otherwise hydrophilic area of GrpE. We speculate that these residues may

be responsible for the demonstrated competition of the GrpE N-terminus with

substrate [142]. Indeed, the affinity of Hsp70 for substrate in the ATP state is

actually not that much lower than that in the ADP state (see Table 2) and assistance

to remove substrate from the ATP state is likely necessary.

Our lab has collected chemical shift evidence showing interaction of the GrpE

shaft with the SBD for a two-domain construct of DnaK T. thermophilus and the

N-terminus of GrpE T. thermophilus (S. Deep and E.R.P. Zuiderweg, unpublished;

see Fig. 15b). Folding/unfolding transitions in the GrpE N-terminus have been

shown to act as a thermostat for the DnaK activity [141]. This hypothesis does not

seem valid for eukaryotes. BAG proteins, the NEFs of Hsc70, do have extended,

likely unfolded areas at the N-terminus, but, according to the crystal structure of the

Hsc70–BAG1 domain complex, this area would not be in the vicinity of the SBD.

12 The Role of DnaJ in Allostery

The human genome codes for 50 J-proteins are subdivided into three classes:

DnaJA, DnaJB, and DnaJC (see Table 5). The J-proteins are also referred to as

Hsp40. Like Hsp70s, DnaJs also bind to stretches of exposed hydrophobic residues

in client proteins. DnaJ E. coli [143] and DnaK E. coli [144] substrate specificities
are similar, and both prefer hydrophobic sequences. However, DnaJ can also bind to

synthetic D-amino acid peptides [145]. This strongly suggests that DnaJ does not

make hydrogen bonds in the peptide backbone of its client, but instead interacts

Fig. 15 Hypothetical GrpE-DnaK complexes. (a) Model of a functional E. coli DnaK-GrpE
complex based on the structures of DnaK ADP.NRLLTG (2KHO) and DnaK-NBD + GrpE

40–197 (1DKG.pdb) in which the NBDs were superposed. GrpE is in red. The GrpE N-terminus

(residue 40) is at the left. (b) Chemical shifts occurring on DnaK T. Thermophilus (1–501) upon
addition of GrpE T. Thermophilus. Model composed as in Fig. 15a (Deep and Zuiderweg,

unpublished)
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mainly with hydrophobic sidechains and is more forgiving in the substrate’s local

structure.

The most commonly [45] but not universally [42] held view is that DnaJ

apportions the clients to DnaK which is in the ATP-apo state with an open SBD.

After or during the process of client transfer, DnaK hydrolyzes ATP and assumes

the ADP-(sub) state. However, the chaperone activity of DnaK in luciferase

refolding was maximal at a DnaJ concentration 100-fold lower [45, 46] than the

typical KD for DnaJ substrate interaction (around 1 mM, see above). Moreover, it

had been discovered that the maximum enhancement of DnaK ATPase activity by

DnaJ occurs at a different molecular to that for optimal refolding [117]. These facts

suggest a more “catalytic” and transient role for DnaJ once DnaK has acquired

client (see below).

The four human type A J-proteins show strong homology to E. coli DnaJ,
and show a complex domain topology (see Table 5 and Fig. 17). They contain an

N-terminal J-domain, a glycine/phenylalanine-rich region, a Zn-finger domain,

a substrate binding domain, a copy of a substrate binding domain, and a variable

C-terminal domain. The N-terminal 73-residue J-domain is the most conserved, and

its structure has been determined for several homologs in the context of truncation

mutants (1–70 to 1–108) [100, 129, 130]. The structure is essentially an anti-

parallel two-helix bundle with two small adjacent helical elements. (see Fig. 16).

The J-domain alone is sufficient to stimulate ATPase activity of Hsp70 [125]. There

is a conserved HPD sequence located in a flexible loop connecting the main helices

II and III. Mutations in the HPD motif and in positively charged residues of helix II

of the J domain abolish functional interactions with partner Hsp70s [126, 150]. This

identified the J-domain as the domain that recognizes DnaK. Indeed, it was found

by NMR that J(1–75) interacts with wt-DnaK in the ADP state and also with the

isolated DnaK NBD [151]. The KD for this interaction was around 10 mM. This KD

value may seem to be too weak to be of physiological relevance. However, as will

be outlined below, DnaJ is a “poly-dentate” ligand for DnaK to which the J-domain

interaction is only one of the determinants. Helix II of DnaJ is most involved in the

interaction with DnaK [151]. This helix contains several conserved Lys and Arg

residues, which are sensitive to mutation [126, 150]. It has therefore been suggested

that the interaction between the J-domain and DnaK is electrostatic in nature [151].

Only small perturbations were found for the NMR chemical shifts of the HPD loop

[151]. Recent studies of our group confirmed these findings – there are no changes

for the NMR chemical shifts of the HPD loop [152]. These results are surprising in

the light of the mutational sensitivity of these residues [126, 150]. Mutations in the

HPD loop do not affect the interaction with the ADP state, but do strongly diminish

the affinity of the J-domain for ATP state of DnaK [153]. At present it is not known

if the HPD loop is directly involved in the interaction with DnaK, or if it stabilizes

the interaction-competent J-domain conformation.

A crystal structure is available for YDJ1(110–337) [147], a DNAJA protein.

It shows two highly homologous beta domains. Substrate is bound in a hydrophobic

surface cleft of the first beta domain. The Zn-Cys domain is seen to be an insert in

the first beta domain (see Fig. 17a).
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The Gly/Phe-rich region (residues 75–110) connects the J-domain with the

C-terminal domains. A NMR solution investigation of DnaJ(1–108) [154] showed

that the GF-region was dynamic and disordered. The role of the Gly/Phe-rich region

is likely to allow flexibility in relative position and orientation of the J-recognition

domain and DnaJ’s substrate binding domain. The flexibility would increase the

probability of substrate transfer to the DnaK SBD (or simultaneous substrate

binding) while the J-domain binds to the DnaK NBD.

However, why does the G-F domain contain phenylalanines and not serines

or threonines? In addition, why do G-F region mutations of DnaJ residues
90FSDIFGDVFG100 affect DnaJ function [155]? Recently our lab obtained evi-

dence [152] that the G-F domain interacts with DnaK’s SBD substrate binding cleft

in the absence of other substrate. That is, the G-F region is the second site of a DnaJ

poly-dentate interaction. Figure 18 illustrates our way of thinking about the J-K

complex. Because of the multi-dentate interactions many binding modes are possi-

ble, while the individual interaction determinants are not of very high affinity

(1–10 mM).

Gross and co-workers carried out SPR measurements with different DnaK and

DnaJ constructs. The key findings of their first paper in this area [156] are that DnaK

Fig. 16 The solution structure of E. coli DnaJ(2–76) in context of DnaJ(2–108) (1XBL) [148].

The mutationally sensitive [149] residues Y25 (yellow), K26 (red), R26 (magenta), H33 (green),
P34 (blue), D35 (cyan), and F47 (orange) are highlighted
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mutants in the NBD (R167A, N170A, and T173D) and the SBD (G400D and G539D)

individually reduce the wt-DnaJ binding tenfold. Since these mutations occur on both

NBD and SBD, this result also shows that DnaJ is poly-dentate. The key findings of

their other work in this area [157] are that DnaJ does not bind to DnaK(1–403) (NBD)

or to DnaK(386–638) (SBD). Similarly, while DnaJ(1–108) binds almost as well as

wt-DnaJ, DnaJ(1–75) does not bind. In the context of SPR, this indicatesKD > 1 mM.

These results are consistent with the fact that the binding constants of the individual

determinants are indeed around 10 mM. Others have shown bidentate interaction as

well. Laufen et al. [106] showed that DnaJ was inefficient in stimulation of ATP

hydrolysis by a DnaKmutant with defects in substrate binding, suggesting synergistic

action of DnaJ and substrate. Others [158, 159] show that DnaJ(1–70) required either

the GF-rich region or a peptide substrate provided in trans to strongly enhance DnaK’s

Fig. 17 (a) Overlay of a crystal structure of the peptide-binding and dimerization domain of

human HDJ1 [146] in yellow, with that of yeast YDJ1 [147], in cyan. The HDJ1 substrate

(GPTIEEVD) is in red, the YDJ1 substrate (GWLYEIS) is in blue. The CA positions in the

SBD (193–240 and 205–252 for HDJ1 and YDJ1, respectively) were superposed. YDJ1’s Zn

domain is at the left, HDJ1’s dimerization helices are at the right (the latter were deleted in the

crystallization construct of YDJ1). (b) Detail of the hydrophobic cleft of HDJ1, composed of

residues M183, I185, L204, I206, F220, I235, and F237 and ligand GPTIEEVD

132 E.R.P. Zuiderweg et al.



ATPase activity. At high concentrations, DnaJ itself serves as substrate for DnaK in a

process considered to be unphysiological, where it stimulates ATP hydrolysis by

DnaK > 1,000-fold [106].

A major and not yet resolved question in the field is whether DnaJ interacts more

strongly with DnaK in the ADP or in the ATP state. Pierpaoli et al. [160] obtained a

weak KD value of >2 mM for the binding of DnaJ to DnaK.ATP and a strong KD of

0.14 mM for the binding of DnaJ to a preformed 1:1 complex of DnaK and

acrodylan-labeled CLLLSAPRR in the presence of ADP [160]. However, these

results are contradicted by the following studies. Landry and co-workers have made

a fusion of DnaJ (1–78) to CLLLSAPRR [153]. This J-fusion bound much more

tightly to DnaK in the presence of ATP (0.2 nM) than in the absence of nucleotide

(30 nM). A later paper of the same group using the same construct and using NMR

spectroscopy to monitor binding to several DnaK constructs in different nucleotide

states confirmed their earlier observations [161]. SPR experiments by Gross

and co-workers [157] strongly suggest that wt-DnaJ binds tightly to the ATP state

(KD ¼ 70 nM) but does not bind to DnaK in the ADP state (i.e., KD > 1 mM).

A BB C1 C2

D1

D2

E F

G H I

Fig. 18 Hypothetical binding modes between DnaK (red: NBD; blue: SBD), DnaJ (yellow:
J-domain; magenta: G–F; cyan: SBD; brown: dimerization domain and substrate (green) in the

ADP state
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Single molecule fluorescence studies show that the yeast J protein Mdj1 is stably

bound to yeast Hsp70 Ssc1 in the ATP state and dissociates upon ATP hydrolysis

[96]. We have recently obtained results using NMR showing that DnaJ(1–70) binds

at least ten times more tightly to DnaK(ATP-apo) than to the DnaK(ADP-sub). The

majority of results thus suggest that DnaJ is poised to dissociate from DnaK once

substrate is delivered.

While it is becoming clear how DnaJ interacts with DnaK, and how substrate

and substrate-binding cleft are involved, it is much less clear which precise

residues on the DnaK NBD interact with the J-domain. The DnaK mutations

YND145,147,148AAA [86], EV217,218AA [86], and R167A [156] on the DnaK NBD

domain weaken J–K interaction. All of these residues are found around the cleft

area between subdomains IA and IIA of the NBD (see Fig. 19). However, mutations

of these residues also affect the allosteric mechanism of DnaK itself, and it is

unclear how the two effects intermingle. The mutant R167A is most interesting.

Suh and co-workers [156] showed by SPR that the R167A mutant on DnaK could

rescue the interaction of DnaJ D35N with DnaK. The effects were not dramatic

(it “rescues” a KD of 300 nM to a KD of 100 nM). The R167H mutant had exactly

the same rescuing capabilities as R167A. Potentially, Arg167 becomes buried in the

complex with DnaJ. Such burial would be unfavorable if it is not compensated by

buried negative charge in its vicinity. Hence, when the compensatory negative

charge (D35) is mutated out, one must also mutate out burial of the positive charge

to regain binding. The smallness of the effect argues for rather weak or remote D35

– R167 interaction. The SPR data strongly suggest that the J-domain interacts with

NBD at a location that is now believed to be also the interaction site between the

SBD and the NBD [38]. The interaction likely helps to establish or stabilize the

DnaK state in which NBD and SBD do not interact.

A co-crystal structure of the NBD of Hsc70 with a J-domain of auxilin has been

advanced [107]. The two proteins were covalently linked through disulfide chemistry

between an Asp-Cys mutant at the equivalent location of Asp35 of DnaJ and an

Fig. 19 The location of residues on E. coli DnaK that affect DnaK–DnaJ interaction as deduced

from mutagenesis experiments (see text)
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Arg-Cysmutant at the equivalent location of R167 inDnaK, as inspired by thework of

Suh et al. [156]. This complex could potentially represent state E in Fig. 18. However,

the complex is in the ADP state, and it is known from other work that the HPD loop is

not involved in DnaJ–DnaK interaction in that state [152, 153]. In addition to

questions about the validity of forcing the structure to a pre-determined pose by

disulfide linking, the structure of this adduct is also rather suspect because crystal

contacts between the J-domain of one “complex” with the NBD of another “complex”

must affect the relative J-K orientations in the adduct (see Fig. 20).

Recently, using solution NMR, we obtained the three-dimensional conformation

for a noncovalent Hsp70-DnaJ complex in the ADP state, loaded with substrate

peptide [152]. The solution structure, which contained NBD, SBD, LID, substrate,

and DnaJ(1–70), is completely different from the crystal structure of the adduct

[107] (see Fig. 21). We establish that the J-domain (residues 1–70) binds with its

positively charged helix II, which contains conserved residues that are critical to the

interaction, as determined by mutagenesis [162], to a negatively charged area,
206EIDEVDGEKTFEVLAT221 in the Hsp70 nucleotide-binding domain. In the

crystal structure [107], this helix is not in the interface. The interface in the crystal

(helix III) is not involved in contact in solution in the ADP state. The solution

complex shows an unusual “tethered” binding mode which is stoichiometric and

saturable, but which has a dynamic interface.

Recently, NMR data were published that suggest that DnaK residues 215–220

interact with the NBD-SBD linker in the ATP state but not in the ADP state [83]. It

is significant that we [152] found that the J domain interacts with DnaK residues

that contain this site, suggesting that its presence interferes with the docking of the

linker, promoting the ADP conformation. This provides the long-awaited structural

evidence for understanding how the J proteins regulate Hsp70 allostery.

Fig. 20 Crystal contacts in the covalent adduct of human Auxilin (DnaJ homolog) and the NBD

human Hsc70 [107]. The NBD and J-domain of the PDB-deposited adduct are in light and dark
green, respectively. ADP is in white. The NBD and J-domain of the neighbor in the crystal are in

red and magenta, respectively. The green” J-domain has a 372-Å2 interface with its disulfide-

linked Hsc70 NBD partner (light green). However, a symmetry-related NBD (red) has a 582 Å2

interface with the same “green” J-domain (using www.ebi.ac.uk/msd-srv/prot_int/pistart.html).

This figure was prepared using the Swiss PDB viewer
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13 Hsp70-Allosteric Effectors as Drugs

Consistent with its key role in protein homeostasis, Hsp70 chaperones have been

implicated in numerous diseases. The various disease pathologies can be associated

with “too much” Hsp70 activity (recycling of a toxic substrate) or with “too little”

activity (failure to act on misfolded substrates). Thus, disease might arise from

disruption of the delicately balanced proteostasis in either direction [163]. We will

describe here just two disease classes, cancer and tauopathies, in which there is “too

much” Hsp70 activity, so that one can conceivably aid in the therapy of these

diseases by inhibiting Hsp70s.

All known tumors express elevated levels of Hsp70s [14]. One hypothesis is that

the physiopathological features of the tumor microenvironment (low glucose, pH,

and oxygen) mimic stress conditions [18, 19]. Alternatively, conformationally

unstable oncoproteins may elicit a stress response [28, 164–167]. In cancer cells,

Hsp70 stabilizes pro-survival factors [15–17] and inhibit cell death pathways [19,

22–26, 168, 169]. In addition, Hsp70 may prevent translocation of the apoptotic

enhancer BAX from the cytosol to the mitochondria [170]. Hsp70 can also stabilize

lysosomal membranes to inhibit the release of cathepsins and other enzymes which

can induce cell death [171]. Hsp70 also plays roles in post-mitochondrial signaling

pathways by antagonizing release of apoptogenic factors, such as cytochrome c and
AIF [170]. Furthermore, Hsp70 can bind to and block the activity of APAF1 to

avert the formation of the apoptosome and subsequent activation of caspase

Fig. 21 The crystal structure

[107] of the covalent adduct

of Auxilin-J-domain (orange)
and the NBD of human Hsc70

(yellow) superposed on the

solution conformation [154]

for the non-covalent complex

of DnaJ-J-domain (white),
DnaK NBD (yellow), NBD-
SBD linker (black) and DnaK

SBD (cyan). On Auxilin, the

HPD loop and its covalent

link to the NBD are in purple
and the positive residues on

helix II are red. On DnaJ, the

HPD loop is green, and the

positive residues on helix II

are blue. Val210, in the center
of the DnaK interface, is in

blue-gray
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enzymes [172]. Finally, Hsp70 also directly participates in oncogenic transforma-

tion [19]. One of the likely responsible mechanisms is the interaction of mitochon-

drial Hsp70 (mt-Hsp70) with mutant and wild-type tumor suppressor proteins, such

as p53 [28, 166, 167, 173–175], and Rb107 [176]. The malignant transformation

has been explained, in part, by the inactivation of p53 tumor suppressor protein by

mt-Hsp70 [27]. In particular, wild-type p53 and mt-Hsp70 co-localize in the

cytoplasm in several human cancers (undifferentiated neuroblastoma, retinoblas-

toma, colorectal and hepatocellular carcinomas, and glioblastoma) [28]. Together

these observations support a model in which Hsp70 expression is anti-apoptotic and

required for cancer cell viability. In addition, high expression of Hsp70 also confers

resistance to chemotherapy, radiation, and hyperthermia therapy in breast cancer

[18, 177]. Together, these observations suggest that Hsp70 is an important, poten-

tial drug target in cancer.

In support of these ideas, knockdown of Hsp70 chaperone expression [178, 179]

or inhibition by small molecules [180] is lethal to cancer cell lines. For example,

Hsp70 inhibitors generated by the Wipf and Brodsky groups have anti-proliferative

activity against lung cancer cells [181] and Hsp70 inhibitors synthesized by the

biotechnology company, Vernalis, have potent activity against cancer cells [182].

Moreover, a natural product, epigallocatechin gallate, interacts with Hsp70 [183]

and triggers apoptosis in tumor cells [183]. MKT-077, a cationic rhodacyanine dye

analog, which binds to Hsp70 [184], has activity against CX-1 colon carcinoma

cells (IC50 ~ 7 mM), but has no effect on normal epithelial cells [180]. Mechanistic

studies indicated that MTK-077 inhibits the deleterious interaction of mt-Hsp70

with p53 by binding to the mt-Hsp70 NBD [167, 185]. These studies on MKT-077

generated significant excitement about this compound and it was advanced to phase

I clinical trials [186]. However, MKT-077 was found to be nephrotoxic.

Many neurodegenerative disorders, such as Alzheimer’s and Parkinson’s

diseases, are characterized by abnormal protein misfolding and accumulation

[187–189]. In these disorders, misfolded proteins are not properly cleared by the

chaperone/quality control system and, subsequently, they self-associate into cyto-

toxic oligomers. Diseases such as Alzheimer’s are also characterized, besides beta

plaques, by aberrant accumulation of hyperphosphorylated tau, called tau-tangles

[29, 190–192]. Clearance of tau-tangles is being recognized as therapeutic to

Alzheimer-affected neuronal cells [193]. Hsp70s participate in the clearance of

tau-tangles through a mechanism that is in the process of being uncovered [194].

A key finding pertaining to this mechanism is that inhibitors of Hsp70 lead to a

rapid increase in tau ubiquitination and proteasome-dependent degradation in

tau-overexpressing HeLa cells [195]. Conversely, activators of Hsp70 led to a

decrease proteasome-dependent degradation of tau. Thus, it seems that inhibition

of Hsp70 is a potential target for helping the clearance of tau and a first step towards

a therapy of CNS disorders.

As evident throughout this review, Hsp70s are highly allosteric enzymes that

engage in a number of critical protein–protein interactions. Thus, Hsp70s proteins

must be very druggable [196] because they offer so many opportunities for inter-

ference (Fig. 22). The most obvious sites for designing inhibitors are the primary
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ATP and substrate-binding pockets. Such deep clefts are often associated with

favorable progress in drug discovery campaigns. In fact, both of these binding

sites have been explored [197, 198] and some of the resulting compounds have

promising anti-cancer and anti-bacterial activity. However, these pockets have a

number of features that make them challenging. For example, the nucleotide-

binding cassette of Hsp70s is highly conserved, creating problems in selectivity.

Similarly, the substrate-binding cleft of the Hsp70s is designed to be promiscuous

and capable of binding many hydrophobic sequences; thus, it is expected to be

difficult to generate soluble, selective compounds for that region. Another potential

problem with these strategies is that they would be expected to “lock” Hsp70s into a

specific structure in the ensemble. Namely, competitive ATP-competitive inhibitors

might lock the protein into the ATP-bound form, while substrate-based inhibitors

would favor the substrate-bound form. As discussed in this review, there are many

other states of Hsp70 and these might also be linked to aspects of disease. Thus, one

can also imagine directing Hsp70 function in new ways by targeting its interactions

with DnaJ co-chaperones or nucleotide exchange factors [3]. Hsp70s also interact

with HIP [199], HOP [200], and CHIP [201], and some specialized factors such as

ZIM (for mt-Hsp70) [202]. In theory, competing with these contacts or even

enhancing their recruitment may be another, parallel avenue for modulating the

activity and structure of Hsp70s. The potential advantage of this approach is that the

activity of the Hsp70 complex might be “tuned” to achieve the desired outcomes.

In theory, compounds with activities at allosteric and protein–protein sites might

either directly interfere with co-chaperone interactions or they might recognize

allosteric differences and perturb the allosteric equilibrium between states of

Fig. 22 Potential sites for interference with the Hsp70 chaperone function. Purple: primary sites,

cyan: allosteric sites, blue: co-chaperone interaction sites
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Hsp70. Consistent with this idea, we recently discovered one class of DnaK

inhibitors that functions by directly competing with the J protein interaction [203]

(see Fig. 23a) and another class of compounds, including the flavonoid myricetin,

which bind to a site on DnaK that is >30 Å from the DnaJ binding site to block this

interaction allosterically [204] (Fig. 23b). These studies suggest that Hsp70s, such

as DnaK, do indeed have multiple opportunities for pharmacologic intervention,

including at sites that might not be anticipated from cursory examination of the

structures.

Many of the emerging methods for targeting Hsp70 are likely to take advantage

of the allostery in this target. For example, compounds that can recognize allosteric

differences and perturb the allosteric equilibrium between the states should also

modulate Hsp70s function. To illustrate this idea, we recently discovered that the

anti-cancer compound MKT-077 is an allosteric inhibitor of Hsp70. MKT-077

[184, 206] was originally considered as a potential therapy for the treatment of

breast cancer [207]. Later it was suggested that MKT-077 kills cancer cells by

selectively inhibiting mt-Hsp70 [187]. However, the mechanism of MKT-077

wasn’t clear and its potential binding site of Hsp70s was unknown. Based on the

high homology between mt-Hsp70 and other Hsp70s, we reasoned that MKT-077

may also bind to cytosolic homologs, such as Hsc70 and Hsp70. Consistent with

this idea, MKT-077 binds with an affinity of approximately 10 mM to human Hsc70

NBD (determined by NMR [205]). This value is remarkably close to the IC50 ~ 7

mM for MKT-077 activity against CX-1 colon carcinoma cells [180]. Also consis-

tent with its cytosolic actions, MKT-077 clears tau in a dose-dependent manner in

HeLa cells [205]. This activity may be therapeutically important because other

compounds that reduce tau accumulation through Hsp70s recover cognitive func-

tion in mouse models of Alzheimer’s disease [208].

Fig. 23 The NMR-determined binding sites of recently discovered Hsp70 inhibitors. Left, 115-7C
[203]; middle, myricetin [204]; right, MKT-077 [205]. Note that neither compound binds to an

Hsp70 primary site, hence the compounds affect Hsp70 function by affecting allostery or

co-chaperone interaction

Allostery in the Hsp70 Chaperone Proteins 139



To help development of more potent MKT-077 derivatives, we investigated

where the compound binds to Hsc70 [205]. The first finding was that MKT-077

binds to the Hsc70 ADP state, but that no binding to the ATP state could be detected

(i.e., KD > 100 mM) (Fig. 24). Thus, we hypothesized that MKT-077 might trap

Hsp70 in the ADP-bound, high-affinity form. This hypothesis was supported by

partial proteolysis findings, which suggested that MKT-077 stabilizes the ADP-

bound conformation of full length Hsp70s. Although the mechanisms linking this

allosteric switch to the degradation of tau is not yet clear, it seems possible that the

long-lived Hsp70-ADP-tau complex becomes a good target for CHIP, an E3

ubiquitin ligase that binds Hsp70s. If so, then this “stalled” complex would favor

the polyubiquitination and degradation of Hsp70-bound tau [201, 209].

How does MKT-077 distinguish between the NBD ADP and ATP state? It turns

out that MKT-077 binds to a pocket that is close, but not identical, to the nucleotide-

binding site (see Fig. 24). According to our earlier studies of the NBD of DnaK

T. Thermophilus, ADP and AMPPNP cause significant changes in NBD subunit

orientations [82], which affects the area where the MKT-077 pocket is located.

However, in that study we did not carry out a high resolution structure determina-

tion. Rather, we suggested that the nucleotide-induced changes were not unlike

those seen between crystal structures of Hsp70 in nucleotide-bound form (a repre-

sentative of the ATP state) and those of Hsc70 bound to nucleotide exchange

factors, (more representative of the ADP state). In Fig. 25 we show the difference

between these crystal structures. Indeed, only in the ADP state is there a pocket

available that can accommodate MKT-077. The pocket is smaller in the ATP state.

