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Abstract

In the crowded cellular environment, folding of newly transcribed polypeptides and
maintenance of the correct folded state of proteins presents a significant problem. The cell
has thus developed a sophisticated chaperone system to regulate protein quality control. Two
of the major players are the 70 kDa and 90 kDa heat shock protein families. Hsp70 is
predominantly involved in the folding of newly transcribed polypeptides and partially
unfolded proteins whilst Hsp90 is involved at a later stage, regulating the functional
maturation of a sub-set of client proteins. The actions of Hsp70 and Hsp90 are regulated by a
multitude of co-chaperones; a major family common to both pathways is the
tetratricopeptide repeat (TPR) domain containing co-chaperones. The TPR domain is a 34
amino acid helix-loop-helix that occurs in tandem arrays and commonly participates in
protein-protein interactions. TPR co-chaperones provide a diverse array of functionality to
the Hsp70 and Hsp90 machinery including facilitating communication between the two
pathways, protein transport, mitochondrial/chloroplast protein import and providing a link to
the protein degradation system. This thesis describes the structural and biochemical studies
of members of the Hsp70/Hp90 chaperone machinery in the nematode worm Caenorhabditis

elegans.

The crystal structure of the C-terminal helical lid domain from C. elegans Hsp70

Hsp70 proteins are composed of two functionally distinct domains; the 40 kDa N-terminal
nucleotide binding domain (NBD) and the 30 kDa C-terminal substrate binding domain
(SBD). The SBD can be further divided into an 18 kDa B-sandwich sub-domain which forms
the hydrophobic binding pocket and a 10 kDa helical-bundle sub-domain which forms a lid
over the binding pocket. Structures of the helical sub-domain are limited to E. coli
homologues DnaK and HscA, and rat Hsc70. Despite evolutionary structural conservation in
the NBD and B-sandwich, the lid was shown to adopt alternate conformations in prokaryotes
and eukaryotes. This work presents the crystal structure of the C-terminal 10 kDa sub-
domain from C. elegans Hsp70. Despite a high degree of sequence identity, the C. elegans
domain is shown to adopt a conformation distinct from the rat crystal structure, consistent
with the more distantly related bacterial homologues. Comparison with the rat structure
reveals an intriguing putative domain-swap dimerisation mechanism though the isolated C.

elegans domain was found to exist exclusively as a monomer in solution.
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Biochemical characterisation of two putative Hsp70/Hsp90 interacting TPR co-

chaperones

A previous study identified two TPR domain containing C. elegans putative proteins
predicted to interact with Hsp90. These proteins were identified as the C. elegans
homologues for small glutamine-rich TPR containing protein (SGT) and Hsp70/Hsp90
organising protein (HOP). These proteins have been successfully cloned, expressed and
purified. Characterisation of purified SGT by mass spectrometry, cross-linking and gel
filtration experiments provides unambiguous evidence that SGT forms homo-dimers in
solution. Its hydrodynamic dimensions in relation to its molecular weight suggest a protein
with a low level of compactness and an extended conformation. Further, it has been
demonstrated that SGT interacts with the C-terminal peptides from both Hsp70 and Hsp90
with equal affinities. Crystals were obtained for full-length SGT and its isolated TPR domain
but were of insufficient quality for X-ray data analysis. Studies on C. elegans HOP
suggested it might exist as a dimer in solution. In addition, a tight binding interaction was

demonstrated with human and C. elegans Hsp90 homologues.

Identification of the complete repertoire of C. elegans TPR co-chaperones

A thorough search of the complete C. elegans proteome and genome was performed to
identify the complete repertoire of TPR domain containing proteins likely to interact with
Hsp70 or Hsp90. Hsp70/90 interacting TPR motifs have a well-defined domain architecture
and a highly conserved consensus carboxylate-clamp motif. Profile hidden Markov models
(HMMs) provide a means of representing the amino acid probability distribution of sequence
alignments and are powerful stochastic models of protein families. A profile HMM based
search of the published C. elegans protein and DNA databases identified 11 proteins; eight
of which are homologues of proteins known to interact with Hsp70 or Hsp90. The remaining

three are uncharacterised putative proteins and represent targets for further study.
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Structural and biochemical studies of the C. elegans Hsp70/Hsp90 chaperone system

1. Introduction - the Hsp70/Hsp90 chaperone machinery

The central dogma of biology describes the conversion of genetic information to functional
proteins; a process that begins in the nucleus with the transcription of coding genes to
mRNA, which are then exported from the nucleus and translated into polypeptides by the
ribosome. There is, however, a further step - the folding of newly formed polypeptides into
specific three-dimensional structures. A class of proteins known as molecular chaperones are
vital for this final step, aiding the process of folding newly transcribed polypeptides and
supervising the structural fidelity of existing proteins.

The native three-dimensional structure of proteins is encoded in their linear sequence and
governed by the noncovalent interactions of their amino acid side chains. This process is
spontaneous; however, in the busy milieu of the cell proteins sometimes require assistance to
achieve or maintain their correct structure. The cell is a crowded environment with high
concentrations of proteins, nucleic acids and other macromolecules. This results in a so
called excluded volume effect that can favour intermolecular over intramolecular
interactions, and protein aggregation competes with folding of newly formed polypeptides.
This problem is exacerbated by the fact that a protein domain cannot adopt its native
structure until it has exited the ribosome. In the meantime, the exposure of hydrophobic
regions normally located in the core of proteins can lead to unwanted aggregation. To
address this issue the cell has developed a complex system of molecular chaperones involved
in supervising the correct folding of newly synthesised polypeptides, maintenance of the
folded state of existing proteins and, in some cases, required for correct protein function. For

an excellent review of the chaperone pathways see Young et al., 2004.

Two of the major chaperone pathways involve the heat shock proteins Hsp70 and Hsp90
(Figure 1-1). These were first observed as proteins upregulated in response to elevated
temperatures and subsequently identified as protein chaperones (Welch and Feramisco,
1982). The Hsp70 chaperone pathway is the most common folding pathway with Hsp70
homologues ubiquitously expressed and present in virtually all living organisms (Wegele et
al., 2004). 1t is involved in numerous protein folding processes including folding of nascent
polypeptides, refolding of misfolded and aggregated proteins, and transmembrane protein
transport. The Hsp90 chaperone machinery is somewhat different. It is mainly involved in
the maintenance of the functional viability of a sub-set of client proteins which require
Hsp90 to adopt their functionally active conformations. There is communication between the

two pathways with some proteins processed first by the Hsp70 machinery prior to passing to
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Structural and biochemical studies of the C. elegans Hsp70/Hsp90 chaperone system
the Hsp90 machinery. Importantly, both chaperones are involved in protein turnover

providing a direct link to the protein degradation machinery.

Hsp70 pathway Hsp90 pathway

Figure 1-1 Overview of the Hsp70 and Hsp90 chaperone pathways. Hsp70 is involved in the
folding of nascent and unfolded polypeptides whilst Hsp90 works together with Hsp70 in the
functional maturation of a subset of client proteins. In addition, both chaperones are involved in
protein quality control and are capable of targeting proteins for degradation. Figure adapted from
Wegele et al., 2004.

1.1. The Hsp70 chaperone machinery

The 70 kDa heat-shock proteins (Hsp70s) comprise a family of conserved chaperones that
regulate a wide variety of cellular processes during normal and stress conditions (Boorstein
et al., 1994). Hsp70 is one of the most abundant of these proteins, accounting for as much as
1-2% of total cellular protein (Herendeen et al., 1979). Humans possess at least 11 distinct
genes that code for Hsp70 isoforms with homologues found in the cytoplasm (Hsp70 and
Hsc70), endoplasmic reticulum (BiP/Grp78) and mitochondria (mtHsp70/Grp75) (Tavaria et
al., 1996). Hsc70 is the major constitutively expressed isoform whilst Hsp70 is an inducible
form upregulated in response to stress in addition to a variety of physiological processes
such as cell cycle control, proliferation and differentiation. In E. coli, there are at least three

cytosolic isoforms with the most common being DnaK whilst yeast has 14 isoforms, 9 of
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Structural and biochemical studies of the C. ¢legans Hsp70/Hsp90 chaperone system
which are found in the cytosol (Table 1-1) (Wegele et al., 2004). The evolution of multiple
isoforms with varying sub-cellular localisation along with a large diverse collection of co-
chaperones has facilitated the broad spectrum of activities with which Hsp70 is implicated.

For clarity, Hsp70 will be used to refer to the Hsp70 family as a whole unless otherwise

specified.
Archaea Eubacteria Yeast Plants Mammals

Cytosol DnaK' DnaK Ssal Hsp70 Hsp70

E Hsc66 Ssa2 Hsc70 Hsc70

- Hsc62 Ssa3 ' - -

- - Ssa4 - -

- - Ssbl - -

- - Ssb2 - -

- - Sszl - -
ER - - Grp78/Bip Grp78/Bip Grp78/Bip
Mitochondria - - Sscl mtHsp70 mtHsp70

- - Ssc2 - -
Chloroplasts - - - Com70 -

- - - IAP70 -

- - - sHsp70/CSS1 -

- - - sHsp70/S78 -

'not all archaea have Hsp70 homologues
Table 1-1 Species and organelle Hsp70 isoforms.

Hsp70 is involved in many processes including traditional chaperone roles of folding nascent
polypeptides, the prevention of aggregation of unfolded proteins and the solubilisation and
refolding of aggregated proteins. In addition, Hsp70 plays important roles in protein
translocation across membranes and the disassembly of protein complexes including the
clathrin cage, viral capsids and the nucleoprotein complex (Sousa and Lafer, 2006). These
diverse functions are achieved via the repetitive transient association of Hsp70 with exposed

hydrophobic patches in client proteins in an ATP-dependent manner.

It is estimated that 5-18% of bacterial proteins require Hsp70 for correct folding (Bukau et
al., 2000) with this figure likely higher in eukaryotes due to the larger average protein size.
Hsp70 is thought to assist protein folding in a passive manner, binding exposed hydrophobic
patches on unfolded proteins thereby preventing them from aggregation and providing an

amenable environment for correct folding. An additional theory is that Hsp70 uses energy

Chapter 1 - Introduction - the Hsp70/Hsp90 chaperone machinery 3



Structural and biochemical studies of the C. elegans Hsp70/Hsp90 chaperone system
derived from its intrinsic ATPase activity to provide a "power stroke" which can overcome

kinetic barriers for folding (Slepenkov and Witt, 2002).

Figure 1-2 N-terminal Hsp70 nucleotide binding domain. The NBD is composed of two lobes (I
and 1) which are further divided into sub-domains A and B. ATP binds in a cleft between these lobes
and makes contacts with residues from all four subdomains. This figure and all subsequent molecular
graphics figures produced with PyMol (http://www.pymol.org).

1.1.1. The Hsp70 structure

Hsp70 is composed of two intimately related but functionally distinct domains; the 40 kDa
N-terminal nucleotide binding domain (NBD), which both binds and hydrolyses ATP and the
30 kDa C-terminal substrate binding domain (SBD) (Chappell et al., 1987). The SBD can be
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further divided into an 18 kDa B-sandwich subdomain which forms the hydrophobic binding
pocket and a 10 kDa helical-bundle subdomain which forms a lid over the binding pocket
(Zhu et al., 1996). Substrate binding and release is an allosteric process with ATP binding
and hydrolysis in the NBD regulating client binding and release in the SBD (Flynn et al.,
1989; Takeda and McKay, 1996).

The structure of the Hsp70 ATPase domain was first solved in 1990 revealing an actin-like
fold (Flaherty et al., 1990). It comprises two subdomains (I and II) (Figure 1-2) which are in
turn divided into two small subdomains (A and B). The nucleotide binding site is located in a
cleft between the two lobes and nucleotide binding occurs in conjunction with one

magnesium and two potassium ions.

The C-terminal SBD can be divided into an 18 kDa B-sandwich subdomain and a 10 kDa
helical subdomain. Hendrickson and colleagues solved the first structure of the SBD from
the E. coli Hsp70 homologue DnaK in complex with the heptapeptide NRLLLTG (Zhu et al.,
1996). This revealed an 8-stranded anti-parallel B-sandwich, which contained the
hydrophobic binding groove, and a helical-bundle which appeared to form a lid over the
bound peptide (Figure 1-3).

The peptide binding groove is formed by pairs of inner and outer loops connecting the f-
sheets. Conserved aliphatic and aromatic residues form a hydrophobic cavity that
accommodates the central leucine of the bound peptide (Figure 1-3). The preferred substrate
binding motif is characterised by a core of four or five consecutive amino acids enriched in
hydrophobic residues, especially leucine, and flanking regions enriched in basic residues and

such sequence bind with affinities in the range 5 nM to 5 uM (Bukau and Horwich, 1998).