Therefore, MKT-077 is an allosteric effector, and acts not unlike 2,3-DPG which

down-regulates hemoglobin oxygen affinity by binding to a non-heme site that is

open in the T-state and closed in the R-state [210]

Subsequently, we modeled the binding of MKT-077 on the conformation of

Hsc70 NBD as seen in a complex containing NEF. The NMR chemical shift

Fig. 24 (a) Chemical shifts seen [205] for the interaction of MKT-077 (cyan) with human Hsc70

in the ADP state. (b) Chemical shifts seen [205] for the interaction of MKT-077 with human Hsc70

in the AMP-PNP state
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perturbations were used to constrain the search box in the AUTODOCK [211]

docking program. AUTODOCK produced four families of binding poses that were

energetically equivalent, but which differed as much as having different rings of

MKT-077 inside or outside the pocket (Fig. 26a). We decided to carry out AMBER

molecular dynamics [212] simulated annealing computations using Hsc70 in

explicit water, starting with representatives of the four different AUTODOCK

families. After equilibrium was reached, we evaluated the AMBER binding energy

using the MM-GB/PBSA protocol [213]. As a result, one particular family of poses

Fig. 25 (a) The MKT-077 binding site [205] (blue) projected on human Hsc70 NBD in the open

state (complexed with NEF; 3C7N.pdb) (b). The MKT-077 binding site (blue) projected on Hsc70
NBD in the closed state (3HSC.pdb)

Fig. 26 The MKT-077 Hsc70 NBD interaction in detail [205]. (a) Collection of poses for the

binding of MKT077 to Hsc70 (3C7N.pdb) obtained from NMR restrained AUTODOCK. Blue:
NMR shifts. (b) Final best binding pose of MKT077 (cyan) on Hsc70 (3C7N.pdb) obtained with

AMBER. Green: no shifts; red: shifts; gray: undecided

Allostery in the Hsp70 Chaperone Proteins 141



stood out. This pose is shown in Fig. 26b. It forms the basis for our further drug

development endeavors.

Together, these results, while quite preliminary, suggest that Hsp70s may be

targets for cancer and CNS disorders through a variety of direct and allosteric

mechanisms. Hopefully, a larger battery of Hsp70 inhibitors with defined

mechanisms-of-action will become available and these reagents will, in turn,

allow new insights into the roles of Hsp70s in disease.

14 Outlook

The Hsp70/DnaJ/NEF system is complicated and subtle. Different scientific

disciplines uncover seemingly unrelated and sometimes contradictory facts about

the system. Clearly, much more research is required to uncover all aspects of the

Hsp70/DnaJ/NEF system. In addition, the Hsp70s interact with many co-factors

such as HIP, HOP, and CHIP. In most cases not even structures of such complexes

are known, let alone the subtleties of the energetics and dynamics of these

interactions. We hope that support for many more years of Hsp70 research will

be forthcoming. It should be well worth it, given the fact that disregulation of

Hsp70s is involved in diseases that affect much of humanity.
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Hsp90: Structure and Function
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Abstract Hsp90 is a highly abundant and ubiquitous molecular chaperone which

plays an essential role in many cellular processes including cell cycle control, cell

survival, hormone and other signalling pathways. It is important for the cell’s

response to stress and is a key player in maintaining cellular homeostasis. In the

last ten years, it has become a major therapeutic target for cancer, and there has also

been increasing interest in it as a therapeutic target in neurodegenerative disorders,

and in the development of anti-virals and anti-protozoan infections. The focus of

this review is the structural and mechanistic studies which have been performed in

order to understand how this important chaperone acts on a wide variety of different

proteins (its client proteins) and cellular processes. As with many of the other

classes of molecular chaperone, Hsp90 has a critical ATPase activity, and ATP

binding and hydrolysis known to modulate the conformational dynamics of the

protein. It also uses a host of cochaperones which not only regulate the ATPase

activity and conformational dynamics but which also mediate interactions with

Hsp90 client proteins. The system is also regulated by post-translational

modifications including phosphorylation and acetylation. This review discusses all

these aspects of Hsp90 structure and function.
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1 Introduction

Hsp90 is a highly abundant and ubiquitous molecular chaperone which plays an

essential role in many cellular processes including cell cycle control, cell survival,

hormone and other signalling pathways [1–5]. It is important for the cell’s response to

stress and is a key player in maintaining cellular homeostasis [6–10]. In the last 10

years, it has become a major therapeutic target for cancer [11] and there has also been

increasing interest in it as a therapeutic target in neurodegenerative disorders [12, 13]

and in the development of anti-virals [14] and anti-protozoan infections [15].
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The focus of this review is the structural and mechanistic studies which have been

performed in order to understand how this important chaperone acts on a wide variety

of different proteins and cellular processes. The review begins with some background

on the biological activity of Hsp90 including its homologues which are found in

different cellular compartments and other organisms.

2 Biological Activity and Client Proteins

Hsp90 is required for the correct maturation and activation of a number of key

cellular proteins and protein complexes. The proteins on which it acts are collec-

tively called “clients” and many of them play important roles in signal transduction

pathways. The number of potential clients of Hsp90 has increased dramatically in

recent years and an up-to-date list of the known “interactors” which are not

cochaperones can be downloaded from the website run by the Picard group in

Geneva (http://www.picard.ch/downloads/Hsp90interactors.pdf). In addition, a

recent review summarises a great number of studies that have been carried out in

order to gain information on the Hsp90 interactome which includes cochaperones

as well as client proteins [16].

Many Hsp90 clients are either kinases or transcription factors, and this includes

the kinases Akt, cdk4/6, B-Raf, Plk1, src as well as other tyrosine kinases, and

steroid receptors (including the oestrogen, gluco-corticoid and mineralo-corticoid,

androgen, progesterone receptors), heat shock factor 1 (HSF1), p53, v-erb A to

name just a few. Other client proteins are from structurally and functionally very

diverse families – some ribosomal proteins, many viral polymerases and coat

proteins, telomerase, the NLR protein in plants, and other proteins associated

with neurodegenerative disorders such as tau and a-synuclein. How Hsp90

recognises such a wide range of different clients remains one of the major unsolved

questions in the field. Given the number of clients that are either up-regulated or

mutated in cancers, it is unsurprising that Hsp90 is now the target of many cancer

therapeutic drugs, and this is discussed in more detail later in the review. Recently,

a genome-wide study in S. cerevisiae suggested that up to 10% of all proteins

required Hsp90 for their function, although, in this case, many may be through an

indirect mechanism, i.e. their activity is regulated by an Hsp90 client [17, 18].

The glucocorticoid receptor (GR) was the first protein to be shown to be a client

of Hsp90 back in the 1980s [19]. Now, it is known that many steroid receptors

(SRs) require Hsp90 for their maturation and activation including oestrogen (ER),

progesterone (PR), androgen (AR) andmineralocorticoid (MR) [20–23]. In addition,

other members of the extended nuclear hormone receptor superfamily also are

dependent upon Hsp90 including peroxisome proliferator-activated receptors

(PPARs), a ryl hydrocarbon receptor (AhR), constitutive androstane receptor

(CAR) pregnane receptor (PXR) and vitamin D receptors (VDR) [3, 4, 24–29].

As with many molecular chaperones, Hsp90 does not act alone but has a host

of cochaperones which regulate its activity and confer specificity on the machinery
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(see http://www.picard.ch/downloads/Hsp90interactors.pdf and a recent review

[30]). Many of the first cochaperones were discovered as they were essential for

the full activation of SRs and this includes p23, FKBP51/52 and recently FKBPL,

Cyp40 and PP5. For an excellent review which focuses more on the biology of Hsp90

and cochaperones in steroid receptor function, in particular on how mouse models

have been used to elucidate the roles of the different Hsp90 isoforms and

cochaperones, see the recent review by Sanchez [31].

A long-standing model for how Hsp90 and cochaperones cooperate in the

folding and maturation of steroid receptors is shown in Fig. 1b [29, 32]. In this

model the newly synthesized receptor first interacts with the Hsp40/Hsp70

chaperones and then the receptor is efficiently transferred to Hsp90 by the action

of Hop which can simultaneously bind to both Hsp70 and Hsp90. It is thought that

at this stage the Hsp90 is in a nucleotide free state and an open conformation. The

next step is the binding of ATP, the closure of the structure and dimerisation of the

N-terminal domains of Hsp90, the release of Hop and/or the Hsp70 chaperone

machinery followed by the binding of other cochaperones such as p23, FKBP51/52

or Cyp40. For more information on the role of ATP binding, hydrolysis and

conformational dynamics of Hsp90 see later sections of this review. Binding of

an Hsp90 inhibitor such as geldanamycin (GA), which binds to the ATP-binding

site and prevents nucleotide binding, results in blocking of the cycle and subsequent

degradation of the receptor [33–35].

In addition to the role of Hsp90 in the assembly of active steroid receptor

complexes, it is also required for the correct assembly of many other key cellular

complexes including telomere complexes, snoRP (small nucleolar ribonucleo-

proteins), RNA polII, PIKK (phosphatidylinositol 3-kinase-related protein kinase),

the kinetochore, RISC (RNA-inducing silencing complex) and the 26S proteosome,

reviewed in [36].

The Hsp90 family is highly conserved, being found in organisms in all kingdoms

of life except archaea [37, 38]. In addition, there are four Hsp90 homologues in

different cellular compartments [39]. The Hsp90 family can be subdivided into five

subfamilies: cytosolic Hsp90s, ER-localized Grp94, mitochondrial TRAP1, chloro-

plast HSP90 and bacterial HtpG. In contrast to the eukaryotic Hsp90s, HtpG is not

essential under non-stress conditions but does have some effect on growth at high

temperatures [40]. Different members of the Hsp90 family have different cellular

functions as outlined below and in later sections.

The function of Hsp90 in yeast has been studied extensively [41] and it is known

that expression of at least one isoform is necessary for viability, and that, although it

is possible to reduce the levels of cytosolic Hsp90 considerably to levels 5–10% that

of normal, the yeast cells show a temperature-sensitive phenotype under these

conditions [42]. S. cerevisiae has been used in many in vivo studies (see many of

the references herein and also work from the Lindquist and Piper groups amongst

others). Mouse knockouts have also been used to study the function of Hsp90

in vivo. In the case of Hsp90b, which is constitutively expressed, knockout in

mice results in embryonic lethality. In contrast, knockout of the inducible isoform

Hsp90a results in viablemice which are phenotypically normal except that themales
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are sterile [43]. In other organisms, either Hsp90 or one of its homologues have also

been shown to be very important – Grp94 is essential in Drosophila [44], TRAP1

is essential for mitochondrial function (see later sections for further details), and
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Fig. 1 Structure and mechanism of Hsp90. (a) Structural domains in the Hsp90 dimer. NTD is the

N-terminal domain which binds ATP, GA, RD and other small molecule inhibitors and which also

binds co-chaperones and potentially client proteins. This is followed by an unstructured highly

charged linker region which is absent in HtpG.MD is the middle domain which contains a catalytic

arginine required for the ATPase activity, binds to co-chaperones and is thought to be the major

client-protein binding site. CTD is the C-terminal domain which contains the major dimerisation

interface which makes Hsp90 a constitutive dimer. At the C-terminus is a highly conserved

MEEVD motif which binds to TPR-containing co-chaperones. (b) Model proposed for the

activation of steroid receptor client proteins (yellow) by the Hsp90 machinery. Hsp90 is shown

in blue, Hsp70 in dark red, co-chaperones include Hop (green), high molecular weight PPIases

such as FKBP51, FKBP52 or CyP40 (pink) and the small acidic protein p23 (purple)
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chloroplast Hsp90 function is necessary for the correct biogenesis of chloroplasts in

Arabidopsis thaliana [45]. Only the E. coli homologue HtpG is not essential for

viability; however, reduced HtpG function still results in mild growth defects and is

needed for thermotolerance in cyanobacteria [46–48]. Other model organisms,

including non-mammalian metazoan model systems, have also been employed

such as C. elegans, D. melonagaster and Danio rerio (zebrafish) and the function

of Hsp90 in these organisms is described in a recent review article [49].

The biological activity and function of Hsp90 and its homologues/paralogues is

crucially dependent on both its ATPase activity and its conformational dynamics.

The latter includes both structural changes within a single domain as well as

changes in the conformation of Hsp90’s three structural domains relative to each

other. The following section describes in detail the structural studies on Hsp90 and

its relatives that have been undertaken in order to understand better the mechanism

of action of this critical molecular chaperone.

3 Structural Studies of the Hsp90 Molecular Chaperone

Machinery

Hsp90 and its paralogues/homologues have three structural domains – an N-terminal

domain (NTD) which contains the ATP binding site, which is connected to a middle

domain (MD) through a variable charged linker, and a C-terminal domain (CTD)

which is responsible for Hsp90 being a dimer. At the C-terminus there is another

unstructured region which ends with a highly conserved MEEVD motif (Fig. 1a).

The charged linker region is intrinsically disordered and therefore no detailed

structural studies have been made. Whereas it was originally thought to act simply

as a spacer between the NTD and middle domains, thereby allowing the necessary

conformational rearrangements on nucleotide, cochaperone and potentially client

protein binding, it has recently been shown that the sequence of this linker region can

modulate the activity of Hsp90 in vivo [50]. In eukaryotes the charged linker

contains unique regulatory sites, thereby acting as a “rheostat”, finely tuning the

Hsp90 chaperone machine [50].

3.1 High-Resolution X-Ray Crystal Structures of Hsp90

3.1.1 Structures of Isolated Domains

The first high-resolution crystal structures of a domain of Hsp90 to be solved were of

the N-terminal domain of yeast and human Hsp90 both in their apo states as well as

in complexes with nucleotides or inhibitors [51–55]. The overall structure of the

NTD is an a/b sandwich in which a pocket extends from the buried face of the anti-
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parallel b-sheet to the surface which forms the nucleotide-binding site (Fig. 2a–c).

The structures of the NTDs with nucleotide bound confirmed that Hsp90 is an ATP-

binding protein and therefore likely has ATPase activity (Fig. 2a) [51–53], some-

thing which had up to that point been controversial due to the fact that the basal

ATPase activity is very low. The structure allowed the identification of the key

catalytic residues and subsequent mutagenesis studies further confirmed the ATPase

activity. Structures with the natural products geldanamycin (GA) and radicicol (RD)

Fig. 2 Crystal structures of isolated domains of Hsp90s. (a) Structure of the N-terminal domain of

human Hsp90 with ADP bound (pdb code: 1BYQ). The ribbon is coloured dark blue to red from

N-terminus to C-terminus, ADP is shown as a stick model. (b) Structure of the N-terminal domain

of human Hsp90 with geldanamycin (GA) bound (pdb code: 1YET). The ribbon is coloured dark
blue to red from N-terminus to C-terminus, GA is shown as a stick model. (c) Structure of the

N-terminal domain of yeast Hsp90 with Radicicol (RD) bound (pdb code: 1BGQ). The ribbon is

coloured dark blue to red from N-terminus to C-terminus, RD is shown as a stick model.

(d) Crystal structure of the middle domain of yeast Hsp90 (pdb code:1HK7), the side chains of

residues Phe300 and Arg380 are shown in stick models. The ribbon is coloured from N-terminus

(yellow/green) to C-terminus (red). (e) Crystal structure of the dimeric C-terminal domain of the

E. coli HtpG (pdb code: 1SF8). The ribbons of the two chains are coloured the same from dark
blue (N-terminus) to red (C-terminus). The dimerisation interface forms a four-helical bundle

(a-helices coloured in orange and red)
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established that these inhibit the function of Hsp90 by binding to the ATP-binding

pocket and therefore act as competitive inhibitors of the essential ATPase activity of

Hsp90 [54, 55]. These structures also revealed that these inhibitors bind in a very

similar way to the nucleotide (which binds in an unusual kinked conformation) both

in terms of shape complementarity and also conservation of key interactions includ-

ing those with a tightly bound water molecule (Fig. 2b, c). There are now numerous

crystal structures of the NTDs of human and yeast Hsp90 complexed with a variety

of different inhibitors, as well as the NTDs of Hsp90s from other organisms

including Leishmania major, Plasmodium falciparum and Trypansoma brucei, in
addition to the NTDs from the Hsp90 homologues, Grp94 and HtpG; see Table 1.

The structure of the middle domain of yeast Hsp90 was the next to be solved in

2003, and it comprises two structural subdomains – a large a/b/a domain at the

N-terminal end which is linked to a smaller a/b/a domain through a series of short

helices (Fig. 2d) [58]. The structure revealed a hydrophobic patch containing an

exposed tryptophan (Trp300 in the S. cerevisaie Hsp82) and an amphipathic

protrusion, which were proposed to be important for client protein binding. This

domain also contains a critical catalytic loop with a highly conserved Arg residue

essential for the ATPase activity. In the structure of the isolated domain, it is in a

structured short a-helical region which differs from the structure in the full-length

protein (Figs. 2d and 3e). The structure of the isolated middle domain of HtpG has

also been solved and is very similar [73]. Shortly after the publication of this

structure, the structure of the remaining C-terminal domain from HtpG was

reported [59]. The CTD is a homodimer of two small mixed a/b domains, where

the dimer interface is formed by two a-helices which pack together to form a four-

helical bundle (Fig. 2e) [59]. These high-resolution structures of all three domains

of Hsp90 subsequently allowed the use of lower resolution structural techniques

such as small-angle X-ray scattering (SAXS) and electron microscopy (EM) to

obtain information on the conformations and dynamics of full-length Hsp90s.

3.1.2 Structures of Multi-domain Constructs of Hsp90

In 2005 the first structure of a multi-domain construct of an Hsp90 homologue was

reported with the publication of the structure of the NTD and middle domain of

HtpG [63]. Both the apo and ADP-bound states were solved and conformational

changes on ADP binding observed. Perhaps more importantly, extensive

interactions between the two domains were seen and although the primary binding

site for ADP was clearly in the NTD as expected, there were also interactions with

the middle domain. A comparison of the structure with structures known for other

members of the GHKL ATPase superfamily demonstrated that there were likely to

be large motions of the domains relative to each other around a hinge region,

mechanistically now supported by many other studies; see the section on ATPase

activity for further details. The structure of the middle and C-terminal domain of

yeast Hsp90 was reported shortly afterwards at the same time as the structure of the

full-length protein [71], and the structure of a construct of Grp94 comprising the
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middle and C-terminal domains was also reported at the same time as the structure

for full-length Grp94 [75]. The structures of full-length Hsp90, Grp94 and HtpG are

discussed in the next two sections.

3.1.3 Structures of Full-Length Hsp90 and Its Homologues

The first structure of a full-length construct of Hsp90 was published in 2006 by the

Pearl group [71]. In order to crystallise the inherently highly dynamic chaperone,

they engineered yeast Hsp90 such that it lacked the highly charged linker region

between the N-terminal and middle domains and contained the Ala107Asn muta-

tion known to increase the ATPase activity by increasing N-terminal dimerisation.

Using this construct, in the presence of the non-hydrolysable ATP analogue

AMP–PNP and a domain of yeast p23 (sba1) which binds and stabilises the

ATP-bound state, crystals were obtained which diffracted well. Thus, they were

able to trap Hsp90 in a closed state in which the N-terminal domains were dimerised

(Fig. 3). The structure showed extensive interactions both between the domains

within each monomer and also between the two monomers (Fig. 3a). Of particular

note are the facts that the NTD connects to the middle domain through a b-strand
(from the middle domain) which forms part of the anti-parallel b-sheet in the NTD,
and an extended loop from the middle domain interacts with an a-helix at the start

of the CTD. The amphipathic loop observed in the structure of the isolated middle

domain points towards the inner face of the dimeric structure, and there is a helical

segment in the CTD which also points towards the N-termini of the protein and is

involved in some monomer:monomer interactions (this segment was observed in

the structure of the isolated CTD of HtpG but adopts a different orientation [59]). In

addition to this structure, the structure of a construct consisting of only the middle

and C-terminal domains was also solved, allowing comparison of the two and thus

some of the changes on ATP binding to be inferred. The CTD dimerisation interface

is effectively the same in both structures; however, there are changes in the middle

domain:CTD interface and the relative positions of the two middle domains – they

are considerably closer in the AMP–PNP/p23-bound structure of the full-length

protein, the consequence of this being that there is little room for a client protein

in the region between the two middle domains (Fig. 3a). The structure of the full-

length protein showed extensive interactions between the two NTDs and significant

differences in structure between each NTD and that observed in the isolated domain

(Figs. 2a and 3b–d). In particular, the N-terminal b-strands undergo domain

swapping and form interactions with the NTD of the other chain (Fig. 3b). This is

accompanied with a movement of a-helix 1 and a large movement in the ATP-

binding lid region which moves around a hinge created by two critical glycine

residues to fold over the nucleotide-binding pocket (Fig. 3c). This conformational

change exposes a hydrophobic patch on the lid, creating an interface for N-terminal

domain dimerisation (Fig. 3d). The structure elegantly explained the effects of a

number of temperature-sensitive mutants which had been shown to have increased

or decreased ATPase activity [41, 97]. The g-phosphate of AMP–PNP was shown
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Fig. 3 Crystal structure of full-length yeast Hsp90 complexed with p23 and AMP–PNP. (a) The

crystal structure of full-length yeast Hsp90 complexed with p23 (sba1) and AMP–PNP (pdb code:

2cg9). Shown are the ribbons for the two chains of the yeast Hsp90 homodimer coloured from

N-terminus (dark blue) to the C-terminus (red). The NTD is coloured dark blue/light blue, themiddle

domain is coloured green/yellow/light orange and the CTD is coloured dark orange/red. (b). The
dimerised NTDs of the full-length yeast Hsp90 complexedwith p23 and AMP–PNP (structure shown

in (a)). The two NTDs are coloured green and light blue and the AMP–PMP in each subunit is shown

as a stick model. The domain swapping of b-strand1 from each subunit is shown. (c) The dimerised

NTDs of the full-length yeast Hsp90 complexed with p23 and AMP–PNP [structure shown in (a)].
The twoNTDs are coloured green and light blue and the AMP–PMP in each subunit is shown as stick

models. b-Strand1 is coloured dark blue, a-helix1 is coloured orange and the ATP lid is coloured red.
(d) Detail of the dimerisation interface of the two NTDs from the structure of the full-length yeast

Hsp90 complexed with p23 and AMP–PNP [structure shown in (a)]. The two NTDs are coloured

green and light blue and the side chains of residuesLeu15,Gln14, Leu18, Thr95, Ile96,Ala97 and Phe
120 are shown as stick models. (e) Detail of the ATP-binding site from the structure of the full-length

yeast Hsp90 complexed with p23 and AMP–PNP [structure shown in (a)]. Only one chain of the

homodimer is shown. The NTD is coloured green and the middle domain is shown in orange.
AMP–PNP binding to the ATP-binding site is shown as a stick model and the side chains of Glu33,

a catalytic residue in the NTD, and Arg380, the catalytic arginine from themiddle domain, are shown

as stick models
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to interact with the catalytic arginine in the middle domain, confirming the role of

this critical residue (Fig. 3e).

In contrast to the relatively compact structure of yeast Hsp90 complexed with

AMP–PNP and p23, the crystal structure of the apo form of full-length HtpG is

much more open, adopting a V-like conformation (Fig. 4a) [73]. Overall, the

structures of each of the three domains are very similar in this structure to those

observed for the isolated domains and in the structure of full-length yHsp90;

however, some differences were observed – particularly in the NTD (which were

attributed to nucleotide binding) and in the helical segment that protrudes out from

the CTD [73]. In the structure of apo HtpG, this region is disordered but is predicted

Fig. 4 Structures of full-length constructs of E. coli HtpG and dog Grp94. (a) Crystal structure of

apo HtpG (pdb code: 2IOQ). The two chains in the homodimer are coloured green and light blue.
(b) Crystal structure of HtpG complexed with ADP (pdb code: 2IOP). The two chains in the

homodimer are coloured green and light blue. ADP is shown as a stick model. (c) Crystal structure

of dog Grp94 in complex with ADP (pdb code: 2O1V). The two chains in the homodimer are

coloured green and light blue. ADP is shown as a stick model. (d) Crystal structure of dog Grp94 in

complex with AMP–PNP (pdb code: 2O1U). The two chains in the homodimer are coloured green
and light blue. AMP–PNP is shown as a stick model
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to point towards the central cleft in the middle of the dimer where client proteins

may bind. In all three domains there are hydrophobic patches which are exposed in

apo HtpG, suggesting potential binding sites for client proteins. It was proposed that

apo HtpG is the state with which clients initially interact and it is flexible in order to

accommodate a range of different client proteins [73]. Extensive domain:domain

interactions between the N-terminal and middle domains were observed, whilst in

contrast the interactions between the middle and C-terminal domains were much

less [73]. These observations were used to propose that in HtpG most of the

conformational flexibility observed in the EM and SAXS studies (see later sections)

are due to movements of the middle domain relative to the CTD.

The ATP lid in HtpG comprises a helix–loop–helix motif similar to that in the

eukaryotic Hsp90s; however, it is longer and shifted in position. In the apo state, the

lid is positioned in such a way as to block nucleotide binding (an autoinhibitory

mechanism that has also been observed in yeast Hsp90 [70]), and the structures

solved in this study suggest that there must be a structural rearrangement of the

NTD relative to the middle domain in order to allow the closure of the lid after

nucleotide binds [73]. A crystal structure of the HtpG–ADP complex (Fig. 4b)

revealed a conformation different to that observed for AMP–PNP [73]. However, as

this complex crystallised as a dimer of dimers and the structure was dissimilar to

that observed for the complex in EM, it remains a little uncertain as to whether the

somewhat unusual conformation observed is due to crystallisation artefacts.