The helical subdomain, composed of five a-helices (aA-aE), sits over the binding groove.
Only helices oA and oB are in direct contact with the B-sandwich, with the long helix oB
extending over the binding groove and forming contacts with the loop regions connecting the
B-sheets (Figure 1-3). Of particular importance are conserved salt bridges between the C-
terminal region of helix aB and the outer loops of the B-sandwich, termed the latch, with
disruption shown to affect peptide binding (Figure 1-3) (Fernandez-Saiz et al., 2006).
Helices aC-aE, together with the C-terminal half of helix aB, form an anti-parallel three-
helix bundle. It has been proposed that the helical subdomain acts as a lid, regulating access
to the substrate binding pocket (Zhu et al., 1996). The SBD terminates in a 20-30 residue
flexible loop. The precise function of this is still unclear but it does interact with several co-

chaperones and eukaryotic cytosolic isoforms terminate in a conserved GPTIEEVD motif
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important in binding to Hsp40 (section 1.1.3.1) and TPR domain containing co-chaperones

(section 1.4)

Helical lid -

B-sandwich -

Figure 1-3 Hsp70 substrate binding domain. The SBD is composed of a B-sandwich subdomain and
a helical lid subdomain. The loops connecting the B-sheets form a hydrophobic peptide binding
groove which is covered by helix aB of the helical subdomain. The central leucine of the bound
peptide is accommodated in a pocket lined with conserved hydrophobic residues and encapsulated by
a pair of little and large conserved hydrophobic amino acids termed the arch. The peptide bound
conformation is stabilised by "latch" interactions between the outer-loops and the C-terminal end of

helix aB.
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Figure 1-4 Two domain structure of bovine Hsc70. Bovine Hsc70 (residues 1-554) (Jiang et al.,
2005) was solved in the absence of most of the C-terminal helical subdomain. The two domains are
connected by an exposed flexible linker previously implicated in the allosteric control of substrate
binding. The interdomain interface is formed by helix aA of the SBD and the cleft between lobes 1A
and IIA of the NBD. The C-terminal region of helix aB was found to have unwound and bound in the

peptide binding groove.
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The structure of the complete SBD from E. coli HscA, a specialised Hsp70 chaperone, has
also been solved (Cupp-Vickery et al., 2004). Despite low sequence conservation with E.
coli DnaK (<20 % sequence identity), HscA was shown to adopt an identical structure with
the same mechanisms of peptide binding. Further B-sandwich subdomain structures have
since been published from E. coli (Stevens et al., 2003) and rat (Morshauser et al., 1999);
however, none together with the helical subdomain. These structures demonstrate
evolutionary conservation from prokaryotes to eukaryotes with a near identical overall
topology of the B-sandwich and good conservation of the residues important in substrate
binding. In contrast, the only published eukaryotic structure of the helical subdomain is from
rat Hsc70 (Chou et al., 2003). Despite structural conservation of the NBD and B-sandwich
subdomain between E. coli and eukaryotic homologues, the helical subdomain of rat Hsc70

formed a helix-loop-helix that dimerised via a coiled-coil like interaction.

The structure of a full-length Hsp70 protein remains elusive with the most complete structure
published to date being bovine Hsc70 (residues 1 - 554) (Jiang et al., 2005). As with many of
the SBD structures, successful crystallisation was achieved by the removal of most of the
helical subdomain, although the remaining protein has been shown to be functionally active.
The structure provided the first direct insight into the relative spatial orientation of the NBD
and SBD, showing a bi-lobal conformation with helix aA of the helical subdomain resting in
a groove between lobes IA and ITA of the NBD (Figure 1-4). The structure also supported
the hypothesis of an exposed linker connecting the two domains with important roles in the

allosteric regulation of substrate binding (see below).

1.1.2. The allosteric regulation of substrate binding and release

Hsp70 achieves its multitude of functions via the repetitive transient association with
exposed hydrophobic patches on client proteins. This process is allosteric, with ATP binding
and hydrolysis in the NBD controlling substrate binding and release in the SBD. Structural
and biochemical evidence has demonstrated that Hsp70 proteins exist in equilibrium between
two conformations; a low-affinity "open" conformation characterised by rapid substrate
binding and release and a high-affinity "closed" conformation with slow substrate
association and dissociation (Mayer et al., 2000). There is a high energy barrier separating
these two states; spontaneous transition occurs on the time scale of tens of minutes (Vogel et

al.,, 2006a) and the functional interconversion is controlled by cycles of ATP binding,
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substrate-binding, ATP hydrolysis and substrate release. This cycle, described in detail
below, is graphically illustrated in figures 1-5 and 1-6.

Open state
« rapid on/off
* low affinity

GrpE/Bag-1
Closed state

* slow on/off
« high affinity

ATP

Nucleotide
exchange

ADP

Figure 1-5 Hsp70 chaperone cycle. Hsp70 exists in equilibrium between two conformations; an open
low-affinity state with rapid substrate binding and release and a high-affinity closed conformation
with slow association and dissociation. ATP binding stabilises the open conformation. Substrate
binding, in synergy with J domain co-chaperones, triggers ATP hydrolysis and a conformational
change to the high-affinity closed state trapping the peptide. Exchange of ADP for ATP, facilitated by
nucleotide exchange factors leads to opening of the binding pocket and substrate release. Open and
closed structures are models and purely for illustrative purpose.

The cycle begins with ATP binding to the NBD inducing the adoption of the low-affinity
open conformation. To do this, a signal must be transduced from the NBD to the substrate
binding groove, some 50 A in distance; the exact mechanisms of which are only gradually
becoming clearer. This is thought to begin with the sensing of ATP binding by two residues
(Lys”" and Glu'"; numbering refers to bovine Hsc70) at the bottom of the ATP binding
pocket which interact with the y-phosphate (Figure 1-6) (Vogel et al., 2006a). These
residues, on lobes IB and IA respectively, effect a change in spatially adjacent Pro'**, located

on a conserved strand of lobe IA (Vogel et al., 2006a). This residue has been proposed to be
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the switch for the conformational change, possibly via a cis-trans isomerisation, with a high
activation energy for transition between conformations. This switch is relayed, via Arg'®, to
two positively charged residues on the surface of lobe 1A (Lys'® and Arg'”") in the region of
the inter-domain interface seen in the crystal structure (Vogel et al., 2006b). Although the
exact mechanism is unclear, this in turn triggers a conformational change in the exposed
inter-domain hydrophobic linker which is proposed to invade the inter-domain interface at
the bottom of helix aA of the SBD (Figure 1-6) (Jiang et al., 2005; Vogel et al., 2006b).

ATP binding

Lid
open/ *._
closed ’D

[

1y ,

1 ,Flexible

A\ [

390-DLLLLD-396

Figure 1-6 Allosteric changes involved in substrate binding and release. ATP binding is sensed
by two residues at the base of the ATP binding cleft; K71 and E176. This is transduced to a surface
cluster of positively charged residues (R156, K160 and R171 (not shown)) via P148. This triggers a
change in the position of the flexible loop around D396 with the conserved hydrophobic motif (LLLL)
inserting in a hydrophobic pocket at the base of helix aA. This causes changes in the SBD resulting in
opening of the arch residues and opening of the lid subdomain. Substrate binding, along with J
domain co-chaperones stimulates the reverse pathway.
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The secondary phase is the allosteric changes in the SBD that contribute to the opening of
the substrate binding pocket, proposed to involve two main parts: opening of the helical lid
and opening of the B-sandwich (Figure 1-6). The crystal structure of the SBD of E. coli
DnaK showed that a conformational change in the lid would be necessary for substrate
binding or release to occur (Zhu et al., 1996). A second crystal form from the same study
revealed a conformation whereby the helical lid was bent upwards by 11° half-way along
helix aB, breaking the bonds of the latch residues, and this was proposed to be the means of
the allosteric regulation. Evidence from additional structures has further suggested that the
hinge could be located at the bend between helices aA and aB or could be affected by a
complete rotation of the helical subdomain (Morshauser et al., 1999; Wang et al., 1998). The
second, and perhaps more important, effector region is around the substrate binding groove
itself. Experiments with lidless mutants show they are functionally active under
physiological conditions (Ungewickell et al., 1997; Wilbanks et al., 1995) implying regions
outwith the lid in the allosteric control. Changes in the residues lining the binding pocket
have been implicated with the most important being the conserved complementary little and
large hydrophobic residues that form the arch over the bound peptide (Ala**® and Tyr*! in
bovine Hsc70) (Figure 1-6) (Mayer et al., 2000).

The net result of ATP binding is the opening of the SBD. This conformation has low
substrate affinity and rapid association and dissociation kinetics. Substrate binding triggers
the cascade of events that result in ATP hydrolysis and the transition to the high-affinity
closed conformation. This is thought to involve the reverse pathway outlined above with the
conformational change of the hydrophobic linker vital in positioning the ATPase active site
into a catalytically favourable conformation (Vogel et al., 2006b). Substrate binding alone,
however, is not sufficient to stimulate the ATPase rate enough for Hsp70 function and the
action of a family of J domain containing co-chaperones is required (see section 1.1.3.1.).
These bind the NBD and work in synergy with substrate binding to stimulate ATP hydrolysis
by several orders of magnitude (Laufen et al., 1999). ATP hydrolysis stabilises the closed
high-affinity conformation enclosing the client in the substrate binding groove. The cycle is
completed by the exchange of ADP for ATP. ADP has relatively slow dissociation constant
from the NBD and can represent the rate limiting step in substrate release. The regulation of
nucleotide exchange comes in the form of nucleotide exchange factors (NEFs) GrpE, Bag-1
and HspBPl. These bind the mouth of the nucleotide binding cleft, inducing ADP
dissociation by opening the NBD (Mayer and Bukau, 2005). The high physiological

concentration of ATP leads to rapid association and the cycle continues.
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1.1.3. Hsp70 co-chaperones
Hsp70 alone is poorly active and non-specific. As mentioned above, its basal rate of ATP
hydrolysis is low and sequences suitable for Hsp70 binding occur approximately every 40
residues in proteins. In addition to the numerous isoforms with different expression patterns
and sub-cellular locations, specificity is achieved by the interactions with numerous different
co-chaperones which recruit Hsp70 proteins to carry out a variety of specific tasks. Many of
these have a modular architecture in which a chaperone-interacting domain is fused to other
domains of different function. These serve to regulate the activity of Hsp70, target Hsp70 to
specific locations or bring Hsp70 together with specific binding partners. Co-chaperones
include the J domain chaperones and NEFs mentioned above and also a diverse family of

tetratricopeptide repeat (TPR) containing proteins.

Auxilin
Clathrin AP Hsc70+ATP
Coated Region []DD/
of Membane 4 \ Membrane :
Formation Formatln
Coated Vesicle Fast
P
O
Hsc70+ADP
ATP  ADP
- €
Dissociation
ATP ADP + P, Presteady State
Steady State Complex Metastable
Complex Complex

Figure 1-7 The role of Hsc70 in uncoating of clathrin-coated vesicles. Auxilin recruits Hsc70 to
endocytosed clathrin-coated vesicles. ATP hydrolysis leads to formation of a metastable complex and
ultimately dissociation. Free clathrin is recycled. Figure taken from Jiang et al., 2000.
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1.1.3.1. The J domain family of Hsp70 co-chaperones

The J domain, or Hsp40/Dnal, family of co-chaperones are modular adaptor proteins tailored
to a specific function through the presence of target-specific domains in addition to a J
domain capable of interacting with Hsp70. The J domain regulates the chaperone cycle by
binding to Hsp70 in the closed conformation and potentiating the rate of ATP turnover
(Hennessy et al., 2005). Hsp40-like co-chaperones are a diverse family of proteins with the
number of isoforms from species to species exceeding the number of Hsp70 isoforms; 6 in E.
coli, 20 in 8. cerevisiae, 33 in C. elegans and 44 in human (Mayer and Bukau, 2005). Hsp40-
like proteins are defined by the presence of the J domain, a 70-amino-acid domain with
similarity to the initial 73 amino acids of the archetypal Hsp40, E. coli DnalJ (Pellecchia et
al., 1996). The domain forms a four helix structure with a loop region containing a highly
conserved histidine, proline, and aspartic acid (HPD) motif. This motif is present in virtually
every J domain and is integral in the interaction with Hsp70 (Tsai and Douglas, 1996).

Hsp40/Dnal is the archetypal family member. It has broad specificity and is thought to
participate in the general protein folding pathway together with Hsp70. Hsp40/Dnal is
capable of binding unfolded proteins directly and is thought to bind to unfolded or nascent

polypeptides and present them to Hsp70 (Hennessy et al., 2005).

Further Hsp40-like ;;roteins have more specialised roles. One well studied example is
auxilin, a J domain protein linking Hsp70 to the endocytic pathway (Lemmon, 2001).
Receptor mediated endocytosis is an important cellular function for the rapid import of
membrane bound receptors into cells. This is facilitated by the protein clathrin, which forms
large cage-like vesicles encapsulating the imported proteins. On import, Hsp70 is recruited
to the clathrin-coated vesicles by the J domain containing clatherin assembly protein auxilin
(Pishvaee et al., 2000) and stimulates disassembly in an ATP dependent reaction (Figure 1-
7). Of interest, the yeast auxilin homologue Swa2p contains both a J domain and a TPR
domain (see section 1.4.), both of which are necessary for the interaction with Hsp70 (Xiao
et al., 2006).

Although no structural evidence is available for a J domain-Hsp70 complex, an
experimentally based model has been proposed with the auxilin J domain docked into the
cleft between lobes IA and ITA (Figure 1-8) (Gruschus et al., 2004). This region is vital in
the interdomain allosteric communication (section 1.1.2) and is also the site for the

interdomain interface in the bovine Hsc70 two domain structure (section 1.1.1; Figure 1.4).
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Figure 1-8 Experimentally based model of auxilin J domain-Hsp70 NDB complex. Auxilin
(green) is predicted to bind in the cleft between lobes IA and IIA of the NBD (orange) in a position
marginally overlapping with helix aA of the lid subdomain. The conserved J domain HPD motif is
shown in spheres as is the bound ATP.

1.1.3.2. Nucleotide exchange factors

Substrate release requires the dissociation of ADP and the association of ATP. Spontaneous
ADP dissociation is slow and can represent the rate limiting step in substrate release. Several
unrelated proteins have evolved to facilitate the process of nucleotide exchange, namely
GrpE, Bag-1 and HspBP1. These three structurally unrelated proteins function in a similar
manner, binding to the mouth of the nucleotide binding cleft inducing a conformation

incompatible with nucleotide binding (Figure 1-9).

1.1.3.3. The TPR family

A family of co-chaperones interact with Hsp70 via a TPR domain, a helical motif commonly
implicated in protein-protein interactions. These provide a wide range of additional
functionality encompassing communication with the Hsp90 machinery, protein degradation,

protein transport, regulation of signal transduction pathways and neurotransmission amongst
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many other roles. The TPR domain and the family of TPR domain containing co-chaperone

is discussed in detail below (section 1.3).

Figure 1-9 Crystal structures of the Hsp70 NBD complexed with nucleotide exchange factors. (a)
Bag-1 (Sondermann et al., 2001), (b) GrpE (Harrison et al., 1997) and (c) HspBP1 (Shomura et
al., 2005). All NEFs bind in a similar manner at the mouth of the ATP binding cleft, opening the

nucleotide binding pocket and triggering ADP release.
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1.2. The Hsp90 chaperone machinery

Like Hsp70, the 90 kDa heat shock protein Hsp90 is one of the most abundant proteins
constituting 1-2 % of total soluble protein (Lai et al., 1984). Homologues are found in all
branches of life except archaea with an essential function in eukaryotes (Wegele et al.,
2004). As with the Hsp70 family, different members are localised in different cellular
compartments with inducible Hsp90a and constitutive Hsp90B (85% sequence identity)
found in the cytosol (Hickey et al., 1989), the 94 kDa glucose regulated protein (Grp94)
located in the endoplasmic reticulum (Little et al., 1994) and TNF receptor-associated
protein 1 (Trap1/Hsp75) found in the mitochondrion (Song et al., 1995). The family is well

conserved throughout evolution with yeast and E. coli homologues sharing 60% and 40%

sequence identity respectively with human Hsp90 (Table 1-2; Figure 1-10).

Trap1

Grp94

Figure 1-10 Domain architecture of Hsp90 homologues from human, yeast, E. coli, the
mitochondrion and the endoplasmic reticulum. CR - charged region, Mito - mitochondrial signal
peptide, ER - endoplasmic reticulum signal peptide.

Unlike the Hsp70 chaperone machinery, Hsp90s do not participate in the folding of newly
translated polypeptides (Nathan et al., 1997) and are instead involved in the functional
maturation of a sub-set of client proteins at a late stage of their folding process (Jakob et al.,
1995). These proteins are commonly involved in signal transduction and include kinases e.g.
Cdk2, Chk! and ErbB2; transcription factors e.g. all steroid receptors and p53; enzymes e.g.
DNA polymerase o, telomerase and nitric oxide synthase; and cytoskeletal proteins e.g.
actin, tubulin and myosin (Figure 1-11). An updated list of ~120 proteins with direct
biochemical evidence of interacting with Hsp90 is maintained by Cyril Picard (Appendix
A.1). In addition, a recent survey of yeast proteomic and genomic data predicted 198

physical interactions (Zhao et al., 2005).
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Archea Eubacteria Yeast Plants Mammals
Cytosol - HtpG Hsc83p Hsp90 Hsp90a
Hsp8&3 - Hsp90b
ER - - - Grp9%4 Grp94/GP96
Mitochondria - - - - Trap1/Hsp75
Chloroplasts - - - cpHsp82 -

Table 1-2 Species and organelle Hsp90 isoforms.

Hsp90a TRAP
(extracellular) (mitochondrial)

Grp94 (ER)  HtpG (E. coll)

Cochaperones Clients
Figure 1-11 Overview of Hsp90 chaperone system. Hsp90 homologues, in conjunction with
numerous co-chaperones, act on a wide range of client proteins and affect multiple cellular processes.
Figure taken from Jackson et al., 2004.

1.2.1. The Hsp90 structure

Hsp90 exists predominantly as an elongated dimer. Each monomer is composed of three
domains; an N-terminal ATPase domain, a middle domain and a C-terminal domain that is
responsible for dimerisation (Figure 1-10). A highly charged, proteolytically-sensitive, linker
region connects the N-terminal and middle domains; the length and composition of which

varies both between species and isoforms (Wegele et al., 2004).

The 25 kDa N-terminal domain is well conserved across species and both binds and
hydrolyses ATP. Crystal structures of this domain from human (Stebbins et al., 1997) and
yeast (Prodromou et al., 1997) homologues revealed a two-layer o/ff sandwich structure that
forms an unusual ATP binding pocket known as the Bergerat fold (Figure 1-12) (Bergerat et
al., 1997), an atypical ATP binding domain unlike others from kinases or Hsp70. The ATP
binding site is also the target for N-terminal binding small-molecule Hsp90 inhibitors such as
geldanamycin and radicicol. Despite poor sequence conservation, the structure was found to
be similar to several DNA manipulating proteins, namely type II and type IV DNA
topoisomerases, the MutL. mismatch repair protein and bacterial DNA gyrase B, leading to
the superfamily classification of the GHKL ATPases (Dutta and Inouye, 2000).
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Figure 1-12 Structures of the N-terminal, middle-domain and C-terminal domain from Hsp90.
The N-terminal domain forms an atypical ATP binding site called the Bergerat fold common in the
GHKL family. The middle-domain is composed of three smaller subdomains, two terminal afa
subdomains and a linking small three helix domain. The N-terminal afa subdomain contains a
conserved catalytic arginine and a cluster of hydrophobic residues involved in substrate binding. The
C-terminal domain is responsible for the dimerisation via a four-helix bundle. It also contains an
amphiphilic helix which is predicted to be involved in client binding.
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The crystal structure of the middle domain revealed three distinct parts - two terminal afa
domains connected by a three helix linker (Figure 1-12) (Meyer et al., 2003). The first
subdomain consists of a five-stranded B-sheet sandwiched by an N-terminal small helix and a
C-terminal three-turn helix. This leads into a short three helix linker followed by the final
structural unit that consists of an unusual apa fold different to previously described domains
of similar architecture (Wegele et al., 2004). Extending the evolutionary relationship of the
GHKL superfamily, the larger N-terminal afa unit is structurally homologous to domains
from DNA gyrase and MutlL. Comparison with these homologues, which contribute a
catalytic lysine that interacts with the y-phosphate of the N-terminally bound nucleotide,
highlighted a conserved arginine essential for ATPase activity (Meyer et al., 2003).
Furthermore, a conserved hydrophobic patch and an amphiphilic protrusion have been

implicated as a major site in the binding of client proteins.

The C-terminal domain is a small ~12 kDa domain responsible for the dimerisation of Hsp90
(Minami et al., 1994) and also the interaction with the family of TPR domain containing co-
chaperones (Owens-Grillo et al., 1996). Despite lower sequence conservation compared to
the N-terminal and middle-domains, structures from E. coli HtpG (Harris et al., 2004) and
yeast Hsp90 (Ali et al., 2006) reveal a homologous mixed o/p domain with a core four-helix
bundle, two pairs from each monomer, constituting the dimerisation interface (Figure 1-12).
In both structures, a small amphiphilic helix caps the dimerisation interface and is proposed
to participate in client binding (Harris et al., 2004). The extreme C-terminal >35 residues
constitute a flexible loop, absent in HtpG, terminating in the highly conserved MEEVD-
COOH motif implicated in the binding of the TPR co-chaperones (see below).

The intrinsic conformational flexibility of Hsp90 has hampered efforts to obtain a full-length
atomic resolution structure with structures available only for the individual domains. In
2006, however, two groups presented full-length medium resolution Hsp90 structures; Pearl
and colleagues first describing the structure of yeast Hsp90 in complex with co-chaperone
p23/Sbal (Ali et al., 2006) followed by the publication of the full-length E. coli homologue
HtpG by Agard and co-workers (Shiau et al., 2006) (Figure 1-13). These structures not only
provide direct evidence regarding the domain organisation, confirming predictions of parallel
elongated dimers with proximal N-terminal domains, but also give valuable insight into the

massive conformational changes involved in the chaperone cycle.
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Figure 1-13 Structures of full-length Hsp90 from yeast and E. coli in ATP bound closed
conformations and nucleotide free open conformations. In both structures, dramatic
conformational changes are witnessed between the two states with the exposure of a series of
hydrophobic surfaces implicated in client binding in the open state.

1.2.2. Structural aspects of the ATPase and chaperone cycle

The ATPase activity of the N-terminal domain is vital for Hsp90 function (Obermann et al.,
1998; Panaretou et al., 1998). Hsp90 has a weak affinity for ATP with dissociation constants
in the high micromolar range. It also possesses a very weak intrinsic ATPase activity with
yeast Hsp90 hydrolysing one ATP approximately every three minutes and the human
homologue about 10 times slower (Wegele et al., 2004). The kinetics are, in part, due to slow
conformational changes that occur upon nucleotide binding. In the nucleotide free state,
Hsp90 exists in an open, flexible conformation (Figure 1-14). ATP binding, along with client
binding, triggers a major rearrangement leading to a more compact structure and also

dimerisation of the N-terminal domains in a so called "molecular clamp" mechanism (Figure
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1-14) (Prodromou et al., 2000; Prodromou et al., 1997). A domain-swap involving a single
strand between the dimerised N-terminal domains is necessary to form a catalytically active
conformation (Prodromou et al., 1997). The closed conformation of Hsp90 is reliant on the
presence of a y-phosphate and hydrolysis destabilises the N-terminal dimerisation interface

leading to the relaxation to the open state and client release.

o

+ ADP

Figure 1-14 Hsp90 chaperone cycle. In the nucleotide free state Hsp90 exists in a highly flexible
open conformation primed for client binding. ATP binding induces a conformational change resulting
in dimerisation of the N-terminal domains. This step is slow and accounts for the low rate of ATP
hydrolysis. N-terminal dimerisation is also inhibited by co-chaperones Hop and Cdc37 and facilitated
by Ahal. ATP hydrolysis results in client activation and, due to destabilisation of the N-terminal
dimerisation interface, client release. Client protein is shown purely for illustrative purposes.

The client binding site on Hsp90 remains poorly defined. Chaperones, as discussed with
Hsp70, bind proteins via hydrophobic binding interfaces. Both complete open-state Hsp90
structures show exposed hydrophobic patches projecting into the cavity between the two
monomers. These hydrophobic segments, from the middle and C-terminal domains, have
been proposed to be client binding sites (Figure 1-13) (Harris et al., 2004; Meyer et al., 2003;
Shiau et al., 2006). In both yeast and E. coli, ATP binding induces larges rearrangements in

Chapter 1 - Introduction - the Hsp70/Hsp90 chaperone machinery 21



Structural and biochemical studies of the C. elegans Hsp70/Hsp90 chaperone system
these subdomains, changes that may be passed onto a bound client protein (Ali et al., 2006;

Shiau et al., 2006).

The first insight into the structure of a client loaded Hsp90 complex comes from the electron
microscopy single-particle reconstruction of Hsp90 complexed with kinase Cdk4 and co-
chaperone Cdc37 (Vaughan et al, 2006). Although low resolution, this shows an
asymmetric complex with Cdk4 bound to the N-terminal and middle-domain of one
monomer, in the region of the middle-domain hydrophobic loop, and Cde37 bound to the N-
terminal domain of the other monomer, blocking the ATP induced dimerisation (Figure 1-
15). The complex is proposed to represent an early complex in the chaperone cycle, prior to

dissociation of Cdc37 and dimerisation of the N-terminal domains.

Figure 1-15 EM model of a Hsp90-Cdc37-Cdk4 complex. Cdc37 (green) and Cdk4 (red) bind
asymmetrically with Cdc37 binding the N-terminal domain of one Hsp90 monomer (orange) and
Cdk4 binding around the middle-domain of the other (blue). This is thought to represent an
intermediate client complex, prior to Cdc37 dissociation and ATP hydrolysis. Figure taken from
Vaughan et al., 2006. NB. Hsp90 inverted 180°, with C-terminal at top, compared to other figures.

1.2.3. Hsp90 co-chaperones

In eukaryotes, the function of Hsp90 is tightly regulated and fine-tuned by a multitude of co-
chaperones. These can be loosely divided into those that contain TPR domains and those that
do not. Similar to Hsp70, the largest family of these is the TPR domain containing co-

chaperones, which are discussed below (section 1.4). Co-chaperones not containing TPR
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domains include p23, Cdc37 and Ahal, which all regulate the Hsp90 chaperone cycle by
controlling its rate of ATP turnover (Figure 1-14).

- Binds dimerised
N-terminal
- Slows ATPase

- Binds open
Cdc37 N-terminal
- Inhibits ATPase

- Binds middle-domain
- Stimulates ATPase

Ahal

Figure 1-16 The interaction of Hsp90 and co-chaperones p23, Cdc37 and Ahal. (a) p23 binds to
the N-terminal domain in the ATP bound dimerised state slowing the rate of ATP turnover (Ali et al.,
2006). (b) Cde37 binds to the monomeric ATP bound N-terminal inhibiting dimerisation and
consequently ATP hydrolysis (Roe et al., 2004). (c) Ahal binds to the middle-domain and stimulates
ATP hydrolysis (Meyer et al., 2004). It is thought to achieve this by positioning the conserved
catalytic loop in a catalytically favourable conformation.
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p23 is a small protein with chaperone activity (Freeman et al., 1996). It is found in a wide
range of Hsp90-client complexes and is proposed to be involved at a late stage in the
chaperone cycle, enhancing the release of active client proteins (Young and Hartl, 2000).
The crystal structure of the Hsp90-p23 complex shows it binds to the N-terminal of Hsp90,
in the ATP induced dimerised conformation (Figure 1-16a), slowing the rate of ATP
turnover (Ali et al., 2006).

Cdc37 is required by many kinases for Hsp90 mediated functional maturation (Pearl, 2005).
It acts as an adaptor protein, binding kinases via its N-terminal domain and Hsp90 via its C-
terminal domain. Cdc37 binds to the N-terminal domain of Hsp90 and the crystal structure of
the core Cde37-Hsp90 interacting complex shows the interaction to be located around the lid
to the ATP binding site (Figure 1-16b) (Roe et al., 2004). This arrests the Hsp90 ATPase
cycle by blocking the ATP triggered N-terminal dimerisation (Roe et al., 2004; Siligardi et
al., 2002).