Shortly after the structure of full-length HtpG was reported, the crystal structures

of two full-length Grp94-nucleotide complexes were solved [75]. ADP and

AMP–PNP complexes of an engineered form of canine Grp94 (where the charged

linker region was replaced with a GGGG sequence and an N-terminal region

preceding the NTD was deleted) showed open structures where the dimer formed

a twisted V conformation (Fig. 4c, d). The conformations that were observed were

distinct from those observed for either yeast Hsp90 (Fig. 3a) or HtpG (Fig. 4a, b)

and represent Grp94 in a catalytically incompetent state despite the bound

AMP–PNP. Essentially, no differences were observed in the structures with either

AMP–PNP or ADP bound, confirming earlier studies which showed that Grp94

doesn’t discriminate greatly in its binding of nucleotides in contrast to other

Hsp90s. Despite the open conformation observed for the Grp94:AMP–PNP

complex, this study established that Grp94 does have ATPase activity. Based on

the structures, the authors note that the existence of an open AMP–PNP-bound

conformation suggests that ATP binding alone does not drive the chaperone into a

catalytically active N-terminally dimerised state, something which has recently

been established in kinetic experiments where it has been shown that nucleotide

binding is only weakly coupled to conformational change for yeast Hsp90 [98].

These Grp94 structures also suggest a “primed” state in which the client protein

binds initially to an open ATP-bound state prior to large scale conformational

changes and ATP turnover, which are known to occur and be necessary for client

protein maturation in the cytosolic Hsp90s. The Grp94–ADP structure differs from

that of the HtpG–ADP complex solved using X-ray crystallography, but is not that

dissimilar to the EM structures of the HtpG–ADP complex.
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3.1.4 Structures of Cochaperones and Their Complexes with Hsp90

Despite the increasing number of high-resolution structures of full-length Hsp90s,

there remains only one Hsp90–cochaperone complex for which there is a

crystal structure of the cochaperone with the full-length protein. This is the yeast

Hsp90–p23-AMP–PNP complex described above [71] in which two p23 molecules

bind into broad grooves formed at the interface of the two NTDs of Hsp90

(Fig. 5a, b). The binding interface requires that the ATP lid has closed and the

two NTDs dimerised which occurs only on ATP or AMP–PNP binding, consistent

with the fact that the binding of p23 is ATP dependent for yeast Hsp90 (Fig. 5a, b).

There are three main sites of interaction which in the NTDs include a-helix1 and a

b-hairpin from one NTD and the ATP lid from the other NTD (Fig. 5a, b). Although

the structure of the complex doesn’t directly reveal how p23 inhibits the ATPase

activity of Hsp90, it seems likely that it does so by stabilising the closed

NTD-dimerised state, thereby preventing release of ADP and phosphate.

There are a number of complexes of domains of cochaperones with their Hsp90-

binding domains (Table 3) and these have been very informative in terms of

precisely defining how these cochaperones recognise and bind to Hsp90, and also

how these cochaperones exert their effects, e.g. on the ATPase activity of Hsp90

(Table 2). The first of these structures was the N-terminal domain of Aha1 which

was crystallised in complex with the middle domain of yeast Hsp90 [99, 100]

(Fig. 5c). The NTD of Aha1 forms an elongated cylindrical structure in which an

N-terminal and a C-terminal a-helix pack onto an anti-parallel b-sheet (Fig. 5c).
The structure is similar to two other structures in the protein databank of a

putative Aha1 from Plasmodium falciparum (Table 4). The structure of the

NTD–yAha1–MD–yeast Hsp90 complex reveals how Aha1 binds to the middle

domain: in addition to hydrophobic patches there are extensive polar interactions

between the two molecules including hydrogen bonds and ion pairs (Fig. 5c),

providing a structural basis for earlier observations that the binding of Aha1 to

Hsp90 is sensitive to salt [101]. Most importantly, a comparison of the structures of

the isolated middle domain of Hsp90 with that observed in complex with Aha1

provided a likely mechanism for the activation of the ATPase activity by Aha1. In

the isolated middle domain there is a short helix (residues 372–386 in yeast Hsp90)

which connects to a long helix (starting at residue 389) and in so doing maintains

the catalytic loop containing Arg380 in a retracted conformation. Structural

changes on Aha1 binding result in the long helix extending a few residues, thereby

destabilising the short helix and releasing the catalytic loop (which can then interact

with the ATP bound in the NTD of Hsp90).

Cdc37 is a kinase-specific cochaperone which has two structural domains – the

NTD is known to bind the kinase client whilst the CTD binds to the NTD of Hsp90.

A crystal structure of the core complex, i.e. the CTD of human Cdc37 and the NTD

of yeast Hsp90, revealed an unusual structure for the cochaperone and how it binds

and inactivates the ATPase activity of Hsp90 [102]. The CTD of Cdc37 comprises a

six-helix bundle which connects to a smaller three-helix bundle via a long a-helix
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Fig. 5 Structure of Hsp90–cochaperone complexes. (a) Crystal structure of p23 (sba1) bound to

the full-length yeast Hsp90–AMP–PNP complex (pdb code: 2CG9). The two chains of the Hsp90

dimer are coloured as follows: NTD (dark blue to light blue), the middle domain (yellow/green to

light orange) and the CTD (orange-red). The two p23 molecules are coloured magenta and the

AMP–PNP is coloured for each element and is shown in a space filling model. (b) The two

N-terminal domains of Hsp90 shown coloured from N- to C-termini (dark blue to turquoise)
complexed with one p23 shown in magenta (the other p23 which binds to the bottom face of the
two NTDs is not shown for clarity) using the crystal structure of p23 (sba1) bound to the full-length

yeast Hsp90–AMP–PNP complex (pdb code: 2CG9). The main interaction sites between p23 and

the NTDs of Hsp90 are shown: in red is the first a-helix and a b-hairpin of one NTD, in yellow is
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(Fig. 5d). The main interaction sites are located within the larger six-helix bundle

domain which interacts with regions of the NTD of Hsp90 that are involved in the

ATP-dependent dimerisation of the NTDs including the ATP lid (in which there are

some conformational changes), as well as regions in the NTDwhich interact with the

middle domain on dimerisation (Fig. 5e). Many of the interactions in the interface

are hydrophobic in nature although there are a few key polar interactions (Fig. 5e).

Cdc37 inhibits the ATPase activity in a number of different ways: (1) it inserts an

arginine side chain into the ATP-binding pocket which interacts with the catalytic

side chain of Glu33 (it doesn’t prevent ATP or inhibitor binding but neutralises the

otherwise nucleophilic Glu) (Fig. 5f), (2) it binds to the ATP lid preventing closure

of the lid over the ATP-binding pocket and blocks access of critical residues in the

middle domain to the active site, and (3) it binds and sits between the two NTDs,

thereby holding them apart and preventing dimerisation (Fig. 5f).

A later study of the complex of the C-terminal region of human Cdc37 with the

N-terminal domain of human Hsp90, which used the crystal structures of isolated

domains and results of heteronuclear solution state NMR and docking algorithms to

model the structure of the complex, generated a very similar conformation to that

Fig. 5 (continued) the ATP lid region from the other NTD. AMP–PNP is coloured according to

element and is shown in a space filling model. (c) Crystal structure of the complex between the

N-terminal domain of yAha1 and the middle domain of Hsp90 (pdb code: 1USU). The Hsp90

chain is shown on the left and it is coloured from N-terminus to C-terminus from purple to yellow,
the Aha1 chain is on the right and is coloured from N-terminus to C-terminus from yellow to red.
The side chains of the residues involved in forming the binding interface are shown as stick

models. (d) Crystal structure of the CTD of human Cdc37 coloured from N-terminus (green/
yellow) to C-terminus (red) complexed to the NTD of yeast Hsp90 coloured from N-terminus

(dark blue) to C-terminus (green) (pdb code: 1US7). (e) Detail of the interface between the CTD of

Cdc37 and the NTD of Hsp90 shown in (d). The side chains of the residues involved in the

interaction are shown as stick models. (f) Detail of the interface between the CTD of Cdc37 and the

NTD of Hsp90 shown in (d) illustrating how Arg167 from Cdc37 inserts and hydrogen bonds to

the catalytic Glu33 in the active site in the NTD of Hsp90. Arg167 and Glu33 side chains are

shown as stick models

Table 2 Summary of the X-ray crystal structures of full-length Hsp90

Construct Organism Nucleotide Resolution

Pdb

code Reference

Release

year

Hsp90–Sba1 complex

Hsp90 engineered

lacking charged

linker region

S. cerevisiae ATP 3.10 2CG9 [71] 2006

Full-length HtpG E. coli Free 3.50 2IOQ [73] 2006

Full-length HtpG4 E. coli ADP 3.55 2IOP [73] 2006

Full-length Grp94

287–327 GGGG

Dog ADP 2.45 2O1V [75] 2007

Full-length Grp94

287–327 GGGG

Dog AMP–PNP 2.40 2O1U [75] 2007
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already observed in the crystal structure [103]. However, a few key features were

different and are worthy of mention. First, the Cdc37 was found to be monomeric in

this study as opposed to the dimer observed in the crystalline state. Second, the

structure was found to be more compact, and third, a significantly greater area was

found to be buried in the interface, suggesting a tighter complex was formed [103].

In plants, Hsp90 plays an important role in the function of the NLR receptor and

innate immunity, an activity which requires two cochaperones – SGT1 and a

CHORD-containing protein such as Rar1 [111]. Although SGT1 contains a TPR

domain, it interacts with Hsp90 through its CS domain which, despite some similarity

in structure to p23, binds at a different site in the NTD domain [81, 82]. The crystal

structure of the complex between the NTD of barley Hsp90 (HvHsp90) and the CS

domain of SGT1 from Arabidobsis thaliana has been solved in the presence of ADP
(Fig. 6a, b). It clearly shows how the CS domain binds the NTD of Hsp90 away from

the ATP lid region [81, 82]. The structure of the ternary complex formed between the

NTD of HvHsp90, the CS domain from AtSGT1 and the CHORDII domain from

AtRar1 has also been solved [104]. The CHORD domain comprises two structural

lobes – the C-terminal region includes a three-stranded anti-parallel b-sheet with a

short a-helix, whilst the N-terminal region is largely unstructured but does contain one

b-strand which packs against the b-sheet, and there are two bound Zn2+ ions which

helpmaintain structural stability (Fig. 6c). The ternary complex that is formed adopts a

puckered ring structure with the three domains repeated in an a, b, c, a, b, c arrange-

ment such that each protein domain only contacts one copy of the other domains

Table 3 Summary of the crystal structures of the complexes formed between Hsp90 and

cochaperones

Construct Organism Cochaperone Resolution

Pdb

code Reference

Release

year

Middle

domain

Hsp90

S. cerevisiae NTD Aha1

(S. cerevisiae)
2.15 1USU [99, 100] 2004

Middle

domain

Hsp90

S. cerevisiae NTD Aha1

(S. cerevisiae)
2.70 1USV [99, 100] 2004

NTD

Hsp90

S. cerevisiae C-domain of

Cdc37

(human)

2.30 1US7 [102] 2004

NTD

Hsp90-ADP

Hordeum
vulgare

CS domain SGT1

(Arabidopsis
thaliana)

3.30 2JKI [81, 82] 2008

NTD Hsp90

Alpha

Human Cdc37 148–276 NMR

modelling

2K5B [103] 2008

NTD

Hsp90–ADP

Hordeum
vulgare

CS domain SGT1

(Arabidopsis
thaliana)

CHORD 2 domain

(RAR1)

(Arabidopsis
thaliana)

2.20 2XCM [104] 2010
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(Fig. 6d). The interface between the NTD of Hsp90 and the CS domain of SGT1 is

essentially the same as in the binary complex, whilst the opposite face of the CS

domain binds to the CHORDII domain. The interface centres on a hydrophobic patch

which is surrounded by polar and solvent-bridged interactions. The CHORDII domain

interacts with the NTD of Hsp90 through its C-terminal lobe which is at the opposite

end of the CS-binding site. Both hydrophobic, polar and solvent mediated interactions

are important. In addition to the main binding site, the CHORDII domain also interacts

directly with the Mg–ADP bound in the NTD of Hsp90 (Fig. 6e). In this case, the side

chain of His188 hydrogen bonds to the b phosphate of ADP, whilst the side chain of

Asp189 interacts with two water molecules bound to the Mg2+ ion.

3.2 Solution-State Nuclear Magnetic Resonance Studies
on Hsp90 Structure

Hsp90 is a challenging protein for NMR studies due to both its size (the dimer is

170 kDa) and its highly dynamic nature. Despite this, recent technological advances

Table 4 Summary of the structures of cochaperones

Construct Organism Ligand Resolution

Pdb

code Reference

Release

year

TPR2A

domain of

Hop

Human MEEVD peptide 1.90 1ELR [105] 2000

SGT1 CS

domain

Human NMR 1RL1 [106] 2004

CTD

FKBP52

Human MEEVD 3.00 1QZZ [107] 2004

CHIP U-BOX

E3 ubiquitin

ligase

Mouse DTSRMEEVD 3.30 2C2L [108] 2005

FKBP35

TPR domain

Plasmodium
falciparum

MEEVD 1.63 2FBN [109] 2006

PP5

TPR domain

Human MEEVD NMR 2BUG [110] 2006

Cdc37

148–276

Human 1.88 2W0G [103] 2008

Hop TPR2A Human GASSGPTIEEVD

(C-terminus

Hsc70)

2.05 3ESK 2009

Aha1

(putative)

PFC0270W

Plasmodium
falciparum

1.77 3N72 2010

Aha1

(putative)

PFC0360W

Plasmodium
falciparum

2.50 3NI8 2010
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in NMR spectroscopy have meant that high-resolution NMR studies have become

feasible. In particular, the use of TROSY and CRINEPT methods has overcome the

problems associated with size, perdeuteration of Hsp90 has reduced relaxation

processes and increased sensitivity, and selective labelling techniques in

Fig. 6 Structure of Hsp90–cochaperone complexes: Hsp90–Sgt1–Rar1. (a) Structure of the NTD

of HvHsp90 from barley complexed with the CS domain of SGT1 from Arabidobsis thaliana (pdb
code: 2JKI). The NTD of Hsp90 is shown in cyan with the ATP lid highlighted in yellow, the CS
domain of SGT1 is shown in orange. The ADP is shown as a space-filling model. (b) Detail of the

structure of the interface between the NTD of Hsp90 and the CS domain of SGT1 shown in

(g) (pdb code: 2JKI). The NTD of Hsp90 is shown in cyan and the CS domain of SGT1 is shown in

orange. The side chains of the residues which line the interface are shown as stick models. (c)

Structure of the CHORDII domain from Rar1 (pdb code: 2XCM). The chain is coloured from N-

terminus (dark blue) to C-terminus (red), the Zn2+ ions are shown as magenta spheres, and the side

chains that act as ligands of the zinc ions are shown as stick models. (d) Structure of the ternary

complex formed between the NTD of HvHsp90, the CS domain of AtSGT1 and the CHORDII

domain of AtRar1 (pdb code: 2XCM). The two NTDs of Hsp90 are coloured cyan, the CS domains

are coloured magenta and the two CHORD domains are coloured orange. ADP bound in the NTD

of Hsp90 is shown in space filling mode. (e) Structure of the complex formed between the NTD of

HvHsp90 and the CHORDII domain of AtRar1 (pdb code: 2XCM). The NTD of Hsp90 is coloured

cyan, and the CHORDII domain is coloured orange. ADP bound in the NTD of Hsp90 is shown in

space filling mode. Mg2+ is shown as a magenta sphere, Zn2+ is shown as green spheres. The side
chains of His188 and Asp189 in the CHORDII domain which interact with the Mg–ADP in the

active site of Hsp90 are shown as stick models
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conjunction with protein engineering methods have solved some of the problems

associated with spectral complexity and made assignment possible [112, 113]. In

the past five years this has resulted in a number of NMR studies of both Hsp90, and

its complexes with cochaperones and some substrate or client proteins, being

published [112, 113].

The first NMR studies were on the three isolated domains – N-terminal domain

[114–116], middle domain [117] and C-terminal domain [118]. In each case the
1H–15N spectra were fully or partially assigned. Selective isotope labelling with
13C-labelled Ile, Leu and Val was used to simplify and then assign the 1H–13C

spectrum of both full-length Hsp90b and a [119–122]. Comparison with the 1H–13C

spectra of the isolated domains enabled resonances in the spectrum of the full-

length spectrum to be assigned.

In addition to the studies of Hsp90 alone, NMR has also been used to study the

complexes formed between Hsp90 and its cochaperones. HDX (hydrogen–

deuterium exchange) methods have been used with 15N-labelled Aha1 and the

middle domain of Hsp90 to map the binding site [123]. The NMR results were

consistent with previous crystal structures; however, the data also pointed towards

a potential second binding site on the opposite side of Aha1 to that already known.

Other studies have combined NMR with FRET (Förster Resonance Energy

Transfer) to probe the interaction between full-length Hsp90 and Aha1 [124].

In this case, not only was the N-terminal domain of Aha1 shown to interact with

Hsp90 but it was also demonstrated that the C-terminal domain of Aha1 is

also involved [124]. These studies also identified a large hydrophobic groove on

the surface of Hsp90 consistent with the crystal structure. NMR studies on

the Hsp90–Cdc37 complex have already been described above [103]. Using
13C-labelled Ile, the complex formed between Hsp90 and p23 has also been studied

in solution using NMR. Here, the complex was shown to form by measuring the

translational diffusion coefficient with DOSY-TROSY experiments [112, 113].

Analysis of the chemical shifts in Hsp90 on p23 binding showed that the primary

binding site is the N-terminal domain of Hsp90 in agreement with the earlier crystal

structure; however, the NMR also revealed that there are chemical shift changes in

the middle domain which are attributed to long-range conformational changes in

this domain on p23 binding to the NTD [119]. In addition, a subset of Hsp90 peaks

was observed to undergo doubling on p23 binding, suggesting that an asymmetric

complex of Hsp90–p23 may be formed in contrast to that observed in the crystal

structure [119].

There is an excellent review of the NMR studies of Hsp90 by Rudiger and

co-workers in the recent Special Issue on Hsp90 in Biochimica & Biophysica Acta
[112, 113].

3.3 Other Structural Studies on Hsp90

The crystal structures of full-length homologues of Hsp90 have revealed that,

whereas they all have identical domain architectures, they differ in their overall
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conformation and the position of the three structural domains relative to each other.

In order to understand further the conformations that the Hsp90 dimer adopts in

solution, small-angle X-ray scattering (SAXS) and cryo-EM (electron microscopy)

studies have been undertaken to try to establish the structure of the protein in

solution in both apo and nucleotide-bound states.

3.3.1 Electron Microscopy Studies of Hsp90 Complexes

Although the dimer of Hsp90 is really too small for electron microscopy techniques

to provide structural information, EM has been used very successfully on a number

of Hsp90–cochaperone and client complexes. One of the most impressive studies to

date, and a real tour-de-force, is the EM study of the complex formed between

Hsp90–Cdc37 and the client kinase cdk4 [125]. Vaughan and co-workers used a

baculovirus expression system to coexpress and purify an affinity tagged

Hsp90–Cdc37–cdk4 complex, and used negative stain and single particle analysis

and reconstruction to determine the structure of the complex (Fig. 7a). In this study,

native state mass spectrometry established the stoichiometry of the complex to be

an Hsp90 dimer bound to a single Cdc37 and one cdk4 molecule. This was in

contrast with previous studies which had observed both (Hsp90)2(Cdc37)2 and

(Cdc37)2(cdk4) complexes, suggesting that, whilst cdk4 binds initially to the

dimer of Cdc37, one Cdc37 dissociates from the complex on binding

Hsp90 [125]. Two lobes of density were observed which were associated with

cdk4 in the complex, suggesting that it binds in an extended conformation – one

structural lobe interacting with the middle domain (close to a previously proposed

client protein binding site – which would be Trp300 in yeast Hsp90) whilst the other

lobe interacts with the NTD of Hsp90 and/or possibly the N-terminal region of

Cdc37 [125]. The simultaneous binding of cdk4 to both middle and N-terminal

domains of Hsp90 suggests a mechanism by which ATP binding or hydrolysis in

the NTD may be coupled to conformational changes in the bound client, thus

activating it [125].

More recently, cryo-EM single-particle reconstruction has been used to study the

apo and nucleotide-bound forms of the three main Hsp90s studied – HtpG, yeast

and human Hsp90 [126] (Fig. 7b, c). This study revealed three distinct conforma-

tional states for the apo, ATP and ADP-bound forms existing in equilibrium with

each other and that the occupancy of the different states varies significantly

between species. Importantly, for human Hsp90 the binding of nucleotide did not

substantially shift the conformational equilibrium, the protein remaining in a

dominantly extended conformation, in contrast to the results obtained for yeast

Hsp90 and HtpG. Cross-linking experiments verified that all three Hsp90s can

adopt both a closed ATP-bound and a compact ADP-bound state, but that these

states were not necessarily the dominant species in solution in the absence of cross-

linking [126].

Most recently, a 15-Å resolution cryo-EM structure of a human Hsp90–Hop

complex was published, stable complexes being formed by engineering intermo-

lecular disulphide bridges between Hsp90 and Hop and through the use of mild
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Fig. 7 Structures of Hsp90s from electron microscopy and small-angle X-ray scattering studies.
(a) Structure of the Hsp90–Cdc37–cdk4 complex from EM studies. The two subunits of Hsp90 are

shown in light blue and gold, the middle domain of Cdc37 is shown in green and the client cdk4 is

shown in red. Adapted from [125]. (b) The top panel shows the density from an EM study of the
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cross-linking conditions (Fig. 7d) [127]. A 2:2 complex is formed comprising the

Hsp90 dimer and two molecules of Hop which do not interact with each other.

Comparison of the structure with the different structures solved using X-ray

diffraction, EM and SAXS revealed several important features of the complex.

Hop induces conformational changes in Hsp90 relative to the apo state such that the

angle between the middle domain and CTD is small, the NTD being rotated some

90� relative to the MD in the apo state, such that it the NTD:MD interface is similar

to that observed in the closed ATP-bound state. Although this state has not

undergone NTD dimerisation it appears primed for both ATP binding (as the

nucleotide binding site is accessible in this form with high kon and koff values)
and ATP hydrolysis. In the Hsp90–Hop complex, many hydrophobic patches are

exposed and line the interdimer cleft likely forming the client protein binding sites.

The primary binding site (and potentially the location of the C-terminal MEEVD

motif of Hsp90) is thought to be near the MD:CTD interface. The structure reveals

how Hop acts as an inhibitor of ATP hydrolysis, as it prevents the full rotation of the

MD relative to the CTD needed for NTD dimerisation; TPR1 of Hop also sterically

blocks dimerisation, it being positioned between the two Hsp90 monomers.

Although the EM structure is of a 2:2 Hsp90:Hop complex, SEC-MALS

experiments show that it is likely that the ternary (Hsp90)2:Hop complex is the

primary species in solution and a single Hsp70 is shown to bind to either the

tetrameric or trimeric Hsp90:Hop complex.

3.3.2 Small-Angle X-Ray Scattering Studies

Early small-angle X-ray scattering (SAXS) studies on human Hsp90 and its com-

plex with the cochaperone Cdc37 established the potential of the technique in

studying the solution structure of both Hsp90 and its complexes [131]. Although

shape reconstruction was not reported at the time (shape reconstruction from the

SAXS data was undertaken but it was not possible to obtain a single converged

structure – not surprising in light of the later studies which showed the

�

Fig. 7 (continued) HtpG–AMP–PNP complex, whilst the bottom image shows how this is similar

to the crystal structure of yeast Hsp90 in complex with AMP–PNP and p23. Adapted from [126].

(c) The top panel shows the density from an EM study of the yeast Hsp90.AMP–PNP complex and

the lower panel shows the crystal structure of yeast Hsp90–AMP–PNP–p23 complex (only the

Hsp90 is shown) modelled into this density. Adapted from [126]. (d) EM structure of Hsp90–Hop

complex. In the top image, the density from the EM studies corresponding to Hsp90 is shown in

light blue and Hop in pink. In the lower panel the structures of Hsp90 (grey) and Hop (TPR1 and

2A are shown in red and green) are modelled in to the EM density. Adapted from [127].

(e) Structure of apo HtpG from crystal structure (left) and from rigid-body refinement of

solution-state SAXS studies (right). Adapted from [128]. (f) Structure of the HtpG-D131D
complex as determined by SAXS. The D131D is shown in cyan, the conformation of HtpG

when bound to D131D is shown in green, and in shadow representation (light red) is the

conformation of apo HtpG. It is worth noting that there is still a conformational equilibrium

between the two states. Adapted from [129, 130]
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conformational heterogeneity of this protein in solution), global structural

parameters Rg and Dmax, the radius of gyration and maximum diameter respec-

tively, did provide important information on the structure of human Hsp90 in

solution [131]. Binding of either a non-hydrolysable ATP analogue, AMP-PCP,

or ADP, had little effect on the structural parameters, suggesting little if any

conformational change, whilst in contrast binding of geldanamycin induced a

compaction of the structure. At the time these results appeared to be at odds with

the prevailing mechanism which had proposed that ATP binding induces a large

conformational change and dimerisation of the N-terminal domains; however, it is

now well established that ATP binding is only coupled weakly to conformational

changes [98].

In 2008, a number of studies were published which used SAXS and cryo-EM

methods to study the structure of Hsp90s in solution [132]. In the first study, the apo

form of pig Hsp90 was shown to be in a conformational equilibrium between two

open states different from any previously observed [133]. Analysis of the data

revealed that the differences in conformation were due to large movements in the

N-terminal domain and middle domains around two flexible hinge regions [133].

A SAXS study of HtpG which used more advanced molecular modelling methods

revealed that there are multiple conformations of the protein which co-exist in

solution and which differ from the crystal structures (Fig. 7e) [128]. The apo form

adopts a more extended conformation than in the crystal, and binding of AMP–PNP

results in a conformational equilibrium between this extended state and a more

compact structure which resembles the closed state observed for an engineered

variant of yeast Hsp90. This study highlighted the dynamic nature of HtpG and the

conformational heterogeneity that exists in solution [128].

SAXS in conjunction with rigid body modelling has been used to study the

nucleotide-free states of yeast and human Hsp90s, as well as mouse Grp94. All

three proteins were shown to adopt an extended, chair-like conformation distinct

from the extended conformation observed for HtpG. For Grp94, binding of

AMP–PNP caused a small shift towards the more compact structure observed in

the crystalline state; however, even here the extended state remained the dominant

species. In contrast to the crystal structures of Grp94, this SAXS study provided

evidence that Grp94 adopts conformational states similar to other eukaryotic

Hsp90s [134, 135].

SAXS has also been used to show that the equilibrium between open and closed

forms of the Hsp90 dimer can be altered by changing solution conditions including

pH and osmolytes [134–136]. SAXS and EM studies on the apo form of HtpG

showed that the previously established equilibrium between open and closed states

(the closed state being similar to that observed in the crystal structure of full-length

Grp94 in which the structure is compact but the N-terminal domains are not

dimerised) can be influenced by pH. Protein engineering studies showed that this

pH dependence was due to histidine residues (interestingly these histidines are not

conserved and the pH dependent conformational state appears to occur only in the

bacterial homologue HtpG). Aggregation assays with citrate synthase were used to

demonstrate that the closed state had a higher general chaperone activity that the
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open state [134, 135]. Osmolytes such as TMAO (trimethylamine N-oxide) can

induce significant changes to the open/closed equilibrium favouring the more

compact closed state. The effect is significant on the apo form of HtpG but there

is little effect on the AMP–PMP-bound state, presumably as it already adopts a

more compact structure. Similar results were obtained for the apo forms of yeast

and human Hsp90 [136].

It is now clear from all the structural studies – X-ray crystallography, NMR,

electron microscopy and NMR – that Hsp90 is a highly dynamic protein which can

adopt a wide range of different conformations, many of which are in equilibria with

each other. These conformations are influenced by a number of different factors

including cochaperone binding and the nucleotide status of the binding site in the

N-terminal domain. The conformational dynamics are important for the ATPase

activity of Hsp90 and this is discussed in more detail in the next section.

4 ATPase Activity

4.1 Hsp90 Has ATPase Activity

Early on in the field there was some controversy over whether Hsp90 was an

ATP-binding protein with ATPase activity or not, this almost certainly being

exacerbated by the fact that its affinity for ATP is quite low and the intrinsic

ATPase activity very low compared to many other ATPases [137–144]. However,

by 1998, it had been established that the yeast and E. coli variants of this chaperone,
like many other chaperones, did bind and hydrolyse ATP [139, 145] and that this

activity was essential for the function of Hsp90 in vivo [139]. In these cases the

Hsp90-specific inhibitor geldanamycin was used to demonstrate that the ATPase

activity detected was from Hsp90 and not some contaminant. These studies also

established that geldanamycin is a competitive inhibitor of the ATPase activity.

Later, human Hsp90 was also shown to have ATPase activity although the intrinsic

ATPase level is even lower than that of yeast Hsp90 [146, 147]. Inhibition of the

ATPase activity of Hsp90 has been used extensively in the study of potential drugs

targeting this chaperone and has been used in a number of high throughput assays

[148, 149].

The N-terminal domain of Hsp90 is structurally similar to the ATP-binding

domain of MutL and DNA gyrase. On the basis of this similarity a “molecular

clamp” model for the ATPase activity of Hsp90 was proposed and tested [150]. In

this model, the binding of ATP in the N-terminal domains drives a conformational

change and dimerisation of these two domains to form a closed state which then

undergoes ATP hydrolysis (Fig. 1b). In support of this model, these studies

demonstrated reduced ATPase activity of a truncation mutant of yeast Hsp90

lacking the C-terminal dimerisation domain but showed that on addition of

AMP–PNP some dimerisation could be detected, a result of the dimerisation of
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the NTDs. In addition, a series of temperature-sensitive mutants were studied and a

correlation between the ATPase activity and the extent of N-terminal dimerisation

observed [150]. This model proposed that the NTD dimerisation was directly

coupled to ATP binding.

Another study on the ATPase activity of yeast Hsp90 published in the same year

provided more mechanistic detail and established that ATP binds in a two-step

mechanism, ATP hydrolysis is rate limiting, the isolated NTD has little ATPase

activity and that the C-terminal domain is essential for trapping the bound ATP

such that it is committed to hydrolysis and for maximal ATP turnover rates [151].

A follow-on study by the same group used the fact that it is possible to make

heterodimers of yeast Hsp90 containing one wild-type and one mutant subunit

simply by mixing two different homodimers [152]. A heterodimer lacking one of

the two NTDs showed low ATPase activity; however, a heterodimer with an NTD

that was unable to bind ATP showed wild-type levels of activity, establishing that,

although interactions between the two NTDs are necessary for activation and ATP

hydrolysis, ATP does not need to be bound in both subunits [152].

A later study on human Hsp90 also undertook a detailed kinetic analysis of ATP

binding and hydrolysis [153]. The results showed that there is a fast initial forma-

tion of a weak diffusion-collision complex between Hsp90 and ATP which is

followed by a conformational change and then subsequent ATP hydrolysis which

was shown to be the slow, likely rate-limiting step [153]. However, no cooperativity

was observed either for ATP binding or hydrolysis (consistent with the study on

yeast Hsp90 discussed above in which a single ATPase active subunit was needed

for wild-type activity levels [152]), nor was there any protein concentration depen-

dence for the ATPase activity of a monomeric C-terminal deletion construct, both

of which are predicted from the molecular clamp model [153].

The mechanism of ATP hydrolysis by Hsp90 is now well understood, and it is

known that, in addition to the ATP binding site in the N-terminal domain, an

arginine residue on a “catalytic” loop located in the middle domain, also plays an

essential role [58, 154].

It is now known that the “basic” mechanism of the ATPase cycle of Hsp90 is

similar for Hsp90s from all cellular compartments and organisms [155]. However,

it is also now established that there is relatively weak coupling between ATP

binding and large scale conformational changes [98], which likely explains the

differing results obtained in different studies.

4.2 Regulation of the ATPase Activity

It is now well established that the ATPase activity of Hsp90 is highly regulated

by cochaperone binding, post-translational modification and even client-protein

binding. The effect of a number of cochaperones on the ATPase activity has been

studied in detail and, together with structural work (see earlier sections), the

mechanisms by which the cochaperones up-regulate or down-regulate the activity
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is clear. The effect of the cochaperone Hop (Sti1 in yeast) on ATP binding and

hydrolysis in Hsp90 was one of the first to be studied. It inhibits the ATPase activity

both in the yeast system [156] and the human system [146, 147]. Although there

have been differing reports of both its oligomeric state and stoichiometry of binding

to Hsp90 (it has been found to be a dimer [156, 157] and a monomer [158] in

solution, and bind to Hsp90 with stoichiometries of either 1:2 or 2:2 (Hop:Hsp90)

[127, 156, 157, 159–162]), it has recently been shown that binding of only one Hop

molecule to the Hsp90 dimer is needed to inhibit fully the ATPase activity

[160–162]. A recent cryo-EM structure of the Hsp90–Hop complex reveals how

Hop acts as an inhibitor of ATP hydrolysis, as it prevents the full rotation of the MD

relative to the CTD needed for NTD dimerisation. One of the TPR domains also

sterically blocks NTD dimerisation, it being positioned between the two Hsp90

monomers (Fig. 7d); see EM section for more details [127].

In contrast to Hop, which is made up of three TPR (tetra-tricopeptide repeat)

domains, one of which binds to the C-terminal MEEVD motif of Hsp90, other

TPR-containing cochaperones which bind to the same motif have rather little effect

on the intrinsic ATPase activity. This includes the high molecular weight peptidyl

prolyl isomerases such as FKBP51, FKBP52 and Cyp40. Cpr6 (the yeast homo-

logue of human Cyp40) has been shown to have little effect on the intrinsic ATPase

activity of yeast Hsp90, but it can displace Hop, thereby increasing the activity of a

Hop-inhibited Hsp90 [156]. In addition, human FKBP52 was shown to have little

effect on the intrinsic ATPase activity of human Hsp90 [146, 147].

The small acidic cochaperone p23 (sba1 in yeast), on the other hand, inhibits

the ATPase activity in both the human [146, 147] and yeast [163, 164] systems. These

studies suggested that the highest affinity state for the binding of p23 is the ATP-

bound NTD dimerised state of Hsp90, and in subsequent structural studies p23 was

used to stabilise this closed form of Hsp90 and this binding mode was confirmed [71]

(Fig. 5a, b). Although there is some evidence from mass spectrometric analysis that

complexes of one p23 bound to the Hsp90 dimer can exist [165], other studies have

shown that two molecules of p23 bind to the dimer [164], and this is indeed clearly

the case in the crystal structure [71] (Fig. 5a, b). Although the structure of the

complex doesn’t directly reveal how p23 inhibits the ATPase activity of Hsp90, it

seems likely that it does so by stabilising the closed NTD-dimerised state, thereby

preventing release of ADP and phosphate.

The kinase-specific cochaperone Cdc37 has also been shown to inhibit ATP

turnover, thereby arresting the ATPase cycle during client protein loading [166]. As

with Hop, this inhibition can be reversed by the binding of Cpr6 (Cyp40) which

displaces Cdc37. Cdc37 can form a stable complex with the GA-bound form of

Hsp90 [166]. The structural basis for the inhibition has been established and the

crystal structure of the core interaction between the C-terminal domain of Cdc37

and the N-terminal domain of Hsp90 has been solved [102] (Fig. 5d–f). Cdc37

binds as a dimer to surfaces of the NTDs which are involved in the NTD

dimerisation and also associates with residues in the middle domain of Hsp90

which are known to play a role in the ATPase activity. Essentially, Cdc37 fixes

the ATP lid in an open conformation and inserts an arginine into the ATP binding
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pocket, thus preventing catalysis. The binding of a dimer of Cdc37 to the

N-terminal domains of Hsp90 has also been established in the human system

using SAXS and other biochemical techniques [131].

The first cochaperone to be identified which significantly stimulates the

ATPase activity of Hsp90 was Aha1, a member of a ubiquitous class of stress

regulated proteins required for the activation of clients such as v-src [101]. In fact,

the first case of enhancement of the intrinsically low ATPase activity of Hsp90

was by a client protein, the hormone-binding domain of the glucocorticoid

receptor, which established that the ATPase activity could be both down-

regulated and up-regulated [146, 147]. Aha1 and its relative Hch1 bind to the

middle domain of Hsp90 and were shown to be necessary for the activation of a

heterologously expressed v-src and become crucial for cell viability under stress

conditions [167]. The structural basis for the stimulation of the Hsp90 ATPase

activity by Aha1 is known and the crystal structure of a complex between the N-

terminal domain of Aha1 (which binds to the central segment of Hsp90) and the

middle domain of Hsp90 has been solved (Fig. 5c). Aha1 promotes a conforma-

tional change in the catalytic loop in the middle domain, releasing the catalytic

arginine and enabling its interaction with the gamma phosphate of ATP [99, 100].

Competition experiments which studied the binding of numerous cochaperones to

Hsp90 have come up with some conflicting results with regard to which

cochaperones can bind to the Hsp90–Aha1 complex; one study showed that

Aha1 competes with Hop and Cdc37 but not CyP40 whilst another study

suggested that Aha1 and Cdc37 were able to bind to Hsp90 simultaneously

[163, 168]. Recently, a strategy employing NMR techniques demonstrated that

only one Aha1 molecule was required per Hsp90 dimer in order to stimulate fully

the ATPase activity and that it did so by binding to sites in the middle and

N-terminal domains sequentially, the binding inducing the otherwise unfavoured

N-terminally dimerised state [124]. One of the most interesting aspects of this

study was that the activation by Aha1 is asymmetric, leading to the idea that in

this complex one Hsp90 subunit could be used for conformational regulation of

the ATPase activity whilst the other could be used for client protein

processing [124]. Aha1 has been shown to play a role in the stability of the

CFTR (cystic fibrosis transmembrane receptor) and down-regulation of Aha1

rescues the DF508 CF-associated mutant form of CFTR [169]. Mutations in

Aha1 which impair its ability to bind to Hsp90 and stimulate its ATPase activity

have been shown to modulate the folding and trafficking of wild-type and DF508
CFTR [170].

In addition to the cochaperones, the ATPase activity of Hsp90 is also regulated

by binding of client proteins as well as post-translational modification. In the case

of clients, the ligand-binding domain of the glucocorticoid receptor was shown to

be able to stimulate the ATPase rate up to 200-fold, and this effect was specific –

other partially or fully unfolded proteins having no effect [146, 147]. Post-

translational modification is also beginning to emerge as a powerful regulator of

ATPase activity and this is discussed in more detail in the later section on post-

translational modifications.
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5 In Vitro Studies of Hsp90 with Client Proteins

One of the Holy Grails of research in the Hsp90 field in the last decade has been

to obtain structural information on the binding of client proteins. This has always

been a technically challenging problem due to the inherent difficulties in forming

Hsp90-client protein complexes. However, the Pearl group overcame this in style

and published a beautiful cryo-EM structure of the Hsp90–Cdc37–cdk4 complex

(see EM section for further details). In addition to this, a number of other studies

have addressed this very important issue.

p53 has long been known to be a client of Hsp90 and it has been established that

the interaction is largely with the DNA-binding domain (DBD) of p53. Although the

complex formed between Hsp90 and p53 DBD is large (approximately 200 kDa),

advanced NMR techniques have been used to obtain structural information, particu-

larly on the state of p53 DBD when bound to Hsp90 [171]. In this case, transverse

relaxation-optimised NMR spectroscopy combined with cross-correlated relaxation

enhanced polarisation (CRINEPT-TROSY) on a 15N-labelled sample of p53 DBD

was used to study the system and the results suggested that p53 was largely unfolded

when bound to Hsp90 lacking a-helical or b-sheet structure [171].
In a more recent study using similar techniques, it was concluded that the

p53 DBD changed its structure on binding to Hsp90 and it was proposed to bind to

the chaperone in a molten-globule like state. This conclusion was based on the fact

that the intensity of many of the NMR peaks decreased on complex formation,

particularly those in the central b-sheet region of the DBD [120–122]. Hydrogen–

deuterium exchange experiments supported this loosening of structure on Hsp90

binding [120–122]. However, other recent NMR studies have concluded that Hsp90

interacts with native p53 DBD, see the next paragraph for more details [118]. It

remains unclear whether the differences in these three studies are due to different

experimental conditions, particularly ionic strength and different Hsp90s, or

whether the differences come from interpretation of the data – in each study the

conclusions rely heavily on the interpretation given to the disappearance of

crosspeaks on binding of p53 to Hsp90 [112, 113]. It is not yet clear where on

Hsp90 p53 binds; in some NMR studies, resonances affected by the client protein

binding were located throughout the structure [120–122], whilst other studies have

suggested that a negatively charged pentapeptide DEDEE located near the C-

terminus of Hsp90 is involved, in addition to residues in the middle domain [118].

Another recent study of the interaction between Hsp90 and p53 DBD combined

both NMR, fluorescence polarisation and analytical ultracentrifugation to obtain

important information both on the structure of the Hsp90-bound DBD as well as the

interaction sites in Hsp90 [118]. In contrast to the previous NMR studies, this study

suggested that p53 binds in a native-like conformation to Hsp90 and concluded that

the loss of NMR signals from p53 observed in earlier studies was likely due to the

size of the complex formed as well as chemical exchange processes. They clearly

demonstrated that the main binding site is at the C-terminus of Hsp90 in an

unstructured region which is highly acidic, containing an EDEDE motif. This is
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the first time a client protein has been shown to interact with the CTD. However, they

also observed binding sites in the middle domain and NTD, the former comprising

another patch of negatively charged residues. Thus it appears that Hsp90 binds to the

DBD of p53 in a manner similar to that of DNA; however, as the binding to DNA is

considerably stronger, DNA can displace Hsp90 from p53. By mutating the binding

sites that had been identified in the NMR experiments, it was also shown that all of

these sites are needed for the full chaperoning of p53 by Hsp90; thus the interaction

surfaces show cooperative behaviour.

Recently the Agard group has used SAXS, FRET and NMR measurements to

study the binding of a partially folded fragment of staphylococcal nuclease

(D131D) to Hsp90 [129, 130]. Although D131D is not a true client of Hsp90, this

is one of the few structural studies of an Hsp90-partially folded substrate protein

complex. The SAXS data showed that the structure of apo Hsp90 becomes more

compact on binding D131D and the interaction is stronger in the presence of

AMP–PNP. Fluorescence-based assays showed that D131D accelerated the rate of

dimerisation of the N-terminal domains and thus increased the ATPase activity.

NMR was used to show that Hsp90 binds to a structured region in D131D, and the

interaction occurs via the middle domain of Hsp90, binding triggering a conforma-

tional change in the chaperone [129, 130].

6 Post-translational Modifications

It is now well established that post-translational modifications play an important

role in regulating and modifying the activity of Hsp90 as well as some of its

cochaperones [172, 173]. Acetylation and phosphorylation have both been shown

to affect the function of Hsp90 by a number of different mechanisms including

effects on the ATPase activity, the binding of cochaperones and the binding of

client proteins. In addition to these post-translational modifications, Hsp90 can also

be ubiquitinated although less is known about this particular covalent modification,

the focus of most studies usually being on the ubiquitination and subsequent

degradation of Hsp90 client proteins. There is also evidence that, in addition

to the regulatory post-translational modifications, Hsp90 can react with various

cellular small molecule nucleophiles, such as reactive aldehydes produced as a

result of oxidative damage to lipids, and it has been hypothesized that these lead to

Hsp90 malfunction which may play a role in some disease states [174]. The next

sections outline what is known about the different post-translational modifications.

6.1 Acetylation

Inhibitors of histone deacetylases (HDACs) are known to induce Hsp90 acetylation,

thereby inhibiting its activity [175, 176]. One acetylation site has been identified in
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the middle domain (Lys294 of yeast Hsp90) and it has been shown that the

acetylation status affects both client protein and cochaperone binding [172, 173].

Mutants of Lys294 in yeast Hsp90 which are incapable of being acetylated show

reduced viability in yeast, demonstrating the importance of the post-translational

modification in Hsp90 function in vivo [172, 173]. Two other studies have shown

the importance of Hsp90 acetylation for the maturation of the glucocorticoid

receptor (GR) in vivo, again inactivation of HDACs using small molecule inhibitors

leading to Hsp90 hyperacetylation, dissociation of the cochaperone p23 and

reduced ligand binding by the GR. Similar results were found in HDAC6 deficient

cell lines [177, 178].

A recent study has established the effect of the small molecule HDAC6 inhibitor

carbamazepine on the cellular levels of the Hsp90 client protein, Her2. Treatment

of cells with carbamazepine results in decreased levels of Her2 consistent with

disruption of Hsp90 function [179]. Androgen receptor (AR) activity has also been

shown to be affected by HDAC6 inhibition, thus suggesting that steroid receptors in

general may require dynamic Hsp90 acetylation/deacetylation to attain their full

function [180]. A mass spectrometric study on Hsp90 from Plasmodium falciparum
has also revealed an acetylation site which overlaps with the Aha1 and p23 binding

sites [181] suggesting that acetylation is a generic method for regulating the activity

of Hsp90 particularly towards a subset of client proteins.

6.2 Phosphorylation

Hsp90 has been known to be phosphorylated under certain conditions, for example,

when in complex with the P2X(7) receptor, for some time [182]. However, some of

the enzymes responsible for phosphorylation and the effect of phosphorylation on

the structure and function of Hsp90 have only recently begun to be established.

C-src phosphorylates Hsp90 on Tyr300 (yeast) and in doing so stimulates the

association of the client eNOS with Hsp90 and thus NO release [183].

The most detailed studies of Hsp90 phosphorylation have been undertaken in a

collaboration between by the Neckers, Pearl and Piper groups. They have shown

that yeast Swe1Wee1, itself an Hsp90 client protein, phosphorylates a conserved

tyrosine (Tyr24 in yeast Hsp90) [184, 185]. As Swe1 is a cell cycle protein this

means that the phosphorylation of Tyr24 is also cell cycle regulated. To date, no

phosphatase has been identified which can dephosphorylate Tyr24 and there is

some evidence that it phosphorylates a nuclear form of Hsp90 which is then

transported to the cytosol where it can be ubiquitinated and degraded [184, 185].

Phosphorylation modulates the chaperoning activity of yeast Hsp90 with respect to

specific client proteins including v-src and other kinases in addition to heat shock

factor 1 (HSF1). Tyr24 is located in the N-terminal a-helix which is known

to play a role in N-terminal domain dimerisation and therefore the ATPase activity.

A non-phosphorylatable mutant was shown to have normal ATPase activity, be

sufficient for yeast viability and be able to chaperone the glucocorticoid or
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androgen receptors (GR and AR). In contrast, phosphorylation mimic mutants

Y24E or Y24D were not viable in yeast and recombinant forms of these mutants

had minimal ATPase activity in in vitro assays and failed to undergo N-terminal

dimerisation on binding AMP–PNP [184, 185]. Importantly, deletion of Swe1

resulted in increased sensitivity of the yeast strain to Hsp90 inhibition by

geldanamycin [184, 185]. These results suggested that phosphorylation of Hsp90

has an effect on a distinct set of client proteins. A follow-up paper demonstrated

that Tyr24 phosphorylation of Hsp90 by Swe1 is important for the association of the

protein with the chaperone and therefore its cellular stability [184, 185]. This study

also established that Hsp90 phosphorylation is important for proper cell cycle

regulation [184, 185].

Recently it was shown that casein kinase 2 phosphorylates a conserved threonine

(Thr22 in yeast Hsp90), also located in the N-terminal a-helix which plays a role in
N-terminal domain dimerisation, in both in vitro and in vivo experiments [186].

A non-phosphorylatable (T22A) and a phosphomimetic mutant (T22E) were made

and characterised in vitro and in vivo. Whilst the T22A showed ATPase activity

similar to wild type, the T22E mutant had reduced activity consistent with the

results which showed that it had a lower tendency for N-terminal dimerisation on

binding AMP–PNP. Interestingly, the two mutants showed different levels of

chaperoning activity with respect to specific client proteins in yeast. Neither mutant

was able to chaperone fully some kinase clients including v-src, ste11 and Mpk1/

Slt2, suggesting that dynamic phosphorylation is needed in these cases. In contrast,

the T22E mutant showed a greater ability to chaperone the GR, whilst T22A

showed reduced levels of GR activity in the yeast assay. The T22E mutant was

also more able to chaperone CFTR. The T22E mutant also showed reduced

interaction with the cochaperone Cdc37 and completely abolished the interaction

with Aha1. Overexpression of Aha1 restored the chaperoning ability of both the

T22A and T22E mutants with respect to the client v-src but reduced the activity of

the client GR. These results suggest that phosphorylation of Thr22 in a-helix1
allows Hsp90 to discriminate between different client proteins and may facilitate

the chaperoning of a specific set of clients. There is an excellent commentary on this

paper, which provides some of the structural background to the effect of the two

mutations, in the same issue ofMolecular Cell [187] and in excellent recent review
articles [188, 189].

In another study, phosphorylation of Thr90 in Hsp90a by protein kinase A was

shown to affect both the binding of ATP and the binding of cochaperones such as

Aha1, p23, PP5 and CHIP (which are increased by the phosphorylation) as well as

Hsp70, Hop and Cdc37 (whose binding is decreased by the phosphorylation) [190].

The binding of a number of client proteins, including src, Akt and PKCg, was
also impaired. Interestingly, the amount of Hsp90 phosphorylated at Thr90 is

significantly elevated in proliferating cells [190].

In addition, phosphorylation of cochaperones such as Cdc37 has also been

shown to affect the function of the Hsp90 machinery [191]. In this case, Ser13 of

a mammalian Cdc37 can be phosphorylated by casein kinase II, and mutation of this
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residue to either a non-phosphorylatable side chain (Ala) or phosphorylation mimic

(Glu) affected binding to Hsp90-client protein complexes [191].

6.3 Ubiquitination and Other Post-translational Modifications

Recent studies in vitro have established that the cochaperone CHIP can mediate the

ubiquitination of Hsp90 on a number of lysine residues including Lys 107, 204,

219, 275, 284, 347, 399, 477, 481, 538, 550, 607 and 623 [34, 35]. These lysines are

clustered either in the C-terminus of the protein or in the N-terminal domain or the

region of the middle domain which lies close to the ATP-binding site. Polyubiquitin

chains with K6, K11, K48 and K63 linkages were all shown to form during these

in vitro ubiquitination experiments [34, 35]. These interesting results suggest that

ubiquitination may play a role in regulating Hps90 function in vivo; however,

further work is needed to confirm that these modifications take place in a cellular

environment.

Biological electrophiles such as a,b-unsaturated aldehydes produced from oxida-

tive metabolism of either endogenous cellular components such as lipids, or exoge-

nous compounds, can also modify Hsp90 [174]. For example, 4-hydroxynonenal

(HNE) can form adducts with Hsp90 and this has been associated with changes in

gene expression, particularly an up-regulation of genes controlled by heat shock

factor 1 (HSF1)which is presumably released fromHsp90 subsequent tomodification.

Hsp70 may also be involved and amongst many other genes BAG3 expression is

induced, this protein promoting cell survival [174]. Thus Hsp90 may play a role in

protecting cells against electrophile-induced cell death.

7 Hsp90 Homologues in Other Cellular Compartments

and Organisms

7.1 Grp94: A Homologue of Hsp90 in the Endoplasmic Reticulum

Grp94 (glucose-regulated protein 94) is the Hsp90-like protein in the lumen of the

endoplasmic reticulum (ER) and the sarcoplasmic reticulum of muscle cells; it is also

known as gp96 and endoplasmin [192]. Recently, many similarities with the cytosolic

Hsp90s have been established, including the ability to bind and hydrolyse ATP

[75, 193], an activity which has been shown to be essential in vivo [194], binding

the natural product inhibitors of Hsp90 geldanamycin [195] and radiciol [57].

However, there are some striking differences with the cytosolic Hsp90s – Grp94

has a distinct set of client proteins [192], all of which are disulphide bonded, and in

contrast to Hsp90 it is a major calcium binding protein in the ER [196].
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Grp94 is targeted to the ER through a 21-residue N-terminal signal sequence

which is cleaved after translocation, and it is retained in the ER by a C-terminal

KDEL motif. There are some reports that a minor fraction of Grp94 might be

cytosolic, and there is even a suggestion that, in some specific cases, it may be

extracellular. It was first identified as a protein which was up-regulated under low

glucose conditions (hence its name) [197, 198], but unlike cytosolic Hsp90 it is not

induced by high temperatures [199] or other stresses but by ER stress only

[192, 197, 198]. Grp94 is therefore is a well-established hallmark of the UPR

(unfolded protein response) in the ER [192].