Ahal is involved in client activation and was shown to stimulate the Hsp90 ATPase rate to

out 12 times the b

ut imes the 4). Biochemiical experiments showed IN-
terminal domain of Ahal interacted with the middle-domain of Hsp90 (Meyer et al., 2003).
This was confirmed in a crystal structure of the complex (Figure 1-16c), demonstrating that
the N-terminal domain of Ahal increases the ATPase rate by facilitating a change of the

middle-domain catalytic loop into a more active conformation (Meyer et al., 2004).

1.3. The Hsp70/Hsp90 multichaperone machinery

Far from occurring in isolation, there is also a great deal of communication between the
Hsp70 and Hsp90 pathways. A sub-set of Hsp90 clients are first processed by the Hsp70
chaperone pathway prior to passing to the Hsp90 pathway for final maturation. The most

extensively studied example of this is in the activation of steroid hormone receptors (SHRs).

SHRs are cytosolic ligand activated transcription factors that translocate to the nucleus upon
ligand binding, augmenting or suppressing the expression of certain genes. They require both
Hsp70 and Hsp90 in addition to several further co-chaperones in order adopt a functionally
active conformation. The identification of participating proteins and knowledge of the
precise order of events have progressed significantly over the last 20 years and are now well
understood. The first step involves the recognition of newly synthesised SHR by Hsp40
(section 1.1.3.1), which delivers it to Hsp70 (Figure 1-17). This then interacts with an

Hsp90-Hop complex, forming a multi-protein intermediate complex consisting of Hsp70,
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SHR, Hsp40, Hsp90 and Hop. Hop is an adaptor protein with two TPR-clamp domains (see
section 1.4.2.1.) capable of simultaneously binding Hsp70 and Hsp90. Hsp70 and Hop then
dissociate and are replaced by p23 (section 1.2.3) and a TPR-clamp domain containing
immunophilin such as FKBP52 or Cyp40 (see section 1.4.2.2) to form the final complex.
ATP hydrolysis by Hsp90 then triggers the release of the active SHR from the final complex.

For a review see Pratt and Toft, 2003.

Although less well understood, Hsp70 and Hsp90 also cooperate in the activation of protein
kinases. As discussed in section 1.2.3, Cdc37 is an adaptor protein linking kinase clients to

Hsp90. Hsp70, Hop and p23 have been detected in Cdc37 complexes, although little is

known about the sequence of chaperone interactions (Pearl and Prodromou, 2006).

Figure 1-17 The Hsp70 and Hsp90 chaperone pathways. Nascent or unfolded polypeptides are
presented to Hsp70 by Hsp40 forming the early complex. Non Hsp90 clients (labelled Y) are
processed by the Hsp70 cycle alone. For a sub-set of Hsp90 substrates (labelled X), Hsp90 is recruited
to the early complex by Hop, which is capable of interacting with both Hsp70 and Hsp90, forming the
intermediate complex. Hsp70 and Hop are replaced by a prolylisomerase, i.e. the immunophilins, and
p23 in the final complex. ATP hydrolysis triggers the release of active client. T - ATP bound form, D
- ADP bound form. Figure taken from Wegele et al., 2004.
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1.4. TPR domain containing co-chaperones

Central to the functional interplay between the Hsp70 and Hsp90 pathways are the diverse
family of TPR domain containing co-chaperones. Fascinatingly, many TPR co-chaperones
are capable of interacting with both Hsp70 and Hsp90 via their common extreme C-terminal
EEVD peptide motifs. Some TPR proteins, such as Hop and Tpr2, contain multiple TPR
motifs which may differentially recognise Hsp70 and Hsp90 whilst others contain a single
TPR motif capable of binding both chaperones.

1.41. The TPRrepeat

The tetratricopeptide repeat (TPR) is a short helical repeat belonging to the family of non-
globular repeats, widely used to mediate protein-protein interactions, examples of which
include ankyrins, armadillo repeats, HEAT repeats, hexapeptide repeats, leucine-rich repeats
and WD-40 repeats. TPR proteins are ubiquitously distributed, found in eukaryotes,
prokaryotes and archea; with 14,133 TPR containing proteins in the InterPro
Tetratricopeptide-like helical family (IPR011990).

The TPR domain was first described in the early 1990s as a modular domain in the cell
division cycle proteins in yeast (Hirano et al., 1990; Sikorski et al., 1990). The domain was
named due its 34 amino acid periodicity with repeats showing a great diversity in primary
sequence. The small domain is all helical, forming a tight helix-loop-helix structure, and is
found to occurr in multiple tandem repeats. TPR motifs ranging from 1-16 repeats have been
found, with three tandem repeats being the most prevalent (D'Andrea and Regan, 2003). The

motif is commonly found in signaling proteins as a mediator of protein-protein interactions.

1.4.1.1. Sequence and structure

The TPR is a 34 amino acid degenerate repeat. Analysis of the first described motifs
revealed a largely conserved pattern of amino acid type, size and physiochemical nature
(Sikorski et al., 1990). Eight positions, in particular, were found to adhere to a consensus:
helix A - W4, L7, G8, Y11; helix B - A20, F24, A27, P32 (Figure 1-18a). Out with these
positions there is no sequence conservation amongst the TPR family as a whole; within
families, such as the Hsp70/Hsp90 interacting TPR domains, there is conservation of key

residues implicated in the interaction (Owens-Grillo et al., 1996).
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(a)
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Figure 1-18 (a) Alignment of four 34 residue TPR repeats showing conserved positions. (b) The
structure of one TPR domain; conserved small hydrophobic residues are located in positions of close
contact and large residues form the helical interface. (c) The crystal structure of the TPR domain from
PP5; three consecutive TPR motifs form a concave channel capped by a C-terminal helix.

The TPR domain was predicted to have a high propensity for forming amphiphilic helices
forming a coiled-coil like interaction with "knobs into holes" packing (Hirano et al., 1990).
Circular dichroism spectroscopy confirmed the high helical content and secondary structure
prediction suggested each repeat to form two short stretches of a-helix. These predictions
were confirmed with the first crystal structure of a TPR domain from protein phosphatase 5
(PP5) showing a completely novel helical array (Figure 1-18c) (Das et al., 1998). The TPR
motif was shown to form a pair of anti-parallel a-helices, with three successive repeats
packing in a parallel fashion with helix A; of one repeat interacting with helix A;;; of the
following repeat. The packing generates a right-handed super-helical architecture with a
concave channel defined by the side-chains of residues belonging to helix A, and a convex

surface formed by residues from helices A and B. This packing has been predicted to form a
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right handed super-helix with a helical repeat of approximately seven TPR motifs (Das et al.,
1998). The PP5 structure contained an additional C-terminal capping helix; an equivalent is
present in nearly all TPR structures solved to date and it has been suggested that this could
be important in the solubility and stability of the fold (D'Andrea and Regan, 2003).

The structure of PP5 demonstrated the conserved consensus residues are important for the
structural integrity of the fold. The small hydrophobic residues (8, 20 and 27) are located in
the positions of the closest contacts between the two helices and the large hydrophobic
residues (4, 24) form the intra-domain helical interface (Figure 1-18b).

Name Domain organisation Description

Hop 4 TPR I TPR | TPR }— Hsp70/Hsp90 adaptor
Tpr2 4 TPR H TPR |+ DnaJ |- Hsp70/Hsp90 adaptor
FKBP51 { FK1 | FK2 — TPR | SHR maturation
FKBP52 { FK1 - FK2 — TPR |- SHR maturation
Cyp40 -{PPlase}—{ TPR | SHR maturation
FKBP38 { FK }— TPR |—— FKBP38

AlIP 4 FK — TPR |— AhR maturation

PP5 +{ TPR }—{Phosphatase——  Protein phosphatase
Tom70 - TPR —{ TPR |—{ TPR |—— Mitochondrial import

Tom34 - TPR }—— TPR |— Mitochondrial import

Chip 4 TPR_|— U-box | Protein degradation

Unc-45 Myosin assembly

Wisp39 TPR Cell-cycle control

Cns-1 TPR Unknown, essential in yeast
SGT TPR Cell-cyclejneurotransmission

Table 1-3 Domain organisation of all TPR domain co-chaperones shown to interact with Hsp70
or Hsp90.
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1.4.2. Hsp70/Hsp90 co-chaperones
TPR domain containing proteins are involved in numerous, diverse biological processes
including cell cycle regulation, transcriptional control, mitochondrial transport,
neurotransmission and protein folding. Biochemical evidence and structures of TPR-peptide
complexes demonstrate that the TPR domain is involved in mediating protein-protein
interactions and functions as an adaptor or scaffold domain to bring together components of
multi-protein molecular complexes. As discussed above, one major class of TPR domain
containing proteins is those interacting with chaperones Hsp70 and/or Hsp90. These proteins
provide additional functionality and fine-tune the chaperone activity of Hsp70 or Hsp90 by

targeting them to specific complexes and regulating their chaperone cycles.

Approximately 15 TPR domain containing proteins, from multiple species, have been shown
to interact with Hsp70 and/or Hsp90. These include the Hsp70/Hsp90 adaptor protein Hop,
several immunophilins with petidylprolyl isomerase activity, a DnaJ domain containing
protein capable of regulating the ATPase activities of both Hsp70 and Hsp90, a protein
phosphatase, and several members of the mitochondrial import machinery (Table 1-3). To
illustrate the diverse functionality these co-chaperones impose, four examples are discussed

in more detail, figure 1-20 provides an overview of these functions.

1.4.2.1. Cross-talk between the Hsp70 and Hsp90 pathways - Hop and TPR2

Hop and TPR2 both contain two TPR-clamp domains and have been shown to interact with
and regulate the behaviour of both Hsp70 and Hsp90.

Hop was first identified in yeast and named Stil for stress inducible protein 1 (Nicolet and
Craig, 1989). As discussed in section 1.3, Hop functions as an adaptor protein in the
functional maturation of a sub-set of client protein that are first handled by the Hsp70
pathway prior to final processing by Hsp90 (Figure 1-17). Hop contains nine TPR repeats
evenly clustered into three TPR motifs. The first of these, TPR1, is responsible the
interaction with Hsp70 and the second, TPR2A is the interaction site for Hsp90 (Figure 1-19)
(Scheufler et al., 2000). Hop inhibits the ATPase activity of Hsp90 (Prodromou et al., 1999),
maintaining it in a state primed for client binding. Client loaded Hsp70 complexes are
recruited to the Hop-Hsp90 complex, facilitating transfer of the substrate to Hsp90.
Subsequent dissociation of Hsp70 and Hop ultimately leads to ATP hydrolysis and activation

of the client.
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Hsp90  ATPase |

Figure 1-19 Hop can interact with both Hsp70 and Hsp90 via distinct TPR domains. TPR1
interacts with Hsp70 and TPR2A interacts with Hsp90. The ligand for TPR2B is unknown although it
has been implicated in the interaction with Hsp70 and Hsp90.

The human protein Tpr2 was identified from yeast two-hybrid screens using the C-terminal
domain of Hsp90 as bait (Brychzy et al., 2003). It contains two three-repeat TPR arrays in
addition to a J domain homologous to the Hsp40 subdomain. Experiments showed it was
capable of interacting with both Hsp70 and Hsp90, stimulating the ATPase activity of Hsp70
via its J domain and inducing the nucleotide-independent release of substrate from Hsp90.
Whereas Hop interacts with Hsp70 and Hsp90 by distinct TPR motifs, the TPR domains of
Tpr2 seem to bind both chaperones. Based on the results it was postulated that Tpr2 works in
the opposite direction of Hop, allowing the recycling of polypeptides not fully folded after a
single cycle through the Hsp70/Hsp90 system.

1.4.2.2. Protein transport - the peptidylprolyl isomerase TPR co-chaperones

A sub-set of the large immunophilin family, target proteins of a number of
immunosuppressive agents including FK-506 and cyclosporin, contain TPR domains and are
capable of binding Hsp70 and/or Hsp90 (Galat, 2003). These include the large
immunophilins FKBP51, FKBP52 and cyclophilin 40; proteins characterised by
peptidylprolyl isomerase (PPlase) activity. In addition, the protein phosphatase PP5 binds
FK506 with low affinity and shares some sequence homology with the FKBP PPlase domain
(Silverstein et al., 1997). These proteins play a critical role in SHR assembly (see section

1.3) with different immunophilins having preference for different SHRs.
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Figure 1-20 Multiple functions of TPR domain containing co-chaperones.
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chaperones provide specificity and selectivity to the Hsp70/Hsp90 chaperone machinery. Examples
discussed in section 1.4.2 include the cycling of proteins between the Hsp70 and Hsp90 systems by
adaptor proteins Hop, involved in the transfer of clients from Hsp70 to Hsp90 and Tpr2, involved in
the recycling of incompletely folded proteins back to Hsp70. Client proteins are maturated in
complexes containing imunophilins e.g. FKBP51, FKBP52 (shown), Cyp40, AIP and PPS. These
have been shown to prime SHRs for ligand binding and also to bind the motor protein dynein and
facilitate nuclear import. Several TPR proteins are also involved in import of nuclear encoded
mitochondrial proteins including TOM34, TOM70 and AIP. Finally, both Hsp70 and Hsp90 also
provide a link to protein degradation via the E3-ligase Chip. Figure adapted from Young et al., 2004.
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In addition to selectively modulating hormone-binding affinity of some steroid receptors
(Denny et al., 2000; Reynolds et al., 1999; Scammell et al., 2001), the TPR-containing
immunophilins, excluding FKBP51, have been shown to interact with cytoplasmic dynein,
one of the major microtubule-associated motor proteins (Pratt et al., 2004). The interaction
with dynein is mediated by PPlase domain but is independent of its enzymatic activity.
These co-chaperones are thought to link Hsp90-bound steroid hormone receptors to the
microtubule cytoskeleton, facilitating import to the nucleus. In addition to SHRs, Hsp90 has
also been proposed to regulate the trafficking of p53 in a similar manner (Pratt et al., 2004).