As with the cytosolic Hsp90s, Grp94 is known to be post-translationally

modified, the best characterised modification being glycosylation of Asn196

[200]. However, the functional consequences of this post-translation modification

have yet to be established. There is also some evidence that it can be

phosphorylated on Ser/Thr sites by casein kinase II [201, 202], or on tyrosines by

src kinase fyn [203]. Further work is needed to confirm these studies and to

rationalise how cytosolic kinases can act on an ER protein (it may be the small

pool of cytosolic Grp94 that undergoes phosphorylation). It is interesting to specu-

late whether Grp94 could be acetylated (as are cytosolic Hsp90s) as the Lys is

conserved and it has recently been suggested that there are ER lysine

acetyltransferases [204].

Structurally, Grp94 is very similar to Hsp90, and it has three major structural

domains – the NTD, middle domain and CTD (Fig. 4c–d). However, the first 50

residues in Grp94 are different from the cytosolic Hsp90s in terms of both length

and sequence. The NTD is similar to that of Hsp90 and it can bind to GA and RD;

however, they bind with slightly different orientations [57, 61, 75]. The most

significant difference is the lid region where in Grp94 there is a five-residue

insertion between the two helices [57, 61, 75].

A noticeable difference is in the charged linker region, which in Grp94 is shorter

than in the Hsp90s and contains distinct regions which are rich in acidic residues

(Asp and Glu) and form some of Grp94’s many Ca2+ binding sites, and also a

lysine-rich region. Grp94 has long been known to be a low-affinity, high-capacity

calcium binding protein, with four moderate-affinity binding sites (Kd are approxi-

mately 2 mM) and possibly 11 low-affinity binding sites (Kd are approximately

600 mM) [196, 205]. Ca2+ binding is known to induce conformational change

and modulate at least some of Grp94’s functions including its peptide-binding

activity [205].

The middle and C-terminal domain of Grp94 are very similar to Hsp90 apart

from the fact that Grp94 forms a tighter dimerisation interface. In addition, it has a

55-residue C-terminal extension which contains many acidic groups and which

lacks the C-terminal MEEVDmotif (having the KDEL ER-retention motif instead).

It has been shown that Grp94 is highly dynamic and adopts multiple conformations

like Hsp90, which include an extended chair-like conformation, a more closed

conformation and a twisted V-like conformation which is even more compact

[57, 61, 64, 75].
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As an ER protein, Grp94 has a distinct set of client proteins which are all

disulphide bonded and it is therefore a rather selective chaperone. Clients include

members of the immunoglobulin (Ig) family, either folding intermediates of

unassembled MHC class II proteins or Ig heavy or light chains, BSDL, toll-like

receptors (TLR), platelet glycoprotein Ib–IX–V complexes, thyroglobulin and

insulin-like growth factors [192]. Like Hsp90, Grp94 clients range in the structures

and functions they perform – some are monomeric, some oligomeric, some are

single-domain proteins, others are multi-domain, whilst some are all alpha and

others are comprised entirely of b-sheets [192].
Grp94 is known to play a role in ER stress, and is up-regulated under these

conditions; as with Hsp90, Grp94 is found up-regulated in many tumours and is a

potential biomarker [206, 207]. There is some evidence that Grp94 works with BiP

(the ER Hsp70 homologue) [208, 209]. However, very few other Grp94

cochaperones have yet to be identified. None of the cochaperones identified for

cytosolic Hsp90s have been found in the ER, and those proteins which have

been identified as putative Grp94 cochaperones have very different structures and

possible functions. These include CNPY3 which is necessary for the correct folding

of TLRs [210–212], ANSA-1 which has been shown to associate with Grp94 using

yeast two-hybrid and GST pulldown assays and which is involved in insulin

secretion [213, 214], and OS-9 which is part of the machinery which targets

misfolded proteins for ER-associated degradation [215]. Grp94 plays a role in

quality control and it has been shown that mutant forms of a1-antitrypsin which

would normally be degraded by the ERAD machinery do not occur in the absence

of the chaperone [216]. OS-9, a putative Grp94 cochaperone, has also been shown

to be involved.

One major difference with Hsp90s is the response to nucleotide binding – Grp94

binds ATP and ADP and both nucleotides induce the same conformational change

resulting in a twisted V-like conformation (Fig. 4c, d) [75]. Strikingly, the lid region

in the N-terminal domain opens upon nucleotide binding rather than closing it, as is

the case for Hsp90 [61, 64, 193]. Grp94 still requires dimerisation of the NTDs for

ATP hydrolysis and therefore considerable rotation of both the NTD relative to the

middle domain, and middle domain relative to the CTD, is required in order to

achieve this. As nucleotide does not induce NTD dimerisation, it has been proposed

that binding of the client may induce the conformational changes required.

7.2 TRAP-1: A Homologue of Hsp90 in Mitochondria

TRAP-1, tumour necrosis factor receptor-associated protein 1, is the mitochondrial

homologue of Hsp90 and accumulates predominantly in the mitochondrial matrix

although some may also be in the intermembrane space [217]. It has been shown to

be involved in a number of signalling networks which are important for both

organelle integrity and cellular homeostasis [218]. It is deregulated in both cancer

and neurodegenerative disorders and its activity is essential for mitochrondrial
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integrity, oxidative cell death, organelle-compartmentalised protein folding, as well

as transcriptional responses to proteotoxic stress [219]. It shares 34% identity (60%

similarity) with cytosolic Hsp90 [220] and up to six variants have been predicted.

Unsurprisingly, given the sequence similarity, it shares many properties with Hsp90 –

it is an ATPase, the activity being inhibited by geldanamycin and radicicol [218]. It

is induced upon heat shock (up to 200-fold), and ATP binding (which is higher

affinity compared with Hsp90) shifts the conformational equilibria towards the

closed state; however, the ATP is not committed to hydrolysis [221]. In contrast

with Hsp90, it does not contain a C-terminal MEEVD motif, doesn’t bind

cochaperones such as p23 or Hop, and can’t substitute for cytosolic Hsp90 with

respect to progesterone receptor activation [218].

Levels of TRAP-1 are consistently elevated in a number of cancers [222], and in

tumour cells it is associated with the matrix peptidyl prolyl isomerise cyclophilin D,

CypD, which is a component of the permeability transition pore (PTP) known to be

involved in mitochondrial apoptosis [224]. It has been suggested that CypD is

a TRAP-1 client protein and it has been proposed that both are part of a stress-

responsive cytoprotective mechanism which is up-regulated following oncogene

expression [225–227]. Inhibition of TRAP-1 has also become established as

a potential strategy for developing cancer therapeutics, and although many of

the classic Hsp90 inhibitors do not accumulate in mitochondria, the synthetic

peptidomimetic Shepherdin does [222, 228]. Recently, geldanamycin

inhibitors have been fused to mitochondriotropic moieties to make Gamitrinibs

(GA-mitochondrial matrix inhibitors) which have been shown to accumulate

rapidly in mitochondria and induce collapse of mitochondrial integrity and PTP

opening [229]. Gamitrinibs are proving to be promising potential anti-cancer agents

[230, 231].

TRAP-1 has also been associated with neurodegenerative diseases such as

Parkinson’s disease (PD). In this case, PTEN-induced Putative Kinase (PINK-1)

mutation, which is associated with PD, has been shown to be cytoprotective and this

action is known to require TRAP-1. PINK-1 phosphorylates TRAP-1, illustrating

that like Hsp90 its activity is controlled by post-translational modification, and the

phosphorylated TRAP-1 prevents mitochondrial dysfunction and oxidative stress

induced apoptosis [227].

7.3 Extracellular Hsp90

Over the last decade there has been much debate over whether there is an extracel-

lular Hsp90 (eHsp90) be it cell-surface bound, cell released or a cell secreted form.

Although reports of extracellular Hsp90 have appeared in the literature for several

decades, it was thought that this might simply be an artefact of Hsp90 released from

a small proportion of dead cells. However, it is now clear that there are extracellular

forms and that they are involved in a number of important processes including cell
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motility and wound healing [160–162]. It is the Hsp90a isoform that has been found

outside the cell, and whilst quiescent cells do not secrete it, many stresses including

reactive oxygen species, heat, hypoxia, irradiation and tissue injury release

cytokines, induce its secretion. The induced secretion of eHsp90 in normal cells

can be compared to its constitutive secretion in tumour cells. The exact mechanism

by which it gets secreted is not known but it may involve a non-classical exosomal

protein secretory pathway.

eHsp90a has been shown to promote cell motility. DMAG-N-oxide, a

cell-impermeable geldanamycin derivative, was shown in a number of studies

[232, 233] to reduce tumour cell invasion and it has been proposed that the

downstream targets of eHsp90 may be matrix metalloproteases (MMPs). The

mechanism of action of eHsp90 is clearly different from that of its cytosolic

counterparts and it has been shown that its ATPase activity is not necessary for

its function in cell motility. Instead, its activity has been shown to be associated

with a fragment (F-5) comprising residues 236–350 which is located between the

linker region and the middle domain [234, 235]. This fragment is just as efficient

at promoting cell migration and wound healing as the full-length protein. This

115-amino acid region has been highly conserved. This seems at odds with the

results on cell impermeable GA derivatives which are known to bind to and inhibit

the ATPase activity in the N-terminal domain. However, it is currently thought that

binding of this inhibitor results in the F-5 region becoming inaccessible and that this

is, critical to its change in activity, rather than ATPase inhibition.

7.4 Plant Hsp90s

Plants have seven different Hsp90s including four cytosolic isoforms, a

mitochrondrial Hsp90, an ER Hsp90 and an Hsp90 in chloroplasts [236]. Plants

also contain many of the known cochaperones including p23, Aha1, Hop, FKBPs

and PP5 [236]. Hsp90 is known to play a very important role in buffering genetic

variation in plants [237–239], a function which has also been shown in yeast and in

Drosophila [240, 241]. Although this is a fascinating aspect of Hsp90 function

in vivo, its discussion is beyond the scope of this review and interested readers are

directed to some of the original and recent literature in this area [6, 238–240,

242–246].

Plant Hsp90s are known to play many different roles but perhaps the one that has

been most well characterised is the role in plant innate immune response, which

involves the immune sensing NLR (nucleotide-binding domain and leucine rich

repeat containing proteins) [247]. Two cochaperones RAR1 and SGT1 are known

to function with Hsp90 in order to chaperone the NLR proteins which are therefore

clients of the Hsp90 system [248]. SGT1 contains a TPR domain, a CS domain and

an SGS domain, and, despite the presence of a TPR domain, it binds to the

N-terminal domain of Hsp90 primarily through its CS domain; however, the
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interaction is weak in the absence of RAR1 [104]. The CS domain also interacts

with RAR1 whilst the SGS is proposed to bind to the client NLR proteins. RAR1

contains two similar CHORD domains (cysteine and histidine rich domains which

bind to Zn2+). The two CHORD domains of RAR1 interact with the N-terminal

domain of one Hsp90 and the N-terminal/middle domain of the other monomer

whilst the CS domain of SGT1 interacts with one of the RAR1 CHORD domains

and an N-terminal domain of Hsp90 [104]. A model of the stable ternary complex

formed is shown in Fig. 6d. SGT1 is known to bind to the NLR proteins which are

chaperoned by the system. Some of the structures of the key complexes are known

and these are discussed in further detail in the structure section of this review.

8 Cochaperones

Since the early days of Hsp90 research, it has been known that this chaperone does

not act alone but has a host of cochaperones which vary depending upon cellular

compartment, organism and client protein [37]. The cochaperones of cytosolic

Hsp90 include p23, Hop, FKBP51 and 52, CyP40, PP5, Cdc37, SGT-1, CHIP and

Aha1 [30, 37, 249]. See http://www.picard.ch/downloads/Hsp90interactors.pdf for

a comprehensive list.

8.1 p23

The small acidic cochaperone p23 was first identified in complex with Hsp90 and

steroid receptors back in the early 1990s [250, 251]. It is known to bind to the

N-terminal domains of Hsp90 and preferentially to the ATP-bound state, thereby

stabilising the N-terminally dimerised form of the chaperone (Fig. 5a, b) [71].

However, it has also been shown to bind to apo Hsp90, albeit more weakly [165].

It inhibits the ATPase activity of the chaperone [146, 147, 163, 164] and, although

the exact mechanism by which it does so is unknown, it is likely that it may simply

prevent release of ADP and phosphate [71]. The structure of p23 both free and

bound to an Hsp90–AMP–PNP complex are known (Fig. 5a, b) [71, 252]. p23

promotes the hormone-binding activity of many SRs and prevents their degrada-

tion; however, it can be either stimulatory or inhibitory [31]. In addition to its

functions with Hsp90, it has also recently been shown to have other activities [253],

and is also known to play a role in the maintenance of telomeres [254]. The role of

Hsp90 and p23 in the maintenance of telomeres is an important one but beyond

the scope of this review. Interested readers are directed towards a recent review in

this area [255].

204 S.E. Jackson

http://www.picard.ch/downloads/Hsp90interactors.pdf


8.2 High Molecular Weight PPIases

Another group of cochaperones associated with Hsp90 and steroid receptors are the

high molecular weight PPIases (peptidyl prolyl isomerases) FKBP51, FKBP52 and

CyP40 [3, 4, 29, 256]. These cochaperones contain multiple domains including a

TPR (tetratricopeptide repeating unit) domain, for which the primary binding site is

the C-terminal MEEVD motif of Hsp90 (for a recent review on the binding of TPR

domains to Hsp90 see reference [257]) and a FKBP-like or cyclophilin-like domain

which may have peptidyl-prolyl isomerase activity. This activity is required for the

activation of some SRs, such as AR [258], but not others, e.g. GR. In general,

FKBP52 is a positive regulator of SR action (with the possible exception of the ER)

[259–262], whilst FKBP51 tends to have inhibitory effects despite being structur-

ally very similar (again there is an exception here with AR where it is stimulatory)

[263]. Interestingly, whilst some FKBP52 knockout mice are embryonically lethal,

others grow into healthy adults; however, in these cases both male and female have

reduced fertility. FKBP51, on the other hand, appears to play no role in male

fertility but is a positive regulator of androgen-mediated growth of prostate cancer

[264, 265]. Recently, FKBP51 has also been shown to have a role in the neuroen-

docrine control of behaviour and has been associated with post-traumatic stress

disorder and depression [266, 267]. In addition, FKBP51 has been shown to have a

role in the regulation of tau and is therefore associated with a number of neurode-

generative disorders [268]. See the later section on Hsp90 as a target against

neurodegenerative diseases for more details.

The structure of bovine CyP40 has been solved in two different crystal forms and

in one form is very similar to that of cyclophilin A [269]. It is known that yeast

CyP40 has little effect on the intrinsic ATPase activity of yeast Hsp90 [156].

However, it can displace other cochaperones such as Hop, thereby increasing the

activity of a Hop-inhibited Hsp90 [156]. It has not been as extensively studied as

FKBP51 and 52; however, recently Cpr7 (the yeast homologue of CyP40) has been

shown to be required for activity of both ERa and GR in an engineered yeast system

[256]. There are parallels with the functions of FKBP51 and 52, and it has been

proposed that this cochaperone makes a direct contact with the ligand-binding

domain of the Hsp90-bound steroid receptors, thereby stabilising an optimal

conformation for receptor activity [256]. Very recent work has also established a

role for CyP40 in HSP90-mediated assembly of the RISC complex in plants [190].

8.3 PP5

Protein phosphatase 5, PP5, contains a TPR-binding domain [270] as well as a

phosphatase domain and can bind to Hsp90 through its C-terminal MEEVD motif,

thus competing with the high molecular weight PPIases and Hop for binding

sites [110]. It has been shown to bind to Hsp90 in the presence of both GR
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[271, 272] and ER [31], and is known to be involved in the regulation of tau [273].

PP5 is found in a range of organisms and recent work has shown it is required for

Hsp90 function during proteotoxic stresses in Trypanosoma brucei [274]. A number

of reviews of PP5 structure and function provide further details; in particular [275]

gives important background on the cellular signalling pathways and the range of

cellular processes on which PP5 acts; [276] discusses the role of PP5 in the

regulation of stress-induced signalling networks and cancer; see also an early

review by Chinkers [277].

8.4 Cdc37

Cdc37 is an Hsp90 cochaperone required for the correct activation of many cellular

kinases [278]. Much is known about the structure and function of Cdc37; see

previous sections [278]. Cdc37 has been shown to bind to the N-terminal domain

of Hsp90 as illustrated in Fig. 5d–f [102]. Cdc37 is thought to interact directly with

the client kinases, thereby recruiting them to the Hsp90 machinery. Pulse-chase and

immunoprecipitation experiments have established that Cdc37 binds to the kinases

either during or shortly after translation, thereby protecting them against

proteasomal degradation [279, 280]. It is an essential protein and is itself oncogenic

when over-expressed making the Hsp90–Cdc37 complex and important therapeutic

target [278]. In addition to its function as an Hsp90 cochaperone, there is evidence

that Cdc37 also has Hsp90-independent activities, and is able to support yeast

growth and protein folding without its Hsp90-binding domain [281]. Consistent

with this, recent genomic and proteomic studies in yeast have shown that, whereas a

relatively small population of the cellular kinome requires Hsp90, many more

kinases require Cdc37 [282].

8.5 Hop

Hop, Hsp70–Hsp90 organising protein, comprises three TPR domains – TPR1, 2A

and 2B. Extensive structural and functional work has been done on this important

cochaperone, which is known to bind simultaneously to both Hsp70 and Hsp90,

thereby acting as an adaptor protein, mediating the transfer of client proteins from

the Hsp70 machinery to the Hsp90 system (Fig. 1b). Hop binds to the C-terminal

MEEVD motif of Hsp90 [283], but in addition to this primary binding site it is now

known that there are other interaction sites elsewhere on Hsp90 [157, 285]. There is

evidence that the binding of Hop to Hsp90 induces structural changes both in Hsp90

and in Hop itself [127, 157]. Hop is known to stimulate the ATPase activity of

Hsp70 and inhibit the ATPase activity of Hsp90, thereby facilitating the transfer of

clients [284]. A recent study from the Buchner group has dissected the roles of the

different TPR domains as well as the two DP domains of Hop with respect to Hsp70

206 S.E. Jackson



and Hsp90 binding, ATPase inhibition and client activation [285]. They propose a

model in which TPR2A and 2B are bound to the CTD and middle domains of

Hsp90, the domains being separated by a rigid linker region which orients the two

domains such that the peptide-binding pockets point in opposite directions,

enabling simultaneous binding to both Hsp70 and Hsp90. They show that both

the DP21 and DP2 domains have a-helical structure and that DP2 plays a critical

role in client activation (in this case GR activation), and propose that it may either

(1) interact directly with the client protein or (2) promote the conformational

changes required for client protein transfer from Hsp70 to Hsp90 [285]. As with

other Hsp90 cochaperones, there is some evidence that Hop has a number of

biological activities [283].

8.6 Aha1

Aha1, activator of Hsp90 ATPase activity, and Hch1 (the two homologues of Aha1

in yeast) were first identified as multi-copy suppressors of an inactive mutant of

Hsp90 in yeast, restoring wild-type like growth rates [286]. It is now well

established that Aha1, as its name suggests, stimulates the ATPase activity of

Hsp90 [101, 167]. The mechanism was revealed in crystallographic studies which

showed that binding of Aha1 to the middle domain of Hsp90 results in a conforma-

tional change which repositions the catalytic loop in the middle domain, and the

catalytic arginine in particular, such that it is optimal for hydrolysis of the ATP in

the N-terminal domain; see previous sections for more detail [99, 100]. Aha1 has

been shown to have an important role in the correct trafficking and folding of the

cystic fibrosis transmembrane conductance regulator (CFTR) in vivo. siRNA

silencing of Aha1 leads to the rescue of the disease-associated DF508 CFTR mutant

[169]. More recently, mutations in Aha1 which abrogate its binding to Hsp90 and

therefore its stimulation of the ATPase activity have been shown to impair the

ability of Hsp90 to chaperone both mutant and wild-type CFTR [170]. This study

proposes that the dwell time of the client protein (in this case CFTR) on Hsp90 is

crucial in determining its fate [170].

8.7 SGT1

The role of SGT1 has best been characterised in the plant innate immune system

regulatory response [287]. Here, it acts as a cochaperone of Hsp90 to mediate and

stabilise NLR (nucleotide-binding domain and leucine-rich repeat containing)

proteins, which are the pathogen-sensing systems in both plants and mammals

[248]. The NLR proteins need to be correctly folded and maintained in a state

which will recognise pathogens [288, 289]. See also the structural section and the

section on plant Hsp90s in this review for further details.
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8.8 CHIP

CHIP, carboxyl-terminus of Hsc70 interacting protein, was originally identified as a

co-chaperone of Hsc70 but has now been shown to bind to both Hsc70 and Hsp90

through its TPR domain. In addition to the TPR domain, it has a U-box domain

which has a ubiquitin ligase activity and an intervening charged domain [290]. Its

interaction with Hsc70 and Hsp90 results in client protein ubiquitylation and

degradation by the proteasome [291]. CHIP has been shown to regulate the cellular

levels and activity of tau, whose misfolding is associated with Alzheimer’s disease

[273], and it has also been linked with Parkinson’s disease, a neurodegenerative

movement disorder that is caused by the loss of dopaminergic neurons, and also

associated with cellular abnormalities in proteostasis. Consistent with this, CHIP

has been shown to modulate neuronal death [13]. It has also been associated with

other disease states such as cancer [291].

A model has recently been proposed for how the Hsp90/Hsc70/CHIP machinery

may act to triage proteins and determine which should be targeted for degradation.

The model highlights a potential role of the chaperone machinery in dealing with

proteins which have undergone oxidative damage [292].

8.9 General

The evolution of theHsp90 and cochaperonemachinery has been studied by Johnson

and co-workers who have studied the types and number of chaperones/cochaperones

from a number of different species and they find considerable variation [37].

Comparison of the genomes of 19 disparate eukaryotic organisms came up with

the surprising result that no single cochaperone was found in all; however, a subset

comprising Hop, PP5, Aha1, p23 and Sgt1, were present in the majority of the

species (16/19) [38]. They concluded that the varied composition of the Hsp90

molecular chaperone machinery in both different cellular compartments and

organisms reflects the adaptability of the system, enabling the machinery to act on

a wide variety of different clients. This also helps explain why the Hsp90 system is

hijacked by many cancer cells, viruses and pathogens; see later sections. Johnson

also speculated on why some of the major cochaperones such as Cdc37 were not

present in all species despite the fact that kinases were [37]. In this case, she proposes

that either the kinases are in dependent upon Hsp90 for their activity or a different

cochaperone may play a similar role [37].

8.10 Hsp90–Cochaperone Complexes

Many of the initial studies on cochaperones focused on the binary complexes

formed between Hsp90 and the cochaperone, establishing affinity, stoichiometry,
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mode of binding and affect on ATPase activity; see previous sections. However, it

has long been proposed that not only can Hsp90 form a variety of multi-component

complexes with clients and cochaperones, but that these complexes are highly

dynamic (Fig. 1b). Recently a number of studies have begun to investigate such

complexes and in so doing are beginning to address the important question of which

cochaperones can simultaneously bind to Hsp90 and which complexes may exist

in vivo. A variety of biochemical and biophysical methods have been used to probe

the formation of these complexes including immunoprecipitation (IP), analytical

ultracentrifugation (AUC) and FRET-based fluorescence assays [160–162], native-

state mass spectrometry [159], as well as native gels, dynamic light scattering and

electron microscopy [293].

The Buchner group have been one of the first to publish detailed studies

on multi-cochaperone–Hsp90 complexes [160–162]. In their study they first

established that only one Hop molecule was sufficient to completely inhibit the

ATPase activity of Hsp90, suggesting the possibility that only one Hop bound,

leaving a C-terminal MEEVD motif available for the binding of another

cochaperone. Subsequent isolation of complexes from yeast cell lysates using an

engineered Sti1 (the yeast homologue of Hop) variant provided evidence that a

ternary complex between Hsp90-Sti1 and Cpr6 (a high-molecular weight PPIase in

yeast) could form [160–162]. Interestingly, this study found no evidence for p23 or

Aha1 in the same complex. Further experiments using an engineered Cpr6 variant

revealed the same complex and also suggested that Hsc70 could be found in this

complex (there was some evidence that Aha1 might also bind to the Hsp90-Cpr6

complex but that this was much weaker). These experiments were followed up

with in vitro biophysical assays using FRET of dye-labelled chaperones and

cochaperones and AUC using purified proteins and these demonstrated that an

asymmetric ternary complex consisting of the Hsp90 dimer bound to a monomer

of both Hop and FKBP52 can be formed under physiological conditions [160–162].

This study also demonstrated that p23 and AMP–PNP can act synergistically to

disrupt the ternary complex formed and displace Sti1, but p23 alone has little effect.

Both yeast and human Hsp90 and cochaperones homologues were studied and

similar results obtained, thus demonstrating that the general mechanisms of the

Hsp90 cycle are conserved [160–162].

Similar results were produced by a study by Bernal and co-workers [293]. In their

study, albeit using somewhat indirect methods, they established that ternary

complexes of Hsp90–Hop and FKBP52 could form using native-gels, DLS and

EM to look at binding [293]. In this case, they speculated that an

(Hsp90)2–FKBP52–(p23)2–(Hop)2 could also exist, although it is hard to see how

this might be, given there are only two MEEVD TPR-binding sites in the Hsp90

dimer.

Recently, native-state mass spectrometry has been used to observe directly the

multitude of complexes that Hsp90 can form with its cochaperones [159]. This

approach not only allowed the direct detection of the different complexes in

solution but also generated a set of binding constants for all the complexes under

the same experimental conditions [159]. These experiments also established that an
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asymmetric ternary complex between Hsp90–Hop and FKBP52 can form and that it

is not only prevalent but also very stable [159].