1.4.2.3. Mitochondrial protein import

Mitochondria contain roughly 1000 different proteins, only eight of which are encoded by
the mitochondrial genome. The remaining 99% are nuclear encoded and synthesised by
cytosolic ribosomes as preproteins with positively charged N-terminal or internal targeting
sequences for import into the mitochondria. The translocation machinery of the
mitochondrial outer membrane (TOM) includes the Tom70, Tom22 and Tom20 preprotein
receptors (for review see van der Laan et al., 2006). Before import, many mitochondrial
preproteins are bound by Hsp70 and/or Hsp90, which are proposed to maintain them in an
unfolded state. The preprotein is delivered to the TOM, docking with Tom70 or Tom20 prior

to passage though the Tom20/Tom22/Tom40 pore.

Several of the constituents of the TOM contain TPR domains, namely Tom70, Tom20 and
Tom34. Tom70 contains nine TPR domains arranged as three three-repeat arrays (Table 1-
3). Additionally, an N-terminal transmembrane domain serves to anchor it to the
mitochondrial outer membrane. The first TPR domain is capable of binding Hsp70 and
Hsp90 (only Hsp70 in yeast) and the second TPR domain recognises internal preprotein
sequences (Young et al., 2003). Upon interaction of chaperone-preprotein complexes with
Tom?70, the ATPase activities of Hsp70 and Hsp90 have been proposed to facilitate protein
translocation through the mitochondrial pore (Young et al., 2003).

The TPR domain of Tom20 is incapable of binding Hsp70 or Hsp90; instead it is the target
for N-terminal preprotein sequences. Intriguingly, the C-terminal region of Tom20, ending
EDDVE, was found to interact with arylhydrocarbon receptor interacting protein (AIP)
(Yano et al.,, 2003), a small TPR containing immunophilin constituent of arylhydrocarbon
receptor-Hsp90 complexes (Bell and Poland, 2000). Furthermore, AIP was found to form
complexes with preproteins and Hsp70, and it was hypothesised that Hsp70 and AIP existed
as a chaperone complex with preprotein in the cytosol. Tom20 would then displace Hsp70
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from AIP by competition of their C-terminal peptides and the preprotein would be
transferred from AIP to Tom20.

The recently identified mammalian Tom34 has also been proposed to function in the import
of mitochondrial preproteins (Chewawiwat et al., 1999). It contains two TPR-clamp domains
and has been shown to interact with Hsp90 (Young et al., 1998). However, it is suggested
that Tom34 is cytosolic and functions to maintain preproteins in an unfolded state suitable

for mitochondrial import.

1.4.2.4. A link between protein folding and degradation

In order to maintain accurate protein quality control the cell has to maintain a tight balance
between protein folding and degradation (see section 1.5 for what happens when this goes
wrong). One protein central in determining the cellular fate of proteins processed by the
Hsp70/Hsp90 chaperone machinery is Chip (C-terminus of Hsp70 interacting protein). Chip
is a 35 kDa protein consisting of a TPR-clamp motif capable of interacting with both Hsp70

subsequent proteasome-dependent degradation (Murata et al., 2001). Chip has inhibitory
effects on the chaperone cycles of both Hsp70 and Hsp90 leading to destabilisation of
chaperone-substrate complexes and subsequent targeting for proteasomal degradation
(McDonough and Patterson, 2003). This is thought to be executed by a Chip-Hsp70-client
complex and Hsp90 clients must be transferred to Hsp70 first. The U-box domain of Chip
has intrinsic E3 ubiquitin ligase activity and catalyses the conjugation of ubiquitin chains to
target proteins (Xu et al., 2002). In addition, Chip has been proposed to escort proteins
actively to the proteasome with evidence of a direct interaction between Chip and

proteasomal subunits (Connell et al., 2001).

1.4.3. Mechanism of binding

TPR domains have evolved to interact with Hsp70 and/or Hsp90 via an interaction with the
extreme C-terminal which, fascinatingly, is common between Hsp70 and Hsp90; both
eukaryotic cytosolic proteins terminate in a flexible loop with an extreme EEVD-COOH
motif. As a result of this converged mechanism of binding, many TPR co-chaperones are
capable of interacting with both Hsp70 and Hsp90. Comparative sequence analysis of
Hsp70/Hsp90 binding TPR motifs revealed conservation of a number of hydrophobic and
charged amino acids on the concave surface of the domain. Mutation of some of these

residues diminished or abrogated binding in the isolated TPR domain from PP5 (Russell et
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al., 1999). Further, mutation of the EEVD motif also disrupted binding in several co-

chaperone interactions (Liu et al., 1999; Russell et al., 1999).

Figure 1-21 The carboxylate clamp binding mechanism. (a) Conserved positively charged residues
on the concave surface of the TPR domain form a network of charge-charge interactions with the
negatively charged substrate residues. (b) Although the carboxylate clamp provides a general anchor,
peptide-TPR complexes from several different TPR domains show a range of binding orientations.
hopTPR2A-MEEVD - cyan, hopTPR1-GPTIEEVD - purple, PP5-MEEVD - yellow and Chip-

MEEVD - red.
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Definitive evidence for this interaction came with the crystal structures of two TPR domains
from Hop in complex with the C-terminal peptides from Hsp70 and Hsp90 (Scheufler et al.,
2000); TPR1 in complex with the Hsp70 peptide GPTIEEVD and TPR2A in complex with
the Hsp90 peptide MEEVD. These show a common network of electrostatic interactions
between the conserved positively charged residues on the TPR surface and the EEVD
peptide motifs in a manner termed the "two-carboxylate clamp" (Figure 1-21a). Peptide
residues Asp’ and Val' were shown to act as a general anchor with the highly conserved
glutamates critical for Hsp90 binding but less so for the interaction with Hsp70 (Brinker et
al., 2002). Hydrophobic sequences upstream of the EEVD and specific residues within the

TPR groove were found to influence the discrimination between the TPR domains.

Several further structures of TPR-Hsp70/90 peptide complexes have since been solved
confirming the general two-carboxylate binding mechanism (CIliff et al., 2006; Wu et al.,
2004a; Zhang et al., 2005). These structures, however, also illustrate the diversity of evolved
binding modes with a great deal of variation in the orientation of the peptides downstream

Lo 2l RTTN oce at 1T ~aem 1
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Disease Proteins Cause
Alzheimer's disease B-amyloid protein/tau Aggregation
Parkinson's disease a-Synuclein Aggregation
Huntington's disease Huntingtin Aggregation
Creutzfeld Jakob disease Prion protein (PrP) Aggregation
Cystic fibrosis CFTR protein Trafficking
Cancer p53 Trafficking
Sickle cell anemia Hemoglobin Aggregation
Gaucher's disease B-glucosidase Trafficking
Nephrogenic diabetes insipidus V2 vasopressin receptor  Trafficking
Transthyretin amyloidoses Transthyretin Aggregation
Retinitis pigmentosa Rhodopsin Trafficking
aB;p-Antitrypsin aBig-Antitrypsin Trafficking/aggregation
Fabry a-Galactosidase Trafficking

Table 1-4 Diseases and specific proteins associated with protein misfolding and aggregation.

1.5. Protein folding and disease

The importance of the fidelity of the protein folding system is illustrated by the ever growing
list of disorders resulting from aberrant folding reactions (Table 1-4) and protein folding has
been implicated in up to half of human diseases (Bradbury, 2003). Not only can misfolded
proteins lose their function, such as CFTR in cystic fibrosis which is prematurely targeted for

proteasomal degradation, but may also form toxic species, including oligomers or larger
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aggregates characteristic of amyloidosis conditions such as many neurodegenerative
disorders. The involvement of protein chaperones in these disorders is becoming
increasingly evident and activation or inhibition of chaperone pathways are proving effective
targets for therapeutic intervention. In addition, protein misfolding is responsible for many
cancers and Hsp90, required by many mutated and misfolded clients for aberrant function, is

proving an effective target for treatment for multiple malignancies.

1.5.1. Neurodegenerative disorders

Many neurodegenerative disorders are due to protein misfolding and a common feature is the
intra- or extracellular accumulation of misfolded, aggregated or ubiquitinated proteins
(Berke and Paulson, 2003). Common conditions include Alzheimer's, Parkinson's and

Huntington's diseases (for an overview see Chaudhuri and Paul, 2006).

Alzheimer's disease is an age-onset progressive degenerative disease of the brain causing
memory loss and impaired behaviour. It is characterised by the extracellular deposition of -
amyloid protein (AP) and neurofibrillary tangles (NFT) in the brain and the intraneuronal
accumulation of AB-42 and the microtubule associated protein tau. Hsp70 and Hsp90 have
been implicated in maintaining AB-42 and tau solubility and suppressing aggregation (Ansar
et al., 2007; Sahara et al., 2005).

Parkinson's disease is characterised by muscular rigidity, tremor and slowing of physical
movement. The symptoms result from the loss of dopaminergic neurons in the substantia
nigra due to the accumulation of intracellular inclusion bodies called Lewy bodies (Lansbury
and Brice, 2002). These are commonly composed of aggregated a-synuclein leading to
mitochondrial dysfunction, oxidative stress and caspase degradation (Chaudhuri and Paul,
2006). Genetic polymorphisms in Hsp70 have been associated with risk (Wu et al., 2004b)
and up-regulation of both Hsp70 and Hsp90 has been associated with protection against
Lewy body toxicity (Auluck et al., 2002; McLean et al., 2001).

Polyglutamine diseases are caused by CAG trinucleotide repeats that result in polyglutamine
tracts and proteins likely to misfold. Huntington's disease is the most common polyglutamine
disease, caused by a mutant version of the protein huntingtin rendering the protein
aggregation-prone (Hague et al., 2005). Overexpression of Hsp70 in flies and mouse models
has been shown to increase resistance to polyglutamine-induced toxicity (Dedeoglu et al.,
2002; Shulman et al., 2003).

Chapter 1 - Introduction - the Hsp70/Hsp90 chaperone machinery 36



Structural and biochemical studies of the C. elegans Hsp70/Hsp90 chaperone system

1.5.2. Cystic fibrosis

Cystic fibrosis is a hereditary disorder that affects about 0.05% of Caucasians. It is caused by
mutations in the CFTR protein and characterised by thick mucous secretions in the lung and
intestines (Welch, 2004). CFTR is a membrane protein possessing 12 transmembrane
domains, two nucleotide-binding domains and a highly charged regulatory hydrophilic
domain. CFTR is related to other adenine nucleotide-binding cassette (ABC) transporters
and CFTR has been shown to function as a cAMP-regulated chloride channel in epithelial
cells (Welsh et al., 1992). Although a large number of mutations have been found, a deletion
of one phenylalanine (AF508) is attributed to 70% of cystic fibrosis cases (Riordan et al.,
1989). The AF508 allele of CFTR has been confirmed as a trafficking mutation that blocks
maturation of the protein in the ER and targets it for premature proteolysis (Kunzelmann and
Nitschke, 2000).

Molecular chaperones Hsp70 and Hsp90 have both been found to interact with wild-type and
mutant nascent CFTR. This interaction is found to be transient with the wild-type protein but
more long-lived with the mutant and it has been proposed that this targets the protein for
premature degradation (Skach, 2006). The correct processing of CFTR is temperature
sensitive with protein targeted for degradation at 37 °C but a portion reaching the native state
at <30 °C suggesting the extended interaction is due to misfolding (Denning et al., 1992).
Further, sodium 4-phenylbutyrate (4PBA) has been shown to inhibit the interaction of
AF508-CFTR with Hsp70, allowing mutant CFTR to escape targeting for degradation
(Rubenstein and Zeitlin, 2000).

1.5.3. Hsp90 and cancer

Hsp90 is involved in maintaining the conformation, stability, activity and cellular
localisation of multiple signal transduction proteins, many of which are oncoproteins or
tumour suppressors e.g. v-Src, c-Erb2, Raf-1, Akt, Ber-Abl, and p53 (Wegele et al., 2004).
Mutations in some of these proteins result in constitutively active but conformationally
unstable mutants that require Hsp90 to maintain their aberrant function. Small-molecule
inhibitors of Hsp90, such as the unrelated geldanamycin and radicicol, disrupt Hsp90
chaperone complexes and have been shown to be highly effective in reducing cellular levels
of oncogenic client proteins via degradation by the proteasomal pathway (Sharp and
Workman, 2006). One geldanamycin derivative, 12-AAG, proved effective in phase I
clinical trials demonstrating Hsp90 as a valid pharmacological target and showed clinical
efficacy in patients with melanoma, breast and prostate cancers (Sharp and Workman, 2006).
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1.6. C. elegans as a model system

C. elegans is a free-living nematode, about 1 mm in length, which lives in temperate soil
environments. Its use as a model organism in molecular and developmental biology research
began in the 1960s, pioneered by Sydney Brenner (Brenner, 1974). C. elegans represents a
genetically tractable multicellular eukaryotic organism simple enough to be studied in great
detail. It is easy to culture and manipulate and it shares many organ systems with higher
animals including a nervous system. Wild-type individuals contain a constant 959 cells and
the complete cell lineage, depicting which cells are derived from which, was completed in
the 1980s by John Sulston. The C. elegans genome, first published in 1998 (Consortium,
1998), represented the first sequenced genome of a multicellular organism. C. elegans
homologues have been identified for 60-80% of human genes making it an attractive
organism in the study of human disease. Significant biomedical discoveries in Alzheimer's
disease, Type II diabetes and depression have been enabled by C. elegans research (for
review of C. elegans as a model system see Kaletta and Hengartner, 2006). Facilitating this,
C. elegans are especially amenable to disruption of the function of specific genes by RNA
interference allowing the study of knock-down phenotypes (Tabara et al., 1998).

C. elegans has been used a model system of stress responses and diseases of protein
misfolding. In particular, model systems have been established for the study of Alzheimer's,
Parkinson's and Huntington's disease (Kaletta and Hengartner, 2006). C. elegans contains
homologues for Hsp70 and Hsp90 in addition to many regulatory co-chaperones. The C.
elegans Hsp70 multigene family consists of 11 isoforms and includes orthologues for the
Hsp70 family members Hsp70, Hsc70, Grp78/BiP and Grp75/mtHsp70 (Figure 1-22)
(Heschl and Baillie, 1989; Heschl and Baillie, 1990). C. elegans has one cytosolic Hsp90,
Daf-21, in addition to homologues for mitochondrial located TRAP1/mtHsp90 and Grp94 of
the endoplasmic reticulum (Figure 1-23). Daf-21 is abundantly expressed, representing 3%
of ¢cDNA clones of a library isolated from mixed stage worms (Birnby et al., 2000) and, as

with other eukaryotes, is essential for survival.
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Figure 1-22 Alignment of C. elegans Hsp70 family members. C. elegans contains three cytoplasmic
Hsp70s (hsp-1, hsp-70 and F44E5.4) which terminate in the common C-terminal GPTIEEVD motif
implicated in co-chaperone binding. In addition, there are two ER localised isoforms (hsp-3 and hsp-
4), one mitochondrial homologue (hsp-6) and an isoform lacking the C-terminal flexible loop
(F11F1.1). NBD underlined yellow, SBD B-sandwich subdomain underlined blue and SBD helical
subdomain underlined green.

1.7. Project outlines

1.7.1. Structural studies of the C-terminal domain of C. elegans Hsp70

Despite abundant structural information regarding the NBD and the B-sandwich subdomain
(section 1.1.1), structures of the C-terminal lid subdomain are limited to E. coli homologue
DnaK and rat homologue Hsc70. Despite structural conservation of the NBD and p-sandwich
between E. coli and rat, the C-terminal subdomains were observed to adopt significantly
different conformations; a three-helix bundle in E. coli and an anti-parallel coiled-coil dimer
in rat. Limited by the available data, it is unclear whether these reflect a true divergence
between prokaryotes and eukaryotes. Alternatively, the structures could represent different
conformational states or the rat structure, because it was solved as an isolated C-terminal
subdomain, could be a crystallographic artefact. To investigate this further, the crystal
structure of the C-terminal subdomain from C. elegans was solved. Unexpectedly, this
revealed structural conservation with the helical lid from E. coli. Further, comparison with
the rat structure revealed a domain-swap dimerisation mechanism potentially providing
insight into the folding pathway of the small three-helix bundle subdomain. Work for this

project contributed to two publications —

Worrall, L., and Walkinshaw, M. D. (2006). Crystallization and X-ray data analysis of the 10
kDa C-terminal lid subdomain from C. elegans Hsp70. Acta Cryst. F 62, 938-943.

Worrall, L., and Walkinshaw, M. D. (2007). Crystal structure of the C-terminal three-helix
subdomain from C. elegans Hsp70. Biochemical and Biophysical Research Communications
357, 105-110. Coordinates and structure factors deposited under the PDB-ID 2P32.
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Figure 1-23 Alignment of C. elegans Hsp90 proteins. C. elegans contains one cytoplasmic Hsp90
(daf-21), ER isoform Grp94 (TO5E11.3) and mitochondrial located mtHsp75 (R151.7).

Chapter | - Introduction - the Hsp70/Hsp90 chaperone machinery

41



Structural and biochemical studies of the C. elegans Hsp70/Hsp90 chaperone system
1.7.2. Biochemical and structural studies of two putative TPR domain containing co-
chaperones
Work contributing to a previous doctoral degree identified two C. elegans TPR domain
containing co-chaperones likely to interact with Hsp90 (Opamawutthikul, 2005). These
proteins were found to be the C. elegans homologues for small glutamine-rich TPR
containing protein (SGT) and Hsp70/Hsp90 organising protein (HOP). In this study, these C.
elegans proteins have been cloned, expressed and purified to near homogeneity with the
objective of pursuing biochemical investigations regarding the native states of the proteins

and their interactions with Hsp70/Hsp90. In addition, structural studies were also conducted.

Biochemical studies of native SGT revealed it formed high-affinity dimers with an elongated
shape. Further, it was demonstrated that SGT interacted with the C-terminal peptides from
HSp70 and Hsp90 with equal affinities. Despite the crystallisation of full-length SGT and its
isolated TPR domain, the crystals were not of sufficient quality for X-ray diffraction.

Studies on C. elegans HOP suggested it might exist as a dimer in solution. In addition, a

tight binding interaction was demonstrated with human and C. elegans Hsp90 homologues.

1.7.3. Prediction of the complete repertoire of C. elegans TPR co-chaperones

The aim of the final study was to define the complete repertoire of C. elegans TPR domain
containing proteins capable of interacting with Hsp70 or Hsp90. TPR domains demonstrated
to interact with Hsp70/Hsp90 have a well defined domain architecture with strict
conservation to the consensus for the residues defining the carboxylate-clamp motif. A
profile hidden Markov model (HMM) method was employed to search for Hsp70/Hsp90
interacting TPR domains in the C. elegans proteome and genome. This highlighted a family
of 12 proteins; nine of which are homologues of proteins known to interact with Hsp70 or
Hsp90. The remaining three are uncharacterised putative proteins and represent targets for

further study.
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2. Crystal structure of the C-terminal 10 kDa helical
subdomain from C. elegans Hsp70

2.1. Introduction

As discussed in detail in chapter 1, Hsp70 is an essential molecular chaperone involved in
numerous protein folding processes. It belongs to a family of ubiquitously expressed proteins
that exist in virtually all living organisms (Wegele et al., 2004). Hsp70 consists of two
domains; a 40 kDa N-terminal nucleotide binding domain (NBD), which both binds and
hydrolyses ATP, and a 30 kDa C-terminal substrate-binding domain (SBD) (Chappell et al.,
1987). The SBD can be further divided into an 18 kDa beta-sandwich subdomain, which
forms a hydrophobic peptide binding groove capable of binding exposed hydrophobic
patches on proteins, and a 10 kDa helical-bundle subdomain that forms a lid over the peptide
binding groove (Zhu et al., 1996). The only eukaryotic structure solved for the 10 kDa C-
terminal lid is from rat (Chou et al., 2003), which has an anti-parallel coiled-coil mediated
dimer. This is in contrast to the monomeric three-helical bundle observed in the E. coli
homologue DnaK (Zhu et al., 1996), which shares approximately 17% sequence identity.
Since it is the lid domain that restricts access to the peptide binding groove, structural
knowledge of this domain should increase understanding of the process of client binding and

release.

The C. elegans Hsp70 multigene family consists of 11 paralogues and includes orthologues
for the Hsp70 family members Hsp70, Hsc70, GRP78/BiP and GRP75/mtHsp70 (see Figure
1-22). Gene hsp-1 (Wormbase ID F26D10.3) encodes Hsp70A, the C. elegans Hsp70
orthologue. Hsp70A is closely related to the Drosophila heat inducible Hsp70s and the S.
cerevisiae SSA Hsp70 subfamily. The hsp-I gene is normally expressed throughout
development and upon heat-shock the Asp-/ mRNA is enhanced 2-6 fold. Down-regulation
of hsp-1 via RNA interference results in a small reduction in the life-span of an age-/ mutant

indicating that Asp-/ may play some role in regulating longevity (www.wormbase.com).

This chapter details the cloning, expression, purification, crystallisation, X-ray data analysis,
phasing and refinement of the 10 kDa lid subdomain from the heat-inducible C. elegans
Hsp70 homologue Hsp70A. This work has contributed to one publication discussing the
preliminary X-ray data analysis (Worrall and Walkinshaw, 2006) and one presenting the
final crystal structure (Worrall and Walkinshaw, 2007).
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Figure 2-1 Cloning of ceHsp70-CT. (a) PCR of ceDNA corresponding to residues 542-640 of
Hsp70A (lane 1). (b) Restriction digest of cloned PCR product. Double-digest showing band of
appropriate size (faint; lane 2). 100 bp MW ladder used. in both gels.

2.2, Materials and methods

2.21. Cloning

The cDNA fragment corresponding to residues 542—-640 of the C. elegans Hsp70 homologue
Hsp70A was generated by polymerase chain reaction (PCR) using C. elegans mixed stage
N2 cDNA as a template (Figure 2-1a). The sequence was amplified with the TaqPlus®
precision PCR  system  (Stratagene) wusing forward (GCGGCATATGGGA
CTCGAGTCATACGCCTTC) and reverse primers (GCGGGCGGCCGCTTAGT
CGACCTCCTCGATC). The resulting PCR product was digested with Ndel and Notl (New
England Biolabs) and ligated into a similarly digested pET-28a vector (Novagen),
downstream of the 6XHis coding region (Figure 2-1b). The correct sequence was verified by

sequencing and is now referred to as ceHsp70-CT.

2.2.2. Expression and purification

Recombinant ceHsp70-CT was expressed in Rosetta2(DE3) E. coli (Novagen) in LB liquid
media containing kanamycin (25 pg/ml) and chloramphenicol (30 pg/ml). Cultures were
grown with shaking at 37 °C until the A600 was ~ 0.6, and expression induced by addition of
1 mM isopropyl-B-D-thiogalactopyranoside (IPTG). Expression was continued for 4 hours
and cells were harvested by centrifugation (3000 x g for 15 minutes).
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(a

Figure 2-2 Purification of ceHsp70-CT. (a) Ni-NTA purification. 1. Whole-cell extract applied to
column, 2. Flow-through, 3. Wash, 4. MW markers, 5. Elution from peak 1 (25 mM imidazole), 6.
Elution from peak 2 (50 mM imidazole), 7. Elution from peak 3 (125 mM imidazole) Fractions 5 and
6 were pooled. (b) Gel-filtration purification with Superdex 75. 1. MW markers, 2. Sample loaded, 3.
- Elution profile. Fractions 6-9 pooled. (c) Purified ceHsp70-CT. 1. MW markers, 2. 10 pg ceHsp70-
CT, 3. 5 pg ceHsp70-CT, 4. 2 pug ceHsp70-CT.

Cell pellets were resuspended at 10% weight per volume in ice-cold lysis buffer (buffer A;
50mM sodium phosphate pH 8.0, 100 mM NaCl, 0.1mM benzamidine, 0.1mM PMSF) plus
excess protease inhibitor cocktail (Roche) and sonicated on ice for 6 x 30 second bursts with
30 seconds cooling in between. The cell lysate was subjected to centrifugation at 30,000 g
for 1 hour at 4 °C. The supernatant was filtered through a 0.2 um filter and applied onto a
10ml Ni-NTA superflow column (Qiagen) pre-equilibrated in wash buffer (buffer B; SOmM
sodium phosphate pH 8.0, 100 mM NaCl, 10 mM imidazole) (Figure 2-2a). Proteins were
eluted with a stepped imidazole gradient (buffer C; S0OmM sodium phosphate pH 8.0, 100
mM NaCl, 250 mM imidazole). Weakly binding protein was washed off with 10% buffer C
and 6xHis tagged ceHsp70-CT eluted in two peaks with 20% (50 mM) and 50% (125 mM)

buffer C respectively (Figure 2-2a). Fractions containing recombinant protein were pooled,
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concentrated to <1 ml and loaded onto a Superdex 75 HR (Pharmacia) gel filtration column
(V¢ ~120 ml; 1.6 x 60 cm) equilibrated in buffer D (25 mM HEPES pH 7.5, 50 mM KCl, 1
mM DTT) (Figure 2-2b). Recombinant ceHsp70-CT eluted as a single peak and was more
than 95% pure as judged by SDS-PAGE (Figure 2-2c). Protein was stored at 4 °C in buffer
D.

Figure 2-3 Example of ceHsp70-CT crystal grown in 62% saturated ammonium sulphate
buffered by sodium citrate pH 6.0. Maximum dimension ~0.6 mm.

2.2.3. Crystallisation

2.2.3.1. Crystallisation of orthorhombic form | crystals and preparation of a heavy-
metal derivative

Crystals of the 10 kDa subdomain, including the recombinant His tag, were grown by the
hanging drop vapour diffusion method from a 12 mg ml™ protein solution in buffer D at 18
°C. Initial conditions were identified with an ammonium sulphate grid screen. Best crystals
were obtained using a well solution of 62% saturated ammonium sulphate buffered by 100
mM sodium citrate pH 6.0 with a 2 ul drop consisting of a 1:1 ratio of protein and well
solution. Crystals appeared within 24 hours and grew to dimensions of 0.6 x 0.4 x 0.4 over 3
weeks (Figure 2-3). Conditions were comparable to those published for the rat homologue
(Chou et al., 2003; Chou et al., 2001). A mercury derivative was obtained by soaking native
crystals for 30 minutes in well solution containing 5 mM mercuric chloride followed by
back-soaking for 30 seconds in well solution. All crystals were flash cooled in liquid
nitrogen prior to data collection, either directly from mother liquor or with prior soaking in

cryoprotectant containing 70% saturated ammonium sulphate and 10% glycerol.
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2.2.3.2. Crystallisation of tetragonal form Il crystals
An additive screen using Hampton Crystal Screen™ was employed to search for new
crystallisation conditions (described in detail in section 2.3.2.1.). Four conditions produced
good quality, single crystals with a similar octahedral habit seen for the orthorhombic crystal
form (Figure 2-3). Condition 32, containing only 2 M ammonium sulphate, produced small
single crystals. Conditions 16 (100 mM HEPES pH 7.5 and 1.5 M lithium sulphate) and 33
(4 M sodium formate) also produced good quality crystals. Finally, condition 39 (100 mM
HEPES pH 7.5, 2 M ammonium sulphate and 2% PEG 400) resulted in multiple single
crystals. Crystals from conditions 16, 33 and 39 were flash-cooled directly from the
crystallisation drop.