Both the Li et al. and Ebong et al. studies establish that the Hsp90 dimer:Hop

monomer is likely the most relevant complex in vivo given cellular concentrations

of the chaperones and cochaperones, and that statistically it is more likely that a

high molecular weight PPIase such as FKBP52 binds to the additional MEEVD

motif than another molecule of Hop. Thus, the asymmetric ternary complex is

therefore likely to play a crucial role in vivo. These results also suggest that ternary

complexes of Hsp90 with two different HMW PPIases may also form, and there is

some evidence for this from rabbit reticulocyte lysates [294] although they have yet

to be observed in reconstituted complexes formed in vitro.

9 Hsp90 as a Drug Target

9.1 Hsp90 as a Cancer Target

9.1.1 Small Molecule Inhibitors of the N-Terminal ATP-Binding Domain

Many Hsp90 clients are known to be involved in multiple oncogenic pathways and

Hsp90 is now a well-established target of anti-tumour and anti-proliferative drugs

[295]. Two natural products, geldanamycin, a benzoquinone ansamycin isolated from

Streptomyces hygroscopicus (Fig. 8a) and radiciol, a macrocyclic lactone antibiotic

from the fungus Monosporium bonorden (Fig. 8d) have both been shown to have

anti-proliferative activity and target the ATP-binding site in the N-terminal domain of

Hsp90, thereby inhibiting the essential ATPase activity and function of the chaperone

[52–54, 143]. Inhibition of Hsp90 causes client proteins to undergo ubiquitination

and subsequent degradation by the proteasome [30, 292, 307]. Initial studies on

geldanamycin derivatives validated Hsp90 as a cancer target and numerous studies

have now been undertaken by both academic laboratories and pharmaceutical

companies to develop further small molecule inhibitors of Hsp90 as therapeutic

agents [295]. Extensive work has been put into optimising the pharmokinetic,

pharmocodynamic and toxicological properties of these potential drugs [295].

Geldanamycin (GA) was first identified in a screen aimed at identifying

molecules capable of reversing the phenotype of v-src transformed cells [296]. It

has been shown to inhibit the ATPase activity of Hsp90 by competing with ATP for

the ATP-binding site in the N-terminal domain (Fig. 2b) [52, 53]. GA itself has poor

solubility, limited in vivo stability and it is hepatotoxic, making it a poor drug

candidate [308]. However, substituents at the C17 position (a non-essential methoxy

group) (Fig. 8a) have improved properties. In particular, substitution with an

allylamino group, to produce 17-AAG (17-allyl-17-demethoxygeldanamycin)

(Fig. 8b), resulted in an improved toxicity profile [297] and 17-AAG has undergone

extensive clinical trials. Although some of these proved to be of limited success,
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recently better formulations and delivery methods have proved encouraging. In

particular, combination therapies of 17-AAG with other chemotherapeutic drugs

and radiotherapy have shown considerable success. In general, treatment with

Hsp90 inhibitors sensitises cells to the toxic effects of both chemotherapy and

radiotherapy. Substitution at C17 has also produced another derivative, 17-DMAG

(17-desmethoxy-17 N,N0-dimethylaminoethylamino geldanamycin) (Fig. 8c),

which has improved water solubility and oral bioavailability whilst retaining

good anti-tumour activity [56]. IPI-504 (the water soluble hydroquinone hydro-

chloride salt of 17-AAG), also known as retaspimycin, has been shown to have

improved pharmacokinetics and toxicity; in addition, IPI-493 a primary active,

long-lived metabolite of 17-AAG [298, 299] (Fig. 8d) has been trialled but shown to

have poor pharmaceutical properties.

Although the macrocyclic lactone radicicol (RD) was identified very early as

having anti-proliferative activity and targeting Hsp90, it has never been developed as

a therapeutic agent as it was quickly established that it was not stable in serum and

had no in vivo activity because of the reactive epoxide and unsaturated carbonyl

(Fig. 8e) [300]. However, it contains a resorcinol moiety which has been found in a

number of other Hsp90 molecules that are in, or entering, clinical trials. These were

discovered by a variety of techniques including high throughput screening and

fragment-based drug discovery, not by modification of RD itself. This includes

triazole derivatives STA-9090 (Ganetesib) developed by Synta, the isoxazole deriva-

tive NVP-AUY922/VER2296 developed by Cancer Research UK [301, 302], KW-

2478 discovered by Kyowa Hakko Kirin Pharma [298, 299], AT-13387 developed

using a fragment-based approach by Astex Therapeutics [93] and SNX-5422, a

pyrazole containing molecule, developed by Serenex [301]; for structures see Fig. 8.

The first reported synthetic Hsp90 inhibitor was PU3 (Fig. 8i), developed by the

Chiosis group and based on a purine scaffold and incorporating the features

observed in the binding of ATP to Hsp90, most importantly a bent conformation

[303, 304]. It has been extensively optimised in terms of its pharmaceutical

properties, and a large number of such purine-based inhibitors are now in clinical

trials [303, 304]. This includes CNF 2024/BIIB021 discovered and developed by

Conforma Therapeutics and subsequently Biogen [298, 299], MPC-3100 developed

by Myrexis/Myriad Pharmaceuticals [305], Debio 0932 (CUDC305) developed by

Curis and Debiopharm and PU-H71, an inhibitor developed at Memorial Sloan

Kettering by the Chiosis group [306]. For structures see Fig. 8j–n.

Peptidomimetics have also been developed which bind to the N-terminal domain

of Hsp90, thereby inhibiting ATP binding and hydrolysis. Shepherdin is an example

which was modelled on the basis of the binding of the protein survivin to Hsp90

[228], survivin being an anti-apoptotic and mitotic regulator [309]. Shepherdin has

been shown to destabilise Hsp90 clients and induce tumour cell death [228], and to

be well tolerated and inhibit human tumour growth in mice [228].

There are some features of Hsp90 inhibition that make it a particularly good

target. For reasons, some of which are still unclear, cancer cells have a higher

sensitivity to Hsp90 inhibition than normal cells and there is a preferential accumu-

lation of the inhibitors in tumour cells [310–312]. It has been proposed that this
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may, in part, be due to the fact that Hsp90 in cancer cells is to a significant degree

tied up in large multichaperone–client protein complexes, and it has been suggested

that these complexes have a higher affinity for the inhibitors than the Hsp90 in

normal cells, in which a much smaller fraction is associated with co-chaperones and

clients [310]. Although this work has come in for some criticism, many groups

finding it difficult to reproduce the results, recent studies also suggest that there are

distinct differences in the complexes that Hsp90 forms in cancer vs normal cells.

9.1.2 Alternative Modes of Hsp90 Inhibition by Small Molecule Inhibitors

A number of other small molecules have also been discovered which interact with

and disrupt the activity of Hsp90 but which do not bind to the ATP-binding site in

the N-terminal domain [313]. There is growing interest in these as modulators of

Hsp90 activity which can either be used in in vivo studies of Hsp90 function or as

potential therapeutics. Novobiocin is a coumarin antibiotic (Fig. 9a) which can be

isolated from strains of Streptomyces [318] and which has long been known to bind
to the C-terminal domain of Hsp90, albeit weakly [314]. In addition to its potent

activity against Gram-negative bacteria [318], novobiocin has also been shown to

have anti-tumour activity against breast cancer cells. It does not affect the ATPase

activity of Hsp90 but binds to a site in the C-terminal domain [319] which results in
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inhibitor [301]. (m) Structure of Debio 0932. (n) Structure of PU-H71 [306]

214 S.E. Jackson



disruption of cochaperone binding and degradation of clients. Numerous studies

have undertaken structure–activity relationships (SAR) on novobiocin derivatives

and have developed compounds with 1,000-fold greater efficacy than novobiocin

itself [320–327].

Epigallocatechin-3-gallate (EGCG) (Fig. 9b), one of the polyphenolic components

of green tea, has also been shown to bind to the C-terminal domain of Hsp90,

disrupt its function and inhibit the activity of some of its clients including telomerase,

some kinases and AhR [315]. In addition, there is also evidence that cisplatin can bind

to the C-terminal domain of Hsp90 and it has been proposed that some of the

anti-cancer activity of cisplatin may be due to Hsp90 inhibition [328].

The studies described above identified known natural products or anti-cancer

agents as inhibitors of Hsp90 function and established that they acted through
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a mechanism which involves binding to the C-terminal domain. Regan and

co-workers have recently used a novel approach to select and develop molecules

which block binding of TPR-domain cochaperones including Hop to Hsp90 and so

inhibit the activity of Hsp90. Their first study usedAlphaScreen technology to set up a

high-throughput screen (HTS) for compounds that disrupt the interaction between

Hsp90 and Hop [329]. Using this approach, compounds were identified that were

active in vivo against a number of different cancer cell lines, and which resulted in a

decrease in the levels of Hsp90 clients such as Her2 (associated with breast cancer),

consistent with the action of the well established inhibitors which bind to the ATP

binding site [330]. In addition, they designed and engineered TPR proteinswhich bind

to the C-terminal MEEVD motif of Hsp90 with higher affinities than Hop itself, thus

acting as competitive inhibitors of Hop binding and reducing Hsp90 function in vivo

[331]. These proteinswere also active against a breast cancer cell line and also reduced

levels of Her2 [331]. One of the compounds from the AlphaScreen HTS,

3-propylpyrimido[5,4-e][1,2,4]triazine-5,7-dione, also known as C9 (Fig. 9c), was

recently shown to be effective in killing a number of different breast cancer cell lines

[316]. Of particular interest in this study was the fact that C9 does not up-regulate the

expression of Hsp70, which occurs with the ATP-binding site inhibitors and which

partially counteracts the beneficial effects of Hsp90 inhibition [316].

Sansalvarnide A-amide (San A-amide) is another example of a small molecule

inhibitor of Hsp90 action that specifically binds to a region encompassing both

N-terminal and middle domains of Hsp90. It has been shown to disrupt allosterically

the binding of proteins to the C-terminal domain of Hsp90, thus disrupting function

and thereby affecting a subset of cancer-related pathways [317].

Hsp90 as a cancer target is, of course, a huge topic in its own right and much of

the research that has been done in this area is beyond the scope of this review.

Interested readers are directed towards some of the many recent reviews on this

subject [298, 299, 303, 304, 332–335].

9.2 Hsp90 as a Target of Anti-viral Drugs

It is now well established that Hsp90 is required for the correct folding, maturation

and assembly of many viral proteins and that the replication of many viruses is

hypersensitive to Hsp90 inhibition [14, 336]. Viral client proteins of Hsp90

includes a large number of viral polymerases from both DNA and RNA viruses,

such as DHBV (duck hepatitis virus), influenza virus A, HSV-1 (herpes simplex

virus type 1) and FHV (Nodaviridae flock house virus). Hsp90 is also required for

the activity of other viral proteins such as the large T antigen of SV40, a protease

and helicase form HCV (hepatitis C virus), as well as viral capsid proteins; see the

recent review by Frydman and co-workers for further details [14]. In the case of

capsid proteins, it is thought that Hsp90 is required as these clients need to be

metastable, that is they must be sufficiently stable to withstand harsh extracellular

conditions at the same time as needing to disassemble once inside cells. It has also
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already been shown that inhibition of Hsp90 with classic inhibitors such as

geldanamycin and radicicol reduces viral activity and that they act broadly on a

wide range of different viruses. In addition, and perhaps of crucial importance, is

the emerging recognition that inhibition of host Hsp90 results in anti-viral activity

in which the virus cannot develop drug resistance [337]. The results of many studies

highlight the potential of Hsp90 inhibitors as antiviral agents [14, 336].

9.3 Hsp90 as a Therapeutic Target for Neurodegenerative
Diseases

In recent years there has been increasing interest in Hsp90 as a target for a number of

other disease states including many neurodegenerative disorders. Neurodegenerative

diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and other

dementias are characterised by the accumulation of both soluble, oligomeric forms

of specific proteins and aggregated sometimes amyloid-like insoluble fibrils [338].

In many cases, molecular chaperones including Hsp90 are found to co-localise in the

aggregates either with the Alzheimer’s-associated Ab plaques, the neurofibrillar

tangles (NFTs) formed by phosphorylated tau, or in Parkinson’s disease in the

Lewy bodies formed by a-synuclein [339, 340].

Proteomics techniques have begun to identify the changes in protein expression

and the post-translational modifications in the brains of people affected by

Alzheimer’s disease and a recent study has identified that Hsp90 levels are signifi-

cantly increased in the hippocampus of AD brains [341], whilst other studies have

shown that the levels of phosphorylated Hsp90 are reduced in PD brains [342, 343].

9.3.1 Hsp90 and Tau

Clinical evidence for a potential role of Hsp90 in neurodegenerative diseases,

and tauopathies in particular, has come from a number of studies. It has been

demonstrated that the expression of Hsp90 is altered in AD brains compared to

normal controls [344] and that there is an inverse correlation between the levels of

many Hsps including Hsp90 and the amount of NFTs in human brains showing

varying degrees of NFT formation [345]. In addition, earlier studies using mouse

models established an inverse relationship between accumulated tau and the levels

of both Hsp70 and Hsp90 in transgenic mice [346, 347]. These studies also

demonstrated that increasing the level of the chaperones in cell culture resulted in

an increase in tau solubility and binding to microtubules, as well as decreased

phosphorylation of tau, with opposite effects resulting from depletion of Hsp70 or

Hsp90 [346, 347]. Both of the chaperones were shown to facilitate degradation of

tau, especially mutant tau [346, 347].
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Early studies using a high-throughput screen identified inhibitors of Hsp90

which significantly reduced the levels of soluble tau in vivo [348]. At the time,

this was attributed to the fact that inhibition of Hsp90 up-regulates the cellular heat

shock response through Hsp90 binding to and repressing HSF1, the major cellular

heat shock transcription factor. Although the induction of many molecular

chaperones through the heat shock response may be one mechanism by which

Hsp90 inhibitors show neuroprotective properties (and this has been shown for

derivatives of novobiocin) [349–351], it is now clear that other pathways may also

be important. In a follow-up study, Dickey and co-workers established that Hsp90

inhibitors lead to the selective clearance of tau phosphorylated at proline-linked Ser

and Thr sites such as pS202/T205 and pS396/S404 and also conformationally

altered tau [352]. These studies also showed that the clearance was due to degrada-

tion via the proteasome. Interestingly, other forms of phosphorylated tau (such as at

S262/S356) were minimally perturbed by Hsp90 inhibitors. Further studies have

confirmed the earlier work and shown that Hsp90 inhibitors can eliminate

aggregated forms of tau in both cellular and mouse models of tauopathies, and

have shown that the effects might be mediated by changes in stability of the tau

kinase p35, an Hsp90 client [353]. This mechanism has also been suggested for

another tau kinase which is a client of Hsp90 – GSK3b [354, 355] as well as Akt

which is an Hsp90 client and also known to regulate tau biology. In this case, the

possible mechanism by which Hsp90 inhibition leads to the clearance of tau is

complex – Akt is known to regulate the Hsp90.CHIP complex, the expression of

CHIP, as well as potentially acting as a competitive binder for the Hsp90.CHIP

complex, or itself it may act on a tau kinase [356].

Clearly there are effects of Hsp90 inhibition on tauopathies which are indepen-

dent of the heat shock response, and this has been shown in both cellular and mouse

models. In these studies the effects were dependent upon the Hsp90 co-chaperone

CHIP, a ubiquitin E3 ligase [357]. In addition to the cochaperone CHIP, the

cochaperone FKBP51 has also been shown to play a role in tauopathies [358].

FKBP51 prevents the clearance of tau and also regulates its phosphorylation status,

an action which is mediated by the PPIase domain of FKBP51, as well as stabilising

the interaction of tau with microtubules [358]. FKBP51 enhances the association of

tau with Hsp90 but interaction with FKBP51 is independent of Hsp90 and a model

has been proposed in which the Hsp90-FKBP51 complex isomerises tau, thereby

altering its phosphorylation state (tau has a number of proline-directed phosphory-

lation sites where the phosphorylation depends upon whether the prolyl peptide

bonds is cis or trans). These studies have established a central role of Hsp90 in both
Alzheimer’s disease and other tauopathies.

A number of studies have linked Hsp90 function with both tau and also

a-synuclein, another amyloidogenic protein whose misfolding has been associated

with Parkinson’s disease (PD). In one study, the two proteins were found to interact

directly and a-synuclein was shown to induce the fibrillisation of tau [359].

Interestingly, the interaction was abolished by the P301L mutation in tau and the

interaction restored by the induction of Hsp70 and Hsp90 [359]. A later study found

tau in inclusions of a-synuclein supporting the idea that this protein can induce the
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aggregation of tau [360]. The next section discusses the link between Hsp90 and

a-synuclein in more detail.

9.3.2 Hsp90 and a-Synuclein

Studies have shown that Hsp90 is the predominant molecular chaperone found in

Lewy bodies, of which a-synuclein is a major component, as well as other

inclusions associated with PD, and the levels of Hsp90 are the most predominantly

increased in PD brains [361]. Mouse and cell culture studies have found the same

[361]. In addition, yeast screens for suppressors of a-synuclein toxicity identified

40 genes of which Hsp90 was one of the top five [362]. Interestingly, this study also

showed that Hsp90 (as well as some of the other genes identified) failed to protect

against A30P or A35T mutant forms of a-synuclein and only had protective activity
towards the wild-type protein [362].

The exact mechanism(s) by which Hsp90 exerts its protective effects relating to

a-synuclein aggregation, toxicity and PD are unknown; however, a number of

cellular processes may be involved including the clearance of a-synuclein by

different degradative pathways. a-Synuclein has been shown to be degraded by

chaperone-mediated autophagy (CMA) in which Hsp90 plays a central role [363].

In addition, clearance of misfolded proteins associated with PD can also occur

through the formation of an aggresome, and inhibition of Hsp90 (as well as

inhibition of the proteasome) has been shown to increase the targeting of such

proteins to this inclusion body [364]. Thus, Hsp90 may play a key role in the

degradation of a-synuclein, thereby alleviating the toxicity associated with its

accumulation and misfolding/aggregation.

A more direct link between Hsp90 and the aggregation of a-synuclein has also

been established by in vitro studies which show that Hsp90 can directly affect (both

increase and decrease) the fibrillisation of wild-type a-synuclein, the effect

depending upon whether ATP is present or not [365]. This is an interesting study,

and a similar study on the aggregation kinetics of A53T a-synuclein in the author’s
laboratory has shown that Hsp90 also inhibits the aggregation and fibril formation

of this mutant form, but, in contrast to the other study, under no conditions was

Hsp90 found to promote fibril formation (Daturpalli and Jackson, unpublished

results).

An extracellular form of a-synuclein has recently been proposed whose

secretion depends upon the Hsp90 client protein, Rab11a [366, 367]. Inhibition of

Hsp90 therefore prevents the secretion of a-synuclein, the extra-cellular form of

which has been proposed to exert toxic effects [368].

In addition to its effect on a-synuclein, Hsp90 may also play a role in the

function and activity of other PD-related proteins. Similar to its role with tau, the

Hsp90-CHIP complex has been implicated in the degradation of another mutant

protein associated with PD, LRRK2 [369], showing that the cellular levels of many

of the proteins that misfold and which are associated with neurodegenerative

disorders are regulated by Hsp90 complexes.
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In contrast to the role of Hsp90 in cancer, much less is known about its role in

neurodegenerative disorders. However, there are some excellent recent reviews on

Hsp90 and Parkinson’s disease and interested readers are directed towards these

[13, 370–373].

9.3.3 Hsp90 and Amyloid in General

In addition to tau and a-synuclein, numerous other peptides and proteins can

aggregate to form oligomers and fibrils which are also associated with different

disease states; this includes amyloid-beta (Ab), a short 40-residue or 42-residue

peptide which forms amyloid plaques in Alzheimer’s disease [338], transthyretin

which results in another amyloidosis disease [374, 375] and huntingtin in

Huntington’s disease [376] amongst many others. Hsp90 and its homologues

have also been implicated in the aggregation of these systems.

There is growing evidence that Hsp90 controls the amount of soluble Ab in both

in vitro and in vivo experiments. Hsp90 has been shown to affect Ab aggregation

in vitro at sub-stoichiometric concentrations [377], and results of this study suggest

that it induces structural changes in the oligomers but not the fibrillar form of the

peptide [377]. These results have also recently been confirmed in the author’s

laboratory (Kjaergaard, Daturpalli and Jackson, unpublished results). Hsp90, as

well as Hsp32 and Hsp70, have been shown to increase phagocytosis and clearance

of Ab1–42 peptides in in vitro microglial culture, and intrahippocampal injection of

Ab1–42 resulted in microglial accumulation whilst Hsp90 significantly reduced the

amounts of Ab1–42 and increased the production of cytokines, suggesting that

Hsp90 may facilitate the clearance of Ab1–42 in vivo [378]. Other studies have

shown that the levels of Hsp90 are increased in both the cellular and membranous

fractions of AD brains, and Hsp90 co-localises with amyloid plaques [379]. Hsp90,

together with Hsp60 and Hsp70, have both, alone and in combination, been

shown to protect cells against intracellular Ab stress through maintenance of

mitochrondrial oxidative phosphorylation and the function of tricarboxylic acid

cycle enzymes [380]. Rapid screening assays have been developed and designed to

identify potential small molecule drugs which can protect cells against Ab toxicity.

A number of Hsp90 inhibitors have been screened in this way and novobiocin

analogues shown to be effective without being toxic [350, 351]. Treatment of

mammalian cells with geldanamycin at nanomolar concentrations induces expres-

sion of Hsp40, Hsp70 and Hsp90 and inhibits the aggregation of huntingtin [381].

Other homologues of Hsp90, including the ER resident Grp94, have also been

shown to play a potential role in amyloidosis diseases. Grp94 was shown to be

up-regulated during the expression of mutant forms of transthyretin [382]. In an

interesting recent development, it has been shown that the Hsp90–cochaperone p23

can itself form amyloid-like fibrillar structures when treated with the small mole-

cule celastrol which is known to inhibit the Hsp90 machinery [383]. In a different

study, celastrol was shown to reduce Ab pathology in transgenic mice [384].
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These studies all suggest that Hsp90 as well as its cochaperones control the

proteostasis of numerous peptides and proteins which are amyloidogenic and linked

with disease states. Several good reviews have been published on Hsp90 and

neurodegenerative diseases and interested readers are directed to the references

[385–389].

9.4 Hsp90 as a Therapeutic Target Against Protozoan Infections

In recent years there has been increasing interest in targeting Hsp90 in diseases

other than cancer [390]. Hsp90 is known to affect important cellular trans-

formations of intracellular protozoan parasites and human pathogens including

Trypanosoma (strains of which are responsible for Chagas’ disease and sleeping

sickness), Leishmania (strains of which cause leishmanasis), Toxoplasma, and
Plasmodium (strains of which cause malaria). These parasites have evolved a

relatively expanded or diverse complement of genes encoding molecular

chaperones, presumably resulting from the fact that these parasites have to survive

potentially hostile environments and their life cycles can involve multiple changes

in environmental conditions including changes in temperature, pH, oxidative stress

as well as desiccation [15]. For example, in L. major there are 17 copies of Hsp90

genes (many of which encode proteins with nearly identical sequences), and

Leishmania also have a single copy of Grp94 which is thought to play a role in

virulence [391]. In L. donovani it is estimated that Hsp90 constitutes some 3% of

total protein content in the promastigotes stage [392]. There is also plenty of

evidence for a plethora of Hsp90 cochaperones in Leishmania [391].

In Trypanosoma cruzi (the causative agent of Chagas’ disease), there is a major

cytosolic Hsp90 along with six homologous genes, three genes encoding Grp94

homologues and two genes encoding TRAP1 homologues [391]. Geldanamycin has

been shown to cause growth arrest in T. cruzi; it is thought by preventing the

maturation of proteins involved in epimastigote differentiation [393]. In mouse

models of Trypanasoma evansi, treatment with inhibitors such as GA and

17-DMAG have been shown to be effective in attenuating parasite growth and

prolonging survival [181].

Five Plasmodium species cause malaria, the most severe being P. falciparum
and its genome contains 95 molecular chaperones of which there are 4 Hsp90s

[394, 395]. PfHsp90 has been shown to be essential for the development of the

parasite, and treatment with GA or 17-DMAG has been shown to be effective in

attenuating parasite growth and prolonging survival [181]. PfHsp90 has been

implicated in a number of processes on which the parasites are reliant: it has been

associated with ferriprotoporphyrin, a product of haem metabolism (the parasite

gets much of its nutrients from the digestion of haemoglobin). PfHsp90 is also

thought to play a role in chromatin remodelling (this class of parasite relies heavily

on epigenetic regulation as it has few transcription factors), and also drug resistance

through a potential interaction with a putative PgP-like ABC transporter.
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In P. falciparum, some Hsp90 cochaperones have also been demonstrated to play

important cellular roles; Pf p23, for example, has been shown to be involved in

DNA metabolism. Hsp90 in P. falciparum (PfHsp90) plays a critical role in

regulating ring to trophozoite stage transition in the parasite [396]. There are

significant sequence differences between human and PfHsp90 (about 40% sequence

identity) making it an attractive and potentially tractable target for the generation of

specific inhibitors [390].

Toxoplasma gondii is a parasite which normally affects only domestic and wild

cats; however, it is an opportunistic infection in immune-compromised individuals,

e.g. those who have HIV/AIDS. Heat shock proteins in general and Hsp90 have

been implicated in the development and pathogenesis of this parasite [397–400].

Inhibition of TgHsp90 by GA has been shown to reduce growth in the tachzygote

stage in the parasitic life cycle [400]. A number of Hsp90–cochaperone complexes

have been identified in T. gondii and, along with genome data of 19 obligate

parasites, suggest these species have complex networks of chaperones similar to

higher eukaryotes [3, 4]. It is thought that the exact distribution of Hsp90

cochaperones may vary across species. In these cases, Hsp90 and many other

molecular chaperones are key in triggering important stage transitions during

their life cycles [15].