2.2.4. Data collection and processing

All data were collected at either station 10.1, SRS, Daresbury, UK or station BM14, ESRF,
Grenoble, France. All data were collected at 100 K. MAD data were collected from a single
derivative crystal at 2 wavelengths, corresponding to the mercury L-IIT peak (1.005 A) and
the L-III edge inflection point (1.009 A). All data were indexed and integrated using the
MOSFLM (Leslie, 1992) package and scaled using SCALA (Collaborative Computational
Project, 1994).

2.2.5. Data analysis, phasing and refinement

Specific methods are referred to in the Results section.

(®) (O e

Figure 2-4 Diffraction patterns for ceHsp70-CT crystals. (a) Native crystal flash cooled directly
from mother liquor (crystal native I). Hexagonal ice diffraction rings are present at ~3.9, ~3.62 and
~3.44 A. (b) Native crystal flash cooled using 70% saturated ammonium sulphate, 10% glycerol as
cryoprotectant (crystal native II). (c) Pseudo-precession image showing a section of the Okl zone for
native form I data processed in space-group 12,2,2,. Reflections show (0k0) = 2n (x-axis) and (001)
= 4n (y-axis). Produced with XPREP (Bruker AXS, Madison, USA)
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2.3. Results and discussion

2.3.1. Solving the structure of orthorhombic form | ceHsp70-CT crystals
Crystals of the 10 kDa C-terminal subdomain of C. elegans Hsp70 were initially produced
that diffracted X-rays to ~3.5 A for native and ~4.0 A for derivative crystals.

2.3.1.1. X-ray data analysis
2.311.1.1. Space-group determination

ceHsp70-CT crystals flash cooled directly from mother liquor (62% saturated ammonium
sulphate, 100 mM sodium citrate pH 6.0) diffracted X-rays to approximately 4 A. Prominent
hexagonal-ice diffraction rings at ~3.9, ~3.62 and ~3.45 A were present but did not interfere
with data processing (Figure 2-4a). Initial indexing identified the most likely Bravais lattice
to be body-centred tetragonal with unit-cell dimensions @ = b = 196.9 A, ¢ = 200.6 A.
Analysis of unmerged data with the program POINTLESS (Evans, 2006) suggested the cubic
Laue group I m -3 m or the tetragonal Laue group I 4/m m m as possibilities. Inspection of
the systematic absences revealed (h00) = 2n, (0kO) = 2n and (001) = 4n (Figure 2-4c),
consistent with tetragonal space-group 14,22. Data were successfully indexed and processed
to an Ry, of ~10% for native and derivative crystals flash cooled without cryoprotectant.

Unit-cell parameters and data reduction statistics are shown in table 2-1.

In an effort to improve the diffraction quality of the crystals, a series of cryoprotectants were
screened. Of these, crystals vitrified in 70% ammonium sulphate, 10% glycerol and 100 mM
sodium citrate pH 6.0 diffracted X-rays to ~3.4 A and showed no ice rings (Figure 2-4b).
However, whilst these crystals could be indexed in a tetragonal lattice, the merging statistics
were poor (Rgym = 29.1% for data processed in 14,22). Reprocessing in the orthorhombic
space-group 1222 (or 12,2,2,) resulted in an improved Ry, of 15.5%, albeit still high (Table
1, native I-II). 14,22 constitutes a minimal non-isomorphic supergroup of space-group
12,2,2, (Hahn, 2002), and data has been processed in both tetragonal and orthorhombic
space-groups for comparison (Table 2-1). The possibility of twinning was investigated but
no indication was present in the cumulative intensity distribution or in the plots of accentric
and centric moments of E as output by the program TRUNCATE (French and Wilson,
1978).
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Data set Native I-1 Native I-11 Hg — L-11I Peak Hg — L-I1I inflection
Cryoprotectant Mother liquor 70% ammonium Mother liquor Mother liquor

sulphate, 10%

glycerol

Beamline SRS, 10.1 ESRF, BM14 ESRF, BM14 ESRF, BM14
®-rotation 120° at 1° step 180° at 1.5° step 100° at 1° step 100° at 1° step
Temperature 100K 100K 100K 100K
Wavelength (A) 1.005 0.978 1.005 1.009
Space-group 14|22 12|2|2| l4|22 [2|2|2| 14122 ]2|2|2| l4|22 [2]212|
Unit-cell a=196.9 a=196.8 a=194.7 a=194.6 a=195.1 2a=195.1 a=195.5 a=195.5

parameters (A) b=196.9 b=196.9 b=194.7 b=195 b=195.1 b=195.2 b=195.5 b=195.6
¢=200.6 ¢=200.6 ¢=200.8 ¢=200.8 c=202.8 c=202.8 ¢=203.5 ¢=203.4

Resolution range 45 -395 45-395 35 - 34 35 - 34 42-395 42-395 42 - 41 42 - 41

(A) 416 - (@416 - (358 - (358 - (416 - (416 - (432 - (@432 -
3.95) 3.95) 3.4) 34) 3.95) 3.95) 4.1) 4.1)

No. observations 131543 131659 399719 388320 142589 142701 128025 128245
(16631) (16730) (58219) (56298) (21135) (21069) (18741) (18752)

No. unique 17565 32857 26797 52659 16504 31088 14849 27844

reflections (2516) (4723) (3841) (7591) (2420) (4612) (2151) (4089)

Completeness 99.8 95.3 99.9 99.9 95(96.1) 915 94.8 90.9
(99.8) (95.5) (100) (99.9) 93.2) (95.8) (92.5)

Anomalous 94.6 86.1 94.2 85 (86.3)

completeness (95.6) (87.5) (95.2)

Multiplicity 78 4.0 (3.5) 14.9 74(7.4) 8.6 (8.7) 4.6 (4.5) 8.6 (8.7) 4.6 (4.6)

(15.2)

Anomalous 4.6 (4.5) 2524 4.6 (4.5) 25(@2.5)

multiplicity

Ry (%) 12.8 11.3 29.1 15.5 11(739) 10.1 104 12
(88.8) (76.8) (116.3) (111.1) (70.8) (102.9) (105.4)

Rpim” (%) 50(35.5) 6.0(443) 74(254) 6.1(43.5) 47(273) 62374) 4.1(37.5) 6.6(63.5)

I/o(I) 142 (3.0) 105(24) 10.1(1.6) 10.1(1.6) 13.7(25) 10(1.9) 13.9(2.1) 99(1.4)

im. = = i A il
.R”“ i ;ZI’I(,"(I)—(K”H)X/EZILMH)' b Wkl 1 Wi

Table 2-1 Reflection data statistics for data processed in space-groups 14,22 and 12,2,2,.
Values in parentheses are for the highest resolution bin.

180

© ©

-90

K=90 K= 120 K =180
Figure 2-5 Stereographic projection plots of the k = 90°, 120° and 180° sections of the self-
rotation function of the native form II data set. Calculated from data in the resolution range 35—
4.0 A, integration radius 20 A, showing peaks >30% origin, contour steps of 15%. The data were
reduced in 12,2,2; but the plot shows 432 symmetry. o rotation angle along the radial axis (® = 0°
in the middle, ® = 90° on the perimeter) and ¢ rotation angle around the perimeter. Figure prepared
with the programs POLARRFN (Collaborative Computational Project 1994).
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2.3.1.1.2. Content of the asymmetric unit

For a protein with molecular weight 13094 Da, the Matthew's equation (Matthews, 1968)
indicates there to be between 9 (Vm = 4.09, solvent = 70%) and 21 monomers (Vm = 1.75,
solvent = 30%) per asymmetric unit for packing in 14,22 and between 18 and 42 for space-
group 12,2,2,. Hsp70 has been shown to form dimers, trimers and higher-order oligomers in
solution (Benaroudj et al., 1995; Benaroudj et al., 1997; Benaroudj et al., 1996; Chou et al.,
2003; Fouchaq et al., 1999; Nemoto et al., 2006) and a related domain from rat crystallised
with 4 monomers in the asymmetric unit, as two dimers in a cruciform like arrangement
(Chou et al., 2003).

A self-rotation Patterson map calculated using data processed in space-group 12,2,2, reveals
a high degree of rotational non-crystallographic symmetry (Figure 2-5). Three orthogonal
fourfold axes are present parallel to the crystallographic twofold axes at x = 90°. Four
mutually orthogonal threefold axes are present aligned parallel to the cell body-diagonals at
k = 120°. Additionally, there are twofold peaks at k = 180° every 45° in the ab plane and
every 90° parallel to the ac and be plane face-diagonals. All peaks are approximately the
height of the origin and show 432 point group symmetry suggesting a pseudo-cubic packing
symmetry. Inspection of the native Patterson map also indicates the presence of translational
non-crystallographic symmetry, with three large non-origin peaks approximately 20% the
height of the origin observed for crystals of space-group 12,2,2, (Figure 2-6). This is
consistent with the presence of a dimer of trimers or a trimer of dimers related by
translational non-crystallographic symmetry at four positions, resulting in 24 monomers in

the asymmetric unit and a solvent content of ~60% (V,, = 3.03).

2.3.1.2. Phasing
23021, Molecular replacement

The C-terminal domain of C. elegans Hsp70 has 76% sequence identity to the previously
published rat structure. Extensive molecular replacement trials were carried out using
various programs [AMoRe (Navaza, 1994), Beast (Read, 2001), MolRep (Vagin and
Teplyakov, 1997), Phaser (Storoni et al., 2004)] with multiple models using both the rat
structure and the E. coli structure as a template, however, all failed to yield a satisfactory
solution. Low signal-to-noise ratio due to multiple monomers in the asymmetric unit and
translational non-crystallographic symmetry can be problematic in molecular replacement

but this could also suggest a significantly different conformation.
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Figure 2-6 Native Patterson map (0 <u < 0.5, v =0, 0 <w < 0.5) calculated from the native data
processed in space-group 12,2,2, using reflections in the resolution range 40-4 A with Fobs >
3o(Fobs). Three large non-origin peaks are observed at (0.4864, 0.0000, 0.4154), (0.5000, 0.0193,
0.0847) and (0.0142, 0.0200, 0.5000) approximately 20% the height of the origin. For data processed
in 14,22, peaks (0.4864, 0.0000, 0.4154) and (0.5000, 0.0193, 0.0847) are symmetry related. Figure
prepared with the programs NPO and XPLOT84DRIVER (Collaborative Computational Project
1994).

2.31.2.2. Multiwavelength anomalous dispersion

For these reasons a heavy-metal derivative was sought to enable structure determination
either by isomorphous replacement or anomalous dispersion methods. A mercury derivative
was produced that diffracted X-rays to ~ 4 A, with slightly altered unit-cell dimensions along
all three axes (Table 2-1) and MAD data were collected at two wavelengths from the same
crystal corresponding to the mercury LIII peak (1.005 A) and inflection point (1.009 A).

2.1.3.1.1:1. Analysis of MAD data

Analysis for significant anomalous signal and heavy-atom location was performed with
SHELXC (Sheldrick, 2004) and SHELXD (Schneider and Sheldrick, 2002). An anomalous
signal-to-noise ratio, based on the mean value of the ratio between the anomalous differences
[F* - F| and the estimated standard deviation of these differences, of greater than 1.2 was
deemed significant (Sheldrick, 2004). The peak/inflection point datasets processed in space-
groups 14,22 and 12,2,2, were estimated to have anomalous signal to 5.4 A/6.5 A and
5.6A/7A respectively (Table 2-2). The maximum resolution to be included for heavy-atom

location, based on a correlation coefficient between the signed anomalous differences AF of
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greater than 30% (Sheldrick, 2004), was estimated to be 5.4 A (14,22) and 5.6 A (12,2,2))
(Table 2-2). ceHsp70-CT contains one cysteine, thus 12 mercury atoms were predicted to be
bound in the asymmetric unit for data processed in 14,22 and 24 for data processed in
12,2,2,.

Statistics of the anomalous signal-to-noise ratio against resolution, <|[F" - F|/o(F" - F)>

Resolution (A) o0~ 80- 6.0- 56- 54- 52- 5- 4.8- 46- 44- 42-
8.0 6.0 5.6 5.4 52 5.0 48 46 4.4 4.2 3.95

14,22

Peak 293 187 139 117 112 107 098 095 084 081 078
Inflection 1.82 106 09 091 08 075 078 074 080 083 0.79
12,2:2,

Peak 226 152 1.17 101 102 094 089 085 080 074 074
Inflection 146 095 084 078 072 075 077 079 083 075 073

Correlation coefficient between the signed anomalous differences against resolution CC
(F-B)i, (F-F)j

14,22
Peak/inflection 845 558~ <390 307 *160 5 239 182 33 -0.3 1.1 165
12,2,2,
Peak/inflection 589 437 290 201" 83 128 160 73 -04 58 10.6

Table 2-2 Anomalous signal statistics for the mercury derivative data processed in space-
groups 14,22 and 12,2,2,. A signal-to-noise ratio greater than 1.2 indicates a significant
anomalous signal where 0.8 indicates noise. Data were truncated where the correlation coefficient
between the signed anomalous differences was greater than ~30%.

2.1.1.1.1.2. MAD phasing

For data processed in 14,22, SHELXD found 3 strong heavy-atom positions and an
additional 10 weaker positions, with a sharp drop off in occupancy between the third and
fourth sites (68% and 34%). The heavy-atom substructure was passed to SHARP (La
Fortelle and Bricogne, 1997) for maximum-likelihood heavy-atom parameter refinement
followed by density modification with SOLOMON (Abrahams and Leslie, 1996) using a
solvent content of 60%, resulting in a final correlation coefficient on |[E’| of 0.623. The
resulting map, whilst noisy, had readily interpretable regions of a-helical secondary structure
encompassing the top three heavy-atom positions, with the remaining predicted heavy-atom

sites located in areas of disordered density. Despite the interpretable features in the map, the
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solution was not in agreement with the analysis of the data. Only three monomers in the
asymmetric unit would mean a Matthews coefficient of 12.28 and a predicted solvent content
of 90%. In addition, whilst the solution was consistent with the self-rotation function (Figure
2-5), the large non-origin Patterson peaks were not (Figure 2-6). Regions of disordered
density were observable in areas consistent with the native Patterson vectors (Figure 2-7a)

but attempts to locate further heavy-atoms failed.

i ZTN J I 1 I

Figure 2-7 Experimental electron-density maps. (a) Electron-density for data processed in 14,22.
Interpretable electron density only accounts for 10% of the unit-cell, with disordered density
evident, related by translations consistent with the native Patterson analysis. (b) Electron-density
for data processed in 12,2,2,. Density accounts for all predicted 24 monomers in the asymmetric
unit. Unit-cell translated one quarter along b axis compared to (a). 2-fold axes in yellow, 2;-screw
axes in green, 4;-screw axes indicated by green panel, 4;-screw axes indicated by blue panel.