For a recent review of the role of molecular chaperones in the development and

pathogenesis of intracellular protozoan parasites and as a potential drug target

against such parasitic diseases see reviews [15, 401].

10 Final Comments

When I first started writing this chapter I already knew it would be a formidable task

to try and summarise and review all the literature on Hsp90 from recent years.

A quick search in PubMed reveals at least 1,365 papers published on this topic in

2011 alone. I will undoubtedly have missed out many excellent research papers and

in attempting to review the field I have, of course, focussed on those areas which

reflect my own interests. In those sections of the review where I have only been able

to give the briefest of summaries, I hope to have provided references to recent

reviews which will allow the interested reader to go further.

I don’t think it could be clearer what an important protein Hsp90 is and in how

many different cellular processes it plays a critical role. Despite the major advances

in the field in the last 10 years, many of which have been discussed here, there

remain key fundamental questions on how the molecular chaperone machine

centred around Hsp90 works. In particular, we have only just begun to investigate

the diversity of complexes that can be formed by Hsp90, its cochaperones and

clients and we have to establish exactly which are relevant in vivo and exactly what

role they play in the assembly and activation of clients. Perhaps more importantly,

we are far from understanding what is happening to the client proteins as they

interact with the Hsp90 machinery and progress through the reaction cycle, and
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why certain proteins with very differing structures and functions require the action

of this complex chaperone apparatus.
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Abstract The maintenance of the levels and correct folding state of proteins

(proteostasis) is a fundamental prerequisite for life. Life has evolved complex

mechanisms to maintain proteostasis and many of these that operate inside cells

are now well understood. The same cannot yet be said of corresponding processes

in extracellular fluids of the human body, where inappropriate protein aggregation

is known to underpin many serious diseases such as Alzheimer’s disease, type II

diabetes and prion diseases. Recent research has uncovered a growing family of

abundant extracellular chaperones in body fluids which appear to selectively bind to

exposed regions of hydrophobicity on misfolded proteins to inhibit their toxicity

and prevent them from aggregating to form insoluble deposits. These extracellular

chaperones are also implicated in clearing the soluble, stabilized misfolded proteins

from body fluids via receptor-mediated endocytosis for subsequent lysosomal

degradation. Recent work also raises the possibility that extracellular chaperones

may play roles in modulating the immune response. Future work will better define

the in vivo functions of extracellular chaperones in proteostasis and immunology

and pave the way for the development of new treatments for serious diseases.
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1 Introduction

It has been estimated that about 400 g of protein are synthesized and degraded each

day in the human body. Individual proteins are degraded at extremely varied rates,

with half-lives ranging from several minutes to many hours. Intracellularly, this

variation in half-life has been attributed to differences in the intrinsic stability

of proteins and the recognition of non-native structures by highly selective and

precisely regulated protein quality control systems. Molecular chaperones have

been identified as key players in orchestrating the control of protein folding,

but almost all previous studies have been restricted to a focus on intracellular

events. The average 70 kg human contains 15 L of extracellular fluids, including

5 L of blood. Although the concentration of proteins is lower in extracellular than

intracellular fluids (6% in plasma and 2% in interstitial fluid, 30% in cytosol),

extracellular conditions are more oxidizing [1]. In addition, uniquely, extracel-

lular fluids are continuously subjected to shear stress (e.g., the pumping of fluids

around the body) which is known to induce protein unfolding and aggregation [2].

The relatively harsh extracellular conditions suggest that mechanisms to sense and

control the folding state of extracellular proteins are likely to be essential for the

maintenance of human (and other large animal) life.

Uncontrolled protein unfolding or misfolding and the consequent accumulation

of protein aggregates are implicated in the pathology of many diseases collectively

known as Protein Deposition Diseases (PDD). PDDs are typically late-onset [3],

suggesting that the underlying cause of the disease may be disruption or over-

whelming of protein folding quality control mechanisms that were once able to

maintain existing proteins in their native conformation. Although the reasons for

the progressive impairment of fundamental physiological processes in aging is not

fully understood, it is likely that the combination of declining protein folding

quality control and exposure to thermal, ionic, heavy metal or oxidative stress

may be responsible for late-onset PDDs. All PDDs involve protein misfolding

leading to the deposition in tissues of insoluble protein aggregates; however, the
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type of aggregate formed varies between the individual diseases. In many PDDs,

including Alzheimer’s disease, type II diabetes, systemic amyloidosis, and trans-

missible spongiform encephalitis, proteins deposit as highly ordered, b-sheet-rich
fibrillar aggregates known as amyloid. In other PDDs the nature of the protein

deposits is fibrillar, but not amyloid – for example, Lewy bodies, which are found in

Parkinson’s and Alzheimer’s disease. In still other PDDs, amorphous (unstruc-

tured), non-filamentous extracellular aggregates are formed. For example, such

aggregates are formed by IgG light chain and/or IgG heavy chain in non-

amyloidotic monoclonal IgG deposition disease (NAMIDD) [4]. In addition, drusen

are amorphous extracellular deposits that accumulate in patients with age-related

macular degeneration. In healthy eyes drusen are not found in the macula; however

they may exist in the retinal periphery and their size and number are considered a

risk factor for developing age-related macular degeneration later in life [5].

It is notable that many PDDs are associated with extracellular protein deposits.

Thus the previous near-exclusive focus of studies on intracellular processes to

control protein folding may not provide the knowledge needed to treat these

diseases. Intracellular chaperones (e.g., Hsp70 and Hsp90) may be released from

necrotic [6] or apoptotic [7] cells, during viral cell lysis, secreted in exosomes [8, 9],

or via other specific mechanisms [10–12]; they have been discovered in human

plasma and associated with cell surfaces, in particular cancer cells. Numerous

extracellular roles have been postulated for these chaperones, such as cancer cell

invasiveness [13] and immune presentation [14–21]. These “moonlighting”

functions for normally intracellular chaperones may be very important. However,

the low abundance of this class of chaperone in extracellular fluids makes it

unlikely that they can play a major role in controlling the folding state of abundant

extracellular proteins in body fluids.

It has only recently become apparent that abundant extracellular counterparts to

the intracellular molecular chaperones exist. Clusterin was the first abundant

extracellular chaperone (EC) to be identified [22, 23] but the number of known

ECs continues to grow and now includes at least seven members. This chapter

outlines properties of each of the proteins that may function as mammalian ECs,

and proposes a model for how they act as key elements in a system to monitor and

control the folding state of extracellular proteins. The model presented will also

propose how the ECs may play important complementary roles in the immune

system.

2 Abundant Extracellular Chaperones

There are seven currently known abundant extracellular proteins likely to function

as chaperones (outlined in Table 1). The strength of the available evidence for this

varies with each protein. For more detailed information see the corresponding

sections below.
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2.1 Clusterin

Clusterin (also known as apolipoprotein J, sulfated glycoprotein 2, and SP-40,40)

was the first normally secreted protein identified as an abundant extracellular

chaperone [22]. This heat-stable glycoprotein has an extremely broad biological

distribution and exhibits high sequence homology (70–80%) across a wide range of

mammalian species, suggesting that it performs a fundamentally important function

in vivo [107]. Clusterin has been detected in all extracellular fluids that have been

tested. In humans, clusterin is present in the range of 35–105 mg/mL in blood

plasma [24], 1.2–3.6 mg/mL in cerebral spinal fluid (CSF) [25], and 2–15 mg/mL in

seminal plasma [25]. Determining the biological importance of clusterin has been

complicated by the propensity of the protein to interact with a large number of

structurally diverse molecules. It is likely that many of these interactions result

from a single underlying property of clusterin, which is relevant to its primary

function. Regardless, many alternative biological functions for clusterin have been

proposed including roles in lipid transport [108], sperm maturation [109], comple-

ment regulation [107], membrane recycling [110], and apoptosis [111].

Clusterin is encoded by a single gene and the translated product is internally

cleaved to produce two subunits, a and b, prior to secretion from the cell. Matrix-

assisted laser desorption ionization mass spectrometry has identified two primary

forms of human plasma clusterin at about 58 kDa and 63.5 kDa, which are likely to

be different glycoforms [112]. Approximately 17–27% of the mass of clusterin is

comprised of branched, sialic acid-rich, N-linked carbohydrates [112]. This high

carbohydrate content, in addition to a high level of disorder and a tendency to form

oligomers, has impeded structural analysis of clusterin; however, sequence analysis

has allowed for the prediction of several structural elements. These include three

predicted amphipathic a-helices (residues 173–184, 234–250, and 424–441) [108]

and two predicted coiled-coil helices (residues 40–99 and 318–350) [113]. The five

predicted a-helical regions are thought to be significant in the chaperone activity of
clusterin. It has been proposed that the a-helical regions form a molten globule-like

binding pocket that is the site of interaction for a variety of ligands [114].

Many reports have suggested that clusterin may have intracellular importance,

for example in DNA repair [115], transcription [116], microtubule organization

[117], or apoptosis [115, 118, 119]. Various mechanisms have been proposed

to explain the presence of clusterin in intracellular compartments. This includes

the reuptake of secreted clusterin back into the cytosol [117], retrotranslation of

clusterin from the Golgi to the cytosol [120], and the generation of nuclear isoforms

via alternative initiation of transcription to yield a 43-kDa isoform [121] or via

alternative splicing to yield a 49-kDa isoform [122]. Given that none of these latter

studies sequenced the intracellular clusterin, it is unknown whether the putative

“isoforms” are indeed the result of alternative transcription initiation or splicing

or whether they simply represent clusterin at different stages of maturation (e.g.,

cleaved or uncleaved, at different stages of glycosylation). Unambiguous structural

identification of these intracellular isoforms of clusterin is required before their

existence can be firmly accepted and their function(s) meaningfully assigned.
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2.1.1 In Vitro Chaperone Activity

The hypothesis that clusterin may function as a molecular chaperone was first

proposed over 10 years ago [22]. Since that time many studies have shown that

clusterin has chaperone activity similar to that of the small heat-shock proteins

(sHsps) [22, 23, 26–29, 33]. At substoichiometric concentrations, clusterin inhibits

the stress-induced amorphous aggregation of a large number of unrelated client

proteins by binding, in an ATP-independent manner, to areas of exposed

hydrophobicity on partially unfolded intermediates [22, 26–29, 31]. While clusterin

alone has no refolding activity, it can preserve heat-stressed enzymes in a state

competent for subsequent ATP-dependent refolding by Hsc70 [28]. The chaper-

one activity of clusterin involves the sequestration of client proteins into soluble

high molecular weight (HMW) complexes; when generated in vitro, these

complexes have diameters of 50–100 nm and are�4 � 107 Da [31]. The maximum

“loading” of clusterin appears to correspond to a mass ratio of 1:2 (clusterin:client)

regardless of the client protein [31]. Immunoaffinity depletion of clusterin renders

proteins in human plasma more susceptible to aggregation and precipitation [27].

Fibrinogen, ceruloplasmin, and albumin are major endogenous clients for clusterin

when human plasma is subjected to physiologically relevant stress [30]. However,

the method used to detect endogenous clients is biased towards those proteins that

are relatively less stable and more abundant; it is likely that clusterin acts globally

to stabilize a very broad range of clients in vivo.

The chaperone activity of clusterin is not limited to those proteins that form

amorphous aggregates. Clusterin also inhibits the fibrillar aggregation of a large

number of amyloid forming clients including amyloid b (Ab) peptide [34, 35],

PrP106–126 [36], apolipoprotein C-II [37], disease-associated variants of lysozyme

[33], a-synuclein, calcitonin, k-casein, SH3, and CCbw [32]. While clusterin appears

to prevent amyloid formation in a dose dependent manner, in some cases very low

levels of clusterin (relative to client protein) significantly increased amyloid formation

[32]. It was proposed that when present at very low concentrations, clusterin may

stabilize prefibrillar oligomers that “seed” fibril growth and are believed to be primar-

ily responsible for amyloid-associated cytotoxicity. Thus, the clusterin:client protein

ratio is an important determinant of the effects of clusterin on amyloid formation and

toxicity. It is unknown exactly how clusterin is able to interfere with amyloid forma-

tion although the existing evidence suggests that it interacts predominantly with

prefibrillar oligomeric species formed during the early stages of amyloid aggregation

[32, 33]. These early aggregating species possess surface-exposed hydrophobicity

[123]; thus the interaction of clusterin with amyloid-forming proteins may, as in the

case of amorphously aggregating proteins, arise from hydrophobic interactions.

A number of investigations have focused on identifying possible interactions

between members of the LDL receptor superfamily and clusterin [124–131]. Cellular

internalization of clusterin via the LDL receptor megalin was the first reported

clusterin-LDL receptor superfamily interaction [124]. Subsequent reports described

the internalization of free clusterin and clusterin-Ab peptide complexes by the same

receptor [125, 126]. Recently, two other human members of the LDL receptor
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superfamily, ApoE receptor 2 and very low density lipoprotein receptor, were reported

to bind and internalize free clusterin and leptin-clusterin complexes using transfected

cell models [131]. Interactions of clusterin with chicken oocyte-specific LDL

receptors have also been described [128]. A recent study has suggested that megalin

and LRP are capable of mediating the clusterin-dependent clearance of cellular debris

into non-professional phagocytes [129]. However, the previous report of Kounnas

et al. (1995) indicated that megalin, but not LRP, binds clusterin. Additional unidenti-

fied mechanisms of clusterin-dependent internalization were also suggested by Bartl

et al. (2001). The affinity of clusterin binding tomegalin is increased by the association

of clusterin with lipids [127]. It is currently unknown how binding interactions with

other molecules, such as stressed chaperone client proteins, affect the binding affinity

of clusterin for megalin or other members of the LDL receptor superfamily. However,

it has been shown that clusterin has independent binding sites for megalin, stressed

proteins, and unstressed ligands [130].

2.1.2 Evidence for In Vivo Chaperone Action/Disease Involvement

Clusterin is found associated with extracellular protein deposits in numerous diseases

including normal peripheral drusen and drusen in age-related macular degeneration

patients [38], with membrane attack complex in renal immunoglobulin deposits [39],

in prion deposits in Creutzfeldt-Jakob disease [40, 41], with PEX material in

pseudoexfoliation (PEX) syndrome [42], in atherosclerotic plaques [43], and in amy-

loid plaques, or with soluble Ab peptide in Alzheimer’s disease [44, 45]. Two genome

wide studies have recently implicated certain single nucleotide polymorphisms in the

clusterin gene as risk factors for Alzheimer’s disease [53, 54]. The overexpression of

clusterin has been reported in a diverse range of renal and neurodegenerative diseases

in addition to cancers, atherosclerosis, and diabetes [46]. Additionally, clusterin is

upregulated in experimental models of pathological stress including oxidative stress

[48], shear stress [49], proteotoxic stress (generated by inhibition of the proteasome)

[50], heat stress [51], ionizing radiation [51], and exposure to heavy metals [132].

In clusterin knock-out mice, damage to testicular cells is increased after heat-

shock and the removal of damaged cells is impaired [133]. After myosin-induced

auto-immune myocarditis, cell damage is also more severe in clusterin-deficient

mice [134], and post-ischemic brain injury is more severe [135]. Together this

data suggests that stress-induced increase in clusterin expression is a cytoprotective

response. In an Alzheimer’s disease model, compared to control mice, mice in

which the clusterin and ApoE genes were knocked out showed early disease onset

and a marked increase in Ab peptide levels and amyloid formation. The researchers

concluded that apoE and clusterin work synergistically to inhibit the deposition

of fibrillar Ab [136]. A more recent study has demonstrated that clusterin knock-out

mice develop progressive glomerulopathy which is characterized by the accumula-

tion of insoluble protein deposits in the kidneys [137]. This directly implicates

clusterin in the clearance of potentially pathological aggregating proteins, although

the precise mechanism underlying this has yet to be described.
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2.2 a2-Macroglobulin (a2M)

a2M is a large secreted glycoprotein, assembled from four identical 180-kDa

subunits into a 720-kDa tetramer; disulfide linked dimers of the individual

180-kDa subunits interact non-covalently to form the final tetrameric quaternary

structure [138]. The secreted molecule is comprised of ~10% carbohydrate by mass.

It is synthesized mainly in the liver, but is secreted from a range of different cell

types (such as astrocytes) and can be found in human plasma and cerebrospinal fluid

at 1,500–2,000 [56] and 1�3.6 mg/mL [57], respectively. It is best known for its

ability to inhibit a broad spectrum of proteases, which it accomplishes using

a unique trapping method. a2M contains a “bait region” which undergoes limited

proteolysis upon encountering a protease, resulting in a large conformational

change and exposure of a thiol ester bond. The protease forms a covalent linkage

with a2M by reacting with the intramolecular thiol ester bond, which leads to

further conformational changes exposing a receptor recognition site for low density

lipoprotein receptor related protein (LRP). Overall, these structural changes pro-

duce a more compact molecule (known as “activated” or “fast” a2M) and inhibits

the protease by physically trapping it within a steric “cage” [56]. By directly

interacting with the thiol ester bond, small nucleophiles such as methylamine can

also activate a2M [139]. Although human a2M is best known for its protease

inhibitor function, it has also been shown to bind to and promote clearance of

other endogenous and exogenous molecules, consistent with a broader protective

function. a2M is known to bind to cytokines and growth factors (without converting

to activated a2M), including transforming growth factor-b (TGF-b), tumor necrosis

factor-a (TNF-a), interleukin 1b (IL-1b), interleukin 8 (IL-8), platelet derived

growth factor-BB (PDGF-BB), nerve growth factor-b (NGF-b), and vascular endo-
thelial growth factor (VEGF) (reviewed in [140, 141]). The affinity of a2M for most

cytokines is higher in the activated state, and while in this state a2M can deliver

them via receptor mediated endocytosis to lysosomes for degradation [142].

In addition, a2M has been shown to bind to the pathogen Trypanosoma cruzi and
promote its phagocytosis [143]. a2M has also been found to bind to endogenous

proteins found in proteinaceous deposits associated with disease. a2M is known

to bind to the Ab peptide associated with Alzheimer’s disease [58, 59],

b2-microglobulin which forms insoluble deposits in dialysis related amyloidosis

[60], and prion protein associated with plaques in Creutzfeldt–Jakob disease [61].

2.2.1 In Vitro Chaperone Activity

a2M forms stable complexes with misfolded proteins to inhibit their stress-induced

aggregation and precipitation but is unable to promote independently their refolding

[62]. In addition, depletion of a2M from whole human plasma renders proteins in

this fluid more susceptible to aggregation and precipitation, even at 37 �C [62].

The formation of complexes between a2M and misfolded proteins is thought to be,
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at least in part, due to hydrophobic interactions [62]. The binding of a misfolded

substrate protein does not activate a2M and as a result the complex formed is not

bound by LRP. However, while complexed with misfolded client proteins, a2M
remains able to interact with proteases and subsequently adopt its activated confor-

mation and then interact with LRP [62]. Although LRP is the only known receptor

for a2M, it remains possible that non-activated a2M/misfolded client protein

complexes are taken up via other cell surface receptors. As an example, scavenger

receptors have been shown to bind to methylamine activated forms of a2M [144]. In

addition to inhibiting amorphous aggregation, a2M has been shown to inhibit

amyloid fibril formation. This effect can be seen even at sub-stoichiometric levels

of a2M (as low as a 1:100 molar ratio of a2M:substrate) [145, 146]. It is thought that

a2M interacts with lowly populated oligomeric species affecting the formation of

stable nuclei from which amyloid formation proceeds [58, 146].

a2M-client protein complexes are thought to be removed from the extracellular

space by receptor mediated endocytosis. a2M-Ab complexes are internalized via

LRP expressed on U87 cells and are subsequently degraded [58]. In addition,

complexes formed from a2M and heat-stressed citrate synthase (or glutathione-

S-transferase, GST) that have been incubated with trypsin also bind to LRP on the

surface of JEG-3 cells [62]. This uptake of complexes may protect cells from the

toxicity of aggregating species. However, under certain conditions, a2M was shown

to promote the neurotoxicity of Ab [63]. In stark contrast, using primary rat mixed

neuronal cultures, others have demonstrated that a2M can protect cells from

Ab toxicity [147]. The different effects observed may be explained by differences

between systems in the extent of receptor mediated removal of complexes from

the extracellular environment. This is illustrated by the demonstration that in the

presence of a2M (but not otherwise) SH-SY5Y cells that express the a2M receptor

(LRP) are more resistant to Ab toxicity than cells that do not [63]. The protective

effect of a2M could be inhibited by RAP (a pan-specific inhibitor of LRP ligand

binding). Furthermore, a2M promoted Ab toxicity against LRP-negative LAN5

cells but had the opposite effect with LRP-expressing LAN5 transfectants [63].

Importantly, this function has been demonstrated in vivo: the normally rapid

removal of radiolabeled Ab from mouse brain is significantly inhibited by the

LDL family inhibitor RAP and antibodies against LRP-1 and a2M.

2.2.2 Evidence for In Vivo Chaperone Action/Disease Involvement

a2M has been found co-localized with Ab and prion plaques in Alzheimer’s disease

and CJD respectively [61, 63]. In addition, levels of circulating complexes formed

between a2M and b2m in plasma of hemodialysis patients are correlated with the

severity of dialysis related amyloidosis [60]. In addition, a2M has been found in

complex with prion protein in human plasma [64]. Lastly, the ability of a2M to

promote the removal of Ab from the extracellular space has been shown in vivo; the

normally rapid removal of radiolabeledAb frommouse brain is significantly inhibited

by the LDL family inhibitor RAP and antibodies against LRP-1 and a2M [148].
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2.2.3 Potential Application of a2M in Anti-Cancer Treatments

a2M shares a common receptor (a2M receptor/ LRP1) with a variety of intracellular

chaperones [149–151] which have been implicated in the re-presentation of

chaperoned peptides to stimulate an immune response [8, 14, 16, 18–21, 149,

151–155]. This has led to the ability of a2M to perform a similar immunological

function being examined. It was shown that a2M-peptide complexes are able to

induce the re-presentation of the chaperoned peptides on MHC class I molecules

in vitro and subsequently prime a cytotoxic T lymphocyte response in a2M-peptide

immunized mice [55]. As both intra- and extracellular chaperones have now both

been shown to elicit such a response, it has been proposed that a2M samples the

extracellular space and Hsps the intracellular milieu. In this model, LRP1 facilitates

the sampling of the entire antigenic milieu of an organism [55]. Unlike Hsps,

which are ubiquitously expressed, many tumors do not express a2M. Thus, in

order to explore the use of a2M-peptide complexes as an anti-cancer treatment,

exogenous a2M has been added to tumor cell lysates to generate the complexes

[65]. a2M-peptide complexes made in vitro induced anti-tumor responses and

protection against tumor challenge similar to that of GP96 [156]. Thus, a2M and

perhaps the other extracellular chaperones all offer potential vehicles for peptide-

specific control of the immune response and immune modulatory therapies.

2.3 Haptoglobin

Haptoglobin is a secreted glycoprotein with many known biological functions;

however, it is best known as a hemoglobin binding protein. The non-covalent interac-

tion between haptoglobin and hemoglobin is particularly strong with a reported Kd ~

10�15 M [66]. This interaction prevents the loss of hemoglobin and iron via glomer-

ular filtration by redirecting the haptoglobin-hemoglobin complex to the liver [157].

The interaction of haptoglobin with hemoglobin also reduces the amount of free

hemoglobin and iron available to catalyze oxidation reactions [158], and has an

inhibitory effect on nitric oxide [159] and prostaglandin synthesis [160]. Haptoglobin

also has a bacteriostatic effect on organisms unable to obtain heme from the

hemoglobin–haptoglobin complex [161] and appears to play an important role in

angiogenesis [162]. Finally, haptoglobin has been implicated in the regulation of

lymphocyte transformation [163]. Haptoglobin is found in most body fluids. Its

plasma concentration is between 0.3 and 2mg/mL [67] and it is found in CSF between

0.5 and 2 mg/mL [164]. Sequence analysis has identified haptoglobin as a chymotryp-

sinogen-like serine protease homolog, although it has a distinct biological function

[68]. Humans express one of three different haptoglobin phenotypes (Hp 1-1, Hp 1-

2 or Hp 2-2) depending on the presence of two principal alleles (Hp1 and Hp2) coding

for the a and b chains which associate covalently via disulfide linkage. The a1, a2, and
b chain peptides are 9.2 kDa, 15.9 kDa, and 27.2 kDa, respectively [68]. Similar to

clusterin, haptoglobin is heavily glycosylated.
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2.3.1 In Vitro Chaperone Activity

Human haptoglobin specifically inhibits the precipitation of a wide variety of

proteins induced by heat or oxidative stress [69]. All three human haptoglobin

phenotypes exert this chaperone action, although Hp1-1 appears to be the most

efficient. Like clusterin, haptoglobin forms stable, soluble, high molecular weight

complexes with partially unfolded clients in an ATP-independent manner, but has

no independent refolding activity. The possibility that haptoglobin holds misfolded

proteins in a state competent for refolding by other chaperones is currently untested.

Immunoaffinity depletion of haptoglobin from human serum significantly increases

the amount of protein that is precipitated in response to stresses [165]. At

substoichiometric levels, haptoglobin has been shown to inhibit amyloid formation

dose-dependently by Ab, ccbw, calcitonin, and the lysozyme variant I59T [165].

Haptoglobin is a known ligand of the CD11b/CD18 receptor on natural killer

cells [166]. With much lower affinity, haptoglobin also binds to CD4 and CD8

receptors on T lymphocytes [167]. Neutrophils and monocytes also possess binding

sites for haptoglobin and are responsible for haptoglobin uptake in peripheral blood

[167]. Additionally, the acute-phase macrophage protein CD163 has been identified

as a scavenger receptor for hemoglobin–haptoglobin complexes [167]. This high

affinity receptor ligand interaction is Ca2+-dependent and mediates endocytosis

of the hemoglobin–haptoglobin complex [70]. It is possible that haptoglobin may

facilitate the clearance of misfolded proteins via a similar mechanism to the clearance

of hemoglobin–haptoglobin complexes, although this is yet to be investigated.

2.3.2 Evidence for In Vivo Chaperone Action/Disease Involvement

Haptoglobin is upregulated during a variety of conditions including infection,

neoplasia, pregnancy, trauma, acute myocardial infarction, and other inflammatory

conditions [70]. Its possible chaperone role in vivo is supported by co-deposition

with amyloid in senile plaques [72], with drusen in age-related macular degenera-

tion [73], and in protein deposits resulting from chronic glomerulonephritis [74].

Surprisingly, haptoglobin gene knockout does not impair the clearance of free

plasma hemoglobin; however, haptoglobin-null mice display reduced postnatal

viability and greater oxidative damage after induced hemolysis [168].

2.4 ApoE

Apolipoprotein E (ApoE) is a 35-kDa secreted glycoprotein, synthesized primarily

by the liver, but can be found expressed by astrocytes, microglia, and oligoden-

drocytes in the brain. It exists in three isoforms – E2, E3, and E4 – which differ only

by single amino acid variations. The prevalence of the alleles coding for these
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isoforms, E2, E3, and E4, is approximately 7–8%, 75–80%, and 14–15%, respec-

tively [169, 170]. ApoE is an amphipathic protein that is known for its ability to

mediate transport and clearance of cholesterol, triglycerides, and other lipids [171].

It mediates lipid transport through binding to the low density lipoprotein (LDL)

receptor. ApoE is best known for its association with Alzheimer’s disease; APOE

e4/e4 homozygotic individuals have a significantly greater risk of developing

Alzheimer’s disease [172].

2.4.1 In Vitro Chaperone Activity

ApoE has been shown to have the ability to bind to aggregation prone polypeptides,

such as tau and Ab [77, 78]. Interestingly, binding of ApoE to Ab is isoform-

dependent with the binding of ApoE4 being of lowest affinity (E2 > E3 > E4) [78,

173]. The stoichiometry of the interaction between Ab and ApoE has been

estimated at 5 Ab peptide molecules per ApoE molecule [174]. This interaction is

likely to be the driving force behind the ability of ApoE to affect the aggregation of

Ab. It has been shown both to promote and to inhibit Ab aggregation depending on

the conditions and specific variant of Ab peptide used. The formation of complexes

between ApoE and Ab1–40 has been shown to inhibit the formation of amyloid, at

a 100:1 molar ratio of Ab:ApoE [175]. The complexes made were added to

monomeric Ab and were unable to act as “seeds” for amyloid formation. However,

the complexes formed still reacted with thioflavin T [175]. In addition, it has been

shown that ApoE can prolong the lag phase of Ab aggregation without affecting the

amount of fibrillar material finally formed [176]. Similarly, ApoE lengthens the lag

phase of amyloid formation from Ab29–40 and Ab29–42 by forming complexes with

the respective peptides [174]. Interestingly, the E4 isotype had no effect on the lag

phase. In contrast, there are many reports that suggest that ApoE can promote the

formation of Ab fibrils. ApoE was shown to enhance the formation of thioflavin

T positive material from Ab1–40 [177], and promoted fibril formation by Ab1–42
(as judged by thioflavin T and transmission electron microscopy) [178].

2.4.2 Evidence for In Vivo Chaperone Action/Disease Involvement

The major focus on ApoE work has been its role in chaperoning Ab due to its strong

genetic association with Alzheimer’s disease [79]. In humans ApoE has been found

co-localized with Alzheimer’s and CJD plaques [80]. To complicate further under-

standing of the role of ApoE in amyloid formation (see above), mouse studies have

been similarly conflicting. In initial studies, both Ab immunoreactivity and amyloid

formation were reduced in ApoE knockout mice [179, 180]. In contrast, expression

of human ApoE in transgenic mice suppressed Ab deposition [181]. Regardless of

its effect on amyloid formation, just as observed for other extracellular chaperones

such as clusterin and a2M, complexes formed between ApoE and Ab are efficiently

taken up by receptor mediated endocytosis and promote subsequent degradation
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of Ab. It has been shown that Ab-ApoE complexes bind to the cell surface

receptor megalin while free Ab does not [182]. In addition, LRP1 binds to

Ab-ApoE complexes and internalizes them for subsequent degradation in

lysosomes (or transport into plasma) [148]. Furthermore, it has been suggested

that ApoE facilitates internalization and degradation of Ab by astrocytes [81].

As Ab is known to activate glial cells, its incorporation into complexes and its

ApoE-dependent receptor mediated uptake may play a role in modulating the

immune response. Consistent with this idea, it has been shown that the formation

of ApoE-Ab complexes inhibits the activation of astrocytes by Ab [183].

2.5 Serum Amyloid P Component

Serum Amyloid P Component (SAP) is a member of the highly conserved pentraxin

family and consists of five identical 25-kDa subunits arranged in a ring [184]. As for

other pentraxins, SAP displays calcium-dependent ligand binding and tertiary

structure similar to legume lectins [184]. It is estimated that over 8% of the mass

of the molecule is N-linked oligosaccharide [184]. It has been proposed that SAP

circulates as a decamer with two pentameric rings noncovalently bound [184, 185].

However, other reports claim that SAP exists as a single pentamer in the body and

that the decameric form is obtained only upon purification [186, 187]. Human SAP

shares approximately 51% amino acid homology with C-reactive protein, a classical

human acute phase protein. In contrast, SAP does not behave as an acute phase

protein in humans [82]; it is generally present in human plasma at around 40 mg/mL

[83] and in CSF at around 8.5 ng/mL [84]. Although to date no clear biological

function has been ascribed to SAP, it is known to interact with a diverse range of

molecules in vitro. For example, SAP binds to glycosaminoglycans [188], DNA

and chromatin [191–192], complement components [193, 194], fibronectin [195],

C-reactive protein [196], aggregated IgG [197], phosphatidylethanolamine [197], and

endotoxin [192, 198]. Of particular interest in the current context, SAP binds highly

specifically to amyloid and is universally found in amyloid deposits [85–88, 199].

2.5.1 In Vitro Chaperone Activity

There is currently little evidence for the existence of efficient refolding chaperones

in the extracellular milieu; however, it has been reported that SAP has

ATP-independent refolding activity [89]. When present at a tenfold molar excess,

SAP was able to recover 25% of the initial enzyme activity of denatured lactate

dehydrogenase. Whether this activity would be enhanced by the presence of ATP or

“helper” chaperones is currently unknown. Further studies are needed before the

potential physiological significance of this refolding activity becomes clear. SAP

binds to synthetic Ab at physiological concentrations of Ca2+ [200] and binds to all

types of amyloid fibrils tested in vitro [201]. SAP has a protease-resistant b-pleated
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sheet structure that in the presence of Ca2+ is resistant to proteolysis [90]. Conse-

quently, SAP binding to amyloid fibrils is thought to inhibit their proteolytic

digestion.

2.5.2 Evidence for In Vivo Chaperone Action/Disease Involvement

SAP constitutes up to 15% of the mass of amyloid deposits in vivo, which is

remarkable considering it is only present in plasma at trace concentrations. Also,

strongly supporting a role for SAP in amyloid pathogenesis is the frequency with

which it is found localized in amyloid deposits in vivo [85–88, 90]. SAP knockout

mice are viable and fertile with no obvious abnormalities; however, they display

delayed amyloid deposition in models of systemic amyloidosis [89]. These results

support that SAP plays a role in amyloid pathogenesis and that inhibition of SAP

binding to amyloid is a potential therapeutic target. Given that SAP does not

appear to be expressed in the brain, localization of SAP with cerebral amyloid

deposits suggest that either specific active transport mechanisms exist to transport it

from one side of the blood–brain barrier to the other or that damage to the

blood–brain barrier is sufficient to allow the protein to leak into the brain during

disease. Regardless of the mechanism by which it gets there, the CSF concentration

of SAP is higher in patients with Alzheimer’s disease [85].

2.6 Caseins

Casein is the main constituent of milk (~80% of protein in bovine milk) and is made

up of a heterogeneous mixture of phosphoproteins that includes four unrelated gene

products: aS1-, aS2-, b-, and k-casein. In their monomeric forms, the caseins

themselves are small, ranging in molecular mass between 19 and 25 kDa. However,

the casein proteins exhibit a strong tendency to associate with each other, through

hydrophobic and ionic interactions, which, in the presence of calcium and other

ions, leads to the formation of casein micelles [91]. The micelles range in mass

between 103 and 3 � 106 kDa and represent the primary nutritional source of

calcium (in the form of calcium phosphate) to the neonate [91]. The caseins have

been classified as intrinsically disordered proteins, as they are extremely flexible,

essentially unfolded, and have relatively little secondary or tertiary structure under

physiological conditions [202]. Their open, dynamic and malleable conformations

suggest that they exist in a molten globule-like state, with extensive regions of

solvent-exposed and clustered hydrophobicity [203]. As a result, it is unlikely that

detailed X-ray crystal structures of full-length casein protein will be achieved;

however, three-dimensional energy-minimized molecular models are available

[204, 205]. Two of the casein proteins, aS1- and b-casein, have been found to

have molecular chaperone-like activity, similar to the small heat shock proteins

(sHsps) [26, 92]. The open, flexible nature of aS1-casein and b-casein results from
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the high percentage of proline residues in their amino acid sequence (9% of the

amino acid sequence of aS1-casein and 18% of b-casein) and lack of disulfide

bonds. Both aS1-casein and b-casein also possess a high degree of overall

hydrophobicity, with well separated hydrophilic and hydrophobic domains. Such

properties, which they share with other molecular chaperones such as the sHsps and

clusterin [26], likely account for their ability to bind to a wide-range of destabilized,

partially unfolded target proteins to prevent their aggregation [92].

2.6.1 In Vitro Chaperone Activity

To date, studies on the chaperone-like activity of casein proteins have been

performed with bovine whole casein (comprising all four casein proteins) or with

aS-casein (comprising both aS1- and aS2-casein) or b-casein. Thus, aS-casein
and b-casein have been shown to inhibit the amorphous aggregation of a range of

unrelated target proteins induced by heating [93–97], reduction [93, 95, 96], and

UV-light [93]. They do so by forming high molecular weight complexes with the

target protein, and stabilizing them in order to prevent their aggregation and

potential precipitation. They have no intrinsic re-folding ability [95, 96] and thus

their mechanism of action is akin to the sHsps and clusterin [26]. The chaperone-

like activity of aS-casein and b-casein against amorphously aggregating target

proteins is phosphorylation-dependent, dephosphorylation decreasing their chaper-

one efficacy [94, 206]. The caseins are heavily phosphorylated (typically eight

phosphate residues per mole for aS1-casein and five for b-casein) which, apart from
its role in calcium-binding and stabilization of the casein micelle, appears to play a

significant role (via their negative charge) in maintaining the solubility of the

complexes formed between the caseins and target proteins [207]. It has recently

been suggested that the chaperone-like activity of these caseins may be exploited

in order to control protein aggregation during food production [92]. aS-Casein
and b-casein also appear to possess a generic ability to prevent protein aggregation

associated with fibril formation. For example, whole and b-casein inhibit heat-

induced fibril formation by ovalbumin [207], aS-casein and b-casein inhibit k-casein
fibril formation [206, 208], and aS1-casein inhibits aS2-fibril formation [209].

2.6.2 Evidence for In Vivo Chaperone Action/Disease Involvement

Caseins are uniquely synthesized in the mammary gland and immediately associate

to form casein micelles, which are secreted into the alveolar lumen [210]. There is

no direct evidence that a failure in the chaperone action of aS-casein and b-casein is
involved in disease; however, amyloid-like deposits (known as corpora amylacea)
have been identified in mammary tissue from a variety of species [98–100], and

bundles of fibrils have been reported in the cytoplasm of cells that surround these

calcified deposits [101]. The proteins present in these deposits and fibrils include

the caseins [102, 103]. When isolated from the other caseins, aS2- and k-casein
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readily form fibrils when incubated under conditions of physiological pH and

temperature (i.e., pH 7.0–7.4, 37 �C) [208, 209, 211, 212] which suggests that

these proteins may form fibrils in vivo. However, fibril formation by aS2- and

k-casein is inhibited by physiological concentrations of aS1- and b-casein in vitro

[208, 209] and thus, the tendency of caseins to associate together acts as a protective

mechanism to prevent this form of aggregation. Indeed, the fact that amyloid

deposits in mammary tissue are not more prevalent is most likely attributable to

the chaperone-like ability of aS1- and b-casein, which act to prevent the release of

the amyloidogenic aS2- and k-casein precursors by binding them into casein

micelles.

2.7 Fibrinogen

Fibrinogen is synthesized by the liver and circulates in human plasma at a concen-

tration of 2–4.5 mg/mL [104]. It is the 340-kDa glycoprotein precursor to fibrin,

which forms clots in the wound response. Fibrinogen is an “acute phase protein”

and its levels in plasma are elevated in response to a variety of stresses including

stroke, atherosclerotic diseases, age, and acute myocardial infarction [104].

Fibrinogen molecules are comprised of two sets of disulfide-linked Aa-, Bb-, and
g-chains. Fibrin is formed after cleavage of fibrinopeptide A (FPA) from fibrinogen

Aa-chains, which initiates fibrin polymerization. In addition to its well known role

in providing a scaffold for clots, fibrinogen also has other biological functions

involving a range of binding sites, some of which are only exposed as a conse-

quence of fibrin formation. These other functions include recruiting platelets

into clots, down-regulation of circulating levels of thrombin, and plasminogen

activation [104].

2.7.1 In Vitro Chaperone Activity

Only two publications have appeared so far describing the chaperone activity of

fibrinogen. The first of these presented results suggesting that human plasma

fibrinogen (1) specifically, and independently of ATP, inhibited the thermally

induced aggregation of citrate synthase and firefly luciferase, (2) held the heat-

stressed forms of these proteins in a state competent for refolding by a rabbit

reticulocyte lysate, (3) inhibited amyloid formation by yeast prion protein Sup35,

and (4) inhibited heat-induced aggregation of proteins in undiluted mouse plasma

[105]. These studies were described as having been done using fibrinogen sourced

from a commercial supplier (which would be expected to be overwhelmingly

comprised of the usual 340-kDa form). However, in a subsequent study by

the same group, similar chaperone properties were attributed specifically to the

aEC C-terminal extension of fibrinogen, present only in a much less abundant

420-kDa isoform of the protein (fibrinogen-420) [106]. Fibrinogen-420 is normally

present in human plasma at 20–150 mg/mL (i.e., making up about 0.4–7.5% of the
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circulating fibrinogen pool). Our own experiments failed to show any chaperone

activity for the 340-kDa form of fibrinogen (A. Wyatt, unpublished). The reason(s)

for the apparent discrepancy between these two publications is unclear. However,

the balance of evidence suggests that the abundant 340-kDa form of fibrinogen is

not a chaperone, but that the aEC moiety in fibrinogen-420 is a chaperone-active

species.

2.7.2 Evidence for In Vivo Chaperone Action/Disease Involvement

The level of aEC can be regulated by proteases (such as matrix metalloproteases

and plasmin) which can rapidly release it from fibrinogen-420. It has been

suggested that fibrinogen-420 acts as a delivery vehicle for aEC [106]. Evidence

for an in vivo chaperone role for fibrinogen-420/aEC is currently limited to the

demonstration that (1) proteins in plasma of fibrinogen knock-out mice aggregate

to a greater extent when incubated for 48 h at 43 �C than those in the plasma of

wild-type mice [106] and (2) exogenously added aEC formed complexes with

a variety of proteins in human plasma heated for 30 min at 50 �C [106]. Future

work will hopefully further define the in vivo role(s) of the fibrinogen-420/aEC
chaperone activity and its potential involvement in diseases.

2.8 In Vivo Functions of Extracellular Chaperones

It is clear from the growing number of abundant ECs identified that they are likely

to play very important roles in the maintenance of normal physiological functions.

The precise details of these roles are currently under investigation but are likely to

include (1) selective binding to exposed regions of hydrophobicity on extracellular

proteins induced to misfold by (for example) various physical or chemical stresses,

leading to (2) inhibition of their toxicity towards cells and (3) stabilization of their

structure so that they are prevented from aggregating to form insoluble deposits.

Soluble complexes formed between ECs and misfolded proteins are probably

internalized via receptor-mediated endocytosis and subsequently degraded by

(for example) lysosomal proteolysis. However, it is also feasible that within antigen-

presenting cells ECs can direct bound protein antigens to other intracellular proteo-

lytic systems such as the proteasome, and that peptide fragments of the degraded

chaperone client proteins are later presented at the cell surface in association

with class I and/or II major histocompatibility antigens. In this way, ECs may

play multiple critical roles in vivo, protecting the body from the dangers of

inappropriate aggregation of extracellular proteins but also playing a pivotal role

in the processing of extracellular protein antigens necessary for eliciting protective

immune responses (Fig. 1).

Extracellular Chaperones 257



Endosome

Lysosome

Degradation

Processing

MHC
class I / II

Receptors including
CD91, SRA-1,
SREC-1, LOX-1,
Toll-like 2 /4

Scavenger-like
Receptor

EC/IC

EC

Cytokine
release

Chaperone-client
complex

Misfolded protein/
Soluble oligomer

Direct receptor binding

Native
protein

a b c
EC facilitated transport Re-presentation

Immune
response

Fig. 1 Theoretical model for the involvement of ECs in extracellular proteostasis and the immune

response. Under normal physiological conditions misfolded extracellular proteins are bound by

(a) scavenger-like receptors directly, or (b) circulating ECs, keeping them soluble and facilitating

their subsequent transport to cell surface scavenger-like receptors. EC-client protein complexes

may be internalized and subsequently degraded by lysosomal proteolysis. Alternatively, on antigen

presenting cells (c), EC (or IC)-client protein complexes may be (1) bound and internalized by

a variety of receptors, (2) subsequently processed intracellularly by yet to be established

mechanisms, and then (3) re-presented as peptides on the cell surface associated with major

histocompatibility (MHC) antigen class I or II molecules to trigger the release of cytokines and an

immune response
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3 Conclusions

It is barely over a decade since the first abundant mammalian extracellular chaper-

one (clusterin) was identified. Since that time there have been a series of discoveries

of other extracellular chaperones such that we now know there are at least 7% at

(in some cases) substantial concentrations in human blood. Collectively, by mass,

these chaperones account for possibly in excess of 7% of all blood proteins. The

caseins are also abundant in another important extracellular fluid, milk. It will be

unsurprising if further extracellular chaperones are identified in coming years. The

shear abundance of these chaperones in body fluids strongly suggests that they

perform vital biological functions. These functions may include roles in stabilizing

misfolded proteins aggregating via either the amorphous or amyloid-forming

pathways, mediating the clearance of these aggregation-prone (and often toxic)

proteins from the body, and modulating the response of the immune system to

extracellular antigens. The processes governing the development of the many

serious human diseases linked to inappropriate aggregation of extracellular proteins

are poorly understood. Clearly, advances in knowledge of extracellular chaperones

will impact upon our ability to prevent and treat these diseases, and may allow us to

harness better the power of the immune system to fight conditions such as cancers.

Furthermore, extracellular chaperones may exert powerful but currently poorly

characterized effects on the delivery and efficacy of systemically administered

hydrophobic drugs. All of these considerations point to the importance of future

work to identify the in vivo roles of the growing family of extracellular chaperones.
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inhibitors, 56

Cyclosporine, 35, 38, 53, 56

CyP40, 205

Cystic fibrosis transmembrane conductance

regulator (CFTR), 207

D

Debio-025, 56

Debio-0932, 211, 214

DesBPTI, 7

DesRNase A, 5

Des-species, 5

DHBV. See Duck hepatitis virus (DHBV)

Disulfide bonds, 2

DnaJ, 99

allostery, 128
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DnaK, 99

allostery, 106

inhibitors, 59

nucleotide binding domain (NBD), 102

substrate binding domain (SBD), 102

Dsb proteins, 3

oxidative refolding, 12

Duck hepatitis virus (DHBV), 216

E

Endocytosis, receptor-mediated, 241

Endoplasmic reticulum (ER), 1, 199

Enzymes, activity assays, 41

inhibition/inhibitors, 35, 52

mechanisms, 1, 26

Epigallocatechin gallate, 137, 215

Ero1 (flavin-dependent oxidase), 15

Extracellular protein deposits, 243

F

Fibrinogen, 256

FK506, 35, 57

binding proteins (FKBP), 35, 38, 42,

53, 205

inhibitors, 57

Foldase, 82, 103

Folding helper, 35

G

Geldanamycin, 39, 155, 158, 199, 210

Geobacillus kaustophilus, DnaK, 109
Glucocorticoid receptor (GR), 157, 197

Glutathione, 8

Grp94, 155, 159, 190, 199, 220

GSSG/GSH, 4

H

Haptoglobin, 250

HCV. See Hepatitis C virus (HCV)

Heat shock factor 1 (HSF1), 197

Heat-shock proteins (HSPs), 69

Hemoglobin binding protein, 250

Hepatitis C virus (HCV), 216

Hirudin, 5

Histone deacetylases (HDACs), Hsp90

acetylation, 196

Holdase, 82, 103, 244

HOP, 138, 204, 206

Hsc70, 101, 246

CHIP, 208

Hsp70, 39, 99

allostery, 104

inhibitors, 142

Hsp90, 155

ATPase, 191

cancer target, 210

clients, 157

cochaperones, 180

extracellular, 202

geldanamycin, 199

high-resolution X-ray crystal structures,

160

inhibitors, 162, 211

phosphorylation, 197

plants, 203

post-translational modifications, 196

protozoan infections, 221

ubiquitination, 199

HSV-1, 216

HtpG, 155

I

Immune response, 241

Immunophilin, 35

Immunosuppression, 38, 53, 55, 58

Interleukins, 248

IPI-493, 212

Isomerase catalysis, 51

Isomerases, 35

J

J-proteins, 128

K

Kinases, 51, 157, 180, 187, 200

Cdc37, 193, 206

cdk4, 187

Hsp90, 157

L

LDL, 247

Lectin chaperones, 25

Leishmania donovani, 221
Lipids, 247

Lipoprotein receptor related protein (LRP)

Luciferase, DnaK-assisted refolding, 59, 103

Lysozyme, oxidative folding, 8
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M

a2-Macroglobulin (a2M), 248

Matrix metalloproteases (MMPs), 203, 257

Megalin, 247

Meridamycin, 58

Methanocaldococcus jannaschii, 74
Mitochondrial electron transfer, 3

MKT-077, 137

Molecular chaperones, 2, 14, 69, 82, 155, 208,

246

Monosporium bonorden, 210
MPC-3100, 213

mTORC1 (raptor), 55

Mycobacterium tuberculosis, 77

N

NBD-SBD linker, 113

Neurodegenerative disorders, Hsp90, 217

Neurofibrillar tangles (NFTs), 217

NIM811, 56

Nonamyloidotic monoclonal IgG deposition

disease (NAMIDD), 243

Novobiocin, 215

Nucleotide exchange factors (NEF), 100, 103

NVP-AUY922/VER2296, 211

O

Oxidative folding, 1, 4

PDI-catalysed, 9

Oxyhemoglobin/deoxyhemoglobin, 106

P

Parkinson’s disease, 137, 202, 217

Parvulins, 38

Peptide binding, PDI, 13

Peptide bond cis/trans isomerase (PCTIase),

35, 36

Peptide bond cis/trans isomerization (PCTI),

36

Peptidomimetics, 211

Peptidyl prolyl cis/trans isomerase (PPIase),

35, 36

high-molecular-weight, 205

Phosphorylation, 155

Pin1, 35

inhibitors, 58

Plasmodium falciparum, Aha1, 180, 184
Hsp90, 221

Polydispersity, 69

Polymerase, 103, 157, 216

Polyubiquitination, 140

Pregnanes, 58

receptors, 157

Proline, 35

Prolyl-4-hydroxylase (P4H), 14

3-Propylpyrimido[5,4-e][1,2,4]triazine-5,7-

dione (C9), 215

Proteases, 51

Protein deposition diseases (PDD), 242

Protein disulfide isomerases (PDIs), 1, 3

Protein phosphatase 5 (PP5), 205

Proteins, backbone, 35

conformation, 1

dynamics, 35, 69

folding, 1ff

misfolded, 103

misfolding diseases, 241

oxidative folding, 1, 4

refolding, 103

Proteostasis, extracellular, 241

Pseudoexfoliation (PEX) syndrome, 247

PTEN-induced putative kinase (PINK-1), 202

PU-H71, 211, 214

R

RAD001 (everolimus, 42-O-(2-hydroxyethyl)
rapamycin), 55

Radicicol (RD), 155, 161, 199, 210

Rapalogs, 55

Rapamycin (sirolimus), 35, 53, 57

analogs, 57

Renal immunoglobulin deposits, 247

Retaspimycin, 211

Ribonuclease A, oxidative folding, 5

Ridaforolimus (42-O-dimethylphosphinate

rapamycin), 55

RNase, 5

S

Sanglifehrins, 53, 56

Sansalvarnide A-amide (San A-amide), 215,

216

SCY-635, 56

Serum amyloid P component (SAP), 253

SGT1, 183, 203, 207

Shepherdin, 211

Signal transduction, 35

Small-angle X-ray scattering (SAXS), 189

Small heat-shock protein (sHSP), 69

molecular chaperones, 82

polydisperse, 78

Index 271



SNX-5422, 213

STA-9090 (Ganetesib), 211

Streptomyces hygroscopicus, 210
Sulfolobus tokodaii, 74
a-Synuclein, 217, 219

T

Tanespimycin, 212

Tau, 101, 136, 208, 217

Tauopathies, 136, 217, 218

Thermos thermophilus, DnaK, 109
Thioredoxin-like domains, 1, 16

Toxoplasma gondii, 221
Transforming growth factor-b (TGF-b), 248

TRAP-1, 155, 159, 201, 221

Triglyceride transfer protein, 14

Trypanosoma
T. brucei, 162, 174, 175, 206
T. cruzi, 221, 244, 248

Trypsin, 51

Tumor necrosis factor-a (TNF-a), 248
Tumors, Hsp70s, 101, 136

Hsp90, 211

a2M, 250

U

Ubiquitination, Hsp90, 199, 208
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