Repeating the procedure with data processed in space-group 12,2,2;, SHELXD located 27
heavy-atom positions with occupancies ranging from 100% to 13%, with 15 of the sites
greater than 50% and no clear drop off in occupancy. Heavy-atom substructure refinement
with SHARP resulted in 3 sites being discarded and density modification with SOLOMON
lead to a map with a final correlation coefficient on |E’| of 0.684. The resulting map had a
clear protein-solvent boundary with the disordered regions from the 14,22 solution now
interpretable and all 24 heavy-atoms located in regions of protein density (Figure 2-7b). The
crystal-lattice is made up of four identical sub-lattices related by the non-crystallographic

translations defined by the native Patterson analysis (Figure 2-6).
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2.3.1.3. Model building and refinement

The electron density maps resulting from MAD phasing were of sufficient quality to begin
model building. It soon became apparent that the C. elegans C-terminal subdomain adopted
an alternative conformation to the closely related rat homologue and resembled the more
distantly related bacterial DnaK from E. coli. Furthermore, close comparison of the C.
elegans electron density with the rat and E. coli structures revealed the rat structure had
undergone a 3D domain-swap (discussed in chapter 3). The significance of this was that a
composite monomer, consisting of helices B and aC (Mse**'-GIn®) from rat chain A and
helices aD and oE (Glu***-Ser®”’) from rat chain B, could be generated that fit the electron

density very well.

The "search for model in map" option in MOLREP was used to position all 24 rat composite
monomers using the experimentally derived phases (Figure 2-8a). The resulting model had
Cys’™, conserved with Cys’” in Hsp70A, positioned 3 A from a mercury atom (Figure 2-
8b). Rigid-body refinement in REFMAC, using the Hendrickson-Lattman coefficients as
input, with each monomer as a separate rigid body followed by restrained refinement with
tight NCS restraints, overall B-factors and inclusion of the 24 heavy-atom positions yielded a
starting Rerys/Rree Of 49.5/50.1%. In addition, density was also evident for the unmodelled N-
terminal residues and the loop connecting helices aC and oD missing from the rat structure.
To take advantage of the better diffracting form I-II crystals (3.5 A compared to 4 A) the
initial model was used as a molecular replacement search model using the form I-II data.
Rigid-body and restrained refinement, as before, yielded starting Reys/Rgee values of
46.2/47.2%.

Due to the problems in refining a structure with 24 monomers in the asymmetric unit at poor
resolution, optimisation of crystallisation conditions was carried out in parallel and a higher
symmetry better diffracting form was obtained. Consequently, refinement of form I crystals

was put on hold until a better model was obtained (section 2.5.5).
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Figure 2-8 MAD phasmg of ceHsp70—CT form 1 data. (a) Electron density map generated
using experimentally derived phases (section 2.1.1.1.1.2. with rat Hsc70 composite monomer
fitted with MOLREP. Hg positions marked in green. (b) Rat structure fitted with Cys-574

575

(conserved with Cys’” in C. elegans) 3 A from Hg position.

2.3.2. Solving the structure of tetragonal form Il ceHsp70-CT crystals

Refinement of the orthorhombic crystal form was hampered by low resolution and multiple
monomers in the asymmetric unit. Based on the pseudo-tetragonal and pseudo-cubic nature
of the crystal lattice it was hypothesised that only a slight modification in the crystal packing
would be required to adopt a higher symmetry space-group. This would reduce the number
of monomers in the asymmetric-unit making refinement easier and hopefully improve the

resolution of diffraction.

2.3.2.1. Optimisation of crystallisation conditions

Optimisation of crystallisation conditions in order to find higher symmetry better diffracting
crystals was carried out using an additive screen described by Birtley and Curry (Birtley and
Curry, 2005). The simple screen samples multiple new slightly transformed conditions by
mixing 75% existing conditions with 25% Hampton Crystal Screen™ conditions. Crystals of
ranging quality were observed in approximately 40% of the new conditions. A common
additive that appeared to be beneficial for crystallisation was various molecular weight
PEGs. In particular, four conditions produced nice, single crystals with a similar octahedral
habit seen for the orthorhombic crystal form (Figure 2-3). Condition 32, containing only 2 M
ammonium sulphate, produced small single crystals, unsurprising since the final contents are

virtually identical to the original condition. Conditions 16 (100 mM HEPES pH 7.5 and 1.5
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M lithium sulphate) and 33 (4 M sodium formate) also produced good quality crystals;
however, crystals from condition 33 offered no improvement in resolution and symmetry
(Figure 2-9a) and crystals from conditions 16 diffracted very poorly (Figure 2-9b). Finally,
condition 39 (100 mM HEPES pH 7.5, 2 M ammonium sulphate and 2% PEG 400) resulted
in multiple single crystals. These diffracted beyond 3.5 A with some spots observed at
around 3 A (Figure 2-9c). Furthermore, preliminary indexing suggested a primitive
tetragonal space-group.

Figure 2-9 Diffraction images for new crystals. (a) Diffraction for crystal grown from Hampton
Structure Screen condition 16. Same space-group as before. Ice-rings at 3.9 and 3.65 A. (b)
Diffraction for crystal grown from Hampton Structure Screen condition 33. (c) Diffraction for
crystal grown from Hampton Structure Screen condition 39. Ice-rings at 3.9 and 3.65 A. Data is
tetragonal and extends to ~3 A.

2.3.2.2. Analysis of X-ray data

Indexing in MOSFLM suggested a primitive tetragonal space-group with a clear gap in the
solution penalty to the next best solution. Data were processed in space-group P4 with a unit-
cell dimensions of a = b = 139 A, ¢ = 100.6 A. Analysis of the unmerged intensities
processed in P4 with POINTLESS (Evans, 2006) confirmed the Laue group P 4/m m m with
a four-fold rotation axis parallel to the unit-cell ¢ axis and two-fold axes down a, b and c.
Inspection of systematic absences revealed 1 = 2n and h = 2n consistent with space-group
P4,2,2. Data were processed in space-group P4,2,2 and scaled with an Ry of 13%. Data

collection and processing statistics can be found in table 2-3.
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Data collection statistics

Wavelength (A) 0.978

Space-group P4,2,2

Unit-cell parameters (A) a=b=1389,c=100.6
Resolution range (A) 36-3.2(3.37-3.2)
No. observations 146865 (21737)

No. unique reflections 16809 (2399)
Completeness (%) 99.9 (100)
Redundancy 8.7(9.1)

Roym' (%) 13.6 (93.6)

Rpim® (%) 5.1(33.2)

Io(I) 12.9 (2.0)

2 Rom= g;ll:(hu)-(l(hkl))'/ g;mmj pReim= §[|/~ = l]‘“zl:ll:(hkl)-(l(hkl))|/§$|lx(hldﬂ

Table 2-3 Reflection data statistics for data processed in space-groups
P4,2,2. Values in parentheses are for the highest resolution bin.
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Figure 2-10 Self-rotation and native Patterson analysis of form II data processed in space-
group P4,2,2. (a) Self-rotation map showing peaks at x = 90, 120 and 180°. (b) Native
Patterson map (0 <v < 0.6, 0 < w < 0.5) showing large non-origin peak at (0.5, 0.5, 0.16).
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2.3.22A1. Content of the asymmetric unit

For a protein with molecular weight 13094 Da, the Matthew's equation (Matthews, 1968)
indicates there to be between 4 (V,, = 4.64, solvent = 73%) and 10 monomers (V,, = 1.86,
solvent = 34%) per asymmetric unit. Calculation of a self-rotation Patterson reveals the same
pseudo-cubic general packing as the orthorhombic form (Figure 2-5) but with a 90° rotation
of the unit-cell around the c-axis (Figure 2-10a). Non-crystallographic translational
symmetry is also evident (Figure 2-10b) with a strong peak roughly half that of the origin
present at (0.5, 0.5, 0.16).

The unit-cell volume (1.9 x 10° A%) is one-quarter that of the 12,2,2, form (7.7 x 10° A’) and
was predicted to consist of one of the four hexamers witnessed in the form I asymmetric-
unit. Consequently, some of the non-crystallographic translations between the hexamers are

now predicted to have been transformed to crystallographic translations of the unit-cell.

2.3.2.3. Phasing

Based on the predictions of the content of the asymmetric-unit, molecular replacement was
carried out using one hexamer from the 12,2,2, solution as a search model. Using PHASER,
three clear solutions were found with log-likelihood gains in excess of 3000 and Z-scores
over 60 indicating a very significant solution. As expected, the three solutions, generated by
rotation of the hexamer about the three-fold NCS axes, revealed the same crystal packing as

before.

2.3.2.4. Model building and refinement

Model building and refinement was carried out with REFMAC (Collaborative
Computational Project, 1994) and COOT (Emsley and Cowtan, 2004). An initial round of
rigid body refinement was carried out with the molecular replacement solution resulting in
an Reys/Reee Of 51.6/52.4%. Restrained refinement using tight main-chain and side-chain
non-crystallographic restraints and an overall B-factor was continued until convergence at an
Reryst/Reee Of 46.0/47.6%. At this stage the model still contained the rat sequence and was
incomplete, with the ordered N-terminal tag residues and 2 residues linking helices aC and
aD absent. Incorrect residues were mutated and positioned using the rotamer library from
within COOT followed by refinement to an Reys/Rpee Of 39.9/41.3%. Loop 2 residues
linking helices aC and aD were built and refined to Rerys/Rgee of 38.1/39.8. Finally, 8
residues belonging to the N-terminal affinity tag were added, 5 of which belonged to helix
aB, and the complete model was refined to an Rerys/Ree of 32.0/33.3%. TLS (translation-

libration-screw) refinement was used in the final rounds of refinement with pronounced
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results. Use of TLS parameters allows the modelling of anisotropic atomic displacement
factors describing a rigid group and is especially suited to medium to low resolution
refinement due to the low parameter to observation ratio (Painter and Merritt, 2006; Winn et
al., 2001). The number of TLS groups to include in the refinement was assessed with the
TLSMD server (Painter and Merritt, 2006) and one TLS group for each monomer was used,
leading to an Reys/Riee Of 27.6/29.0%. The progress of the R-factors throughout the

refinement is charted in figure 2-11.

25

Rig,'bndy R:sr;incd Mu‘laxe Lot:pl N-l.u-:ninal TLS
Figure 2-11 Refinement of ceHsp70-CT against form II data. R (black) and Rg. (red)
throughout refinement of model against form II data.

The final model comprises 6 protomers of 82 residues each (total 3966 atoms). No water
molecules were included due to the resolution of the data. The model shows good geometry
and is supported by Riys and Rge. values of 27.6% and 29.0% respectively for all data
measured between 36-3.2 A. The final statistics for refinement and structural details can be
found in table 2-4.

The quality of the final model was assessed with PROCHECK (Laskowski et al., 1993). The
Ramachandran plot (Figure 2-12) shows that 75.7% of non-glycine and non-proline residues
are in the most favoured regions, 16.2% in the additionally allowed regions and 8.1% in the
generously allowed regions. No residues are in the disallowed regions. This is better than a
typical structure of 3.2 A resolution which is expected to have 61.7% + 10% of residues in
the most favourable region. Comparison with the secondary structure reveals that the most
favoured regions correlate well with the helical areas whilst the allowed and generously

allowed residues are largely confined to the connecting loops (Figure 2-12b and c).
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Refinement against form I-II data (section 2.4.5) was continued using the final model. The
four hexamers were positioned using SSM in COOT and refined with one TLS group per
monomer to a final Reys/Rege. of 28.7/32.0% (Table 2-4).
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Figure 2-12 Analysis of sterochemical properties of ceHsp70-CT model with PROCHECK. (a)

Ramachandran plot. 75.7% of residues in the most favoured region. (b) and (c) Secondary structure

prediction and sequence Ramachandran regions. Allowed and generously allowed residues located
in and around loop regions.
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Crystal Form I-1I Form II
Space-group 12,2,2, P4,2,2
Unit-cell dimensions (A) a=196,b=196.1,c=200 a=b=139,c=100.6
Resolution range (A) 40-35 36-3.2
Rt/ Rans 28.7/32 27.6/29
Average B-factor (A%) 111 88
r.m.s.d. bonds (A) /angles (°) 0.017/1.744 0.015/1.489
Ramachandran plot
Most favoured (%) 75.3 72.1
Additionally allowed (%) 13.7 22.6
Generously allowed (%) 9.6 5.3
Disallowed 1.4 0

2 |Fod

hkl

Rmy.rl = z I‘Fob;l - lFmIrI
1 hkl

2 Riree 85 Rerye but summed over a 5% test set of reflections
Table 2-4 Refinement statistics for form I and form II ceHsp70-CT crystals.

2.3.3. Description of the ceHsp70-CT crystal structure

ceHsp70-CT was crystallised as a recombinant protein, incorporating a 2.3 kDa (21 residue)
vector encoded N-terminal 6xHis tag, in two forms; an orthorhombic form belonging to
space-group 12,2,2; (form I; section 2.3.1.) and a tetragonal form belonging to space-group
P4,2,2 (form II; section 2.3.2.). Both the monomeric structure and crystal-lattice packing are
virtually identical between the two crystal forms. The asymmetric-unit of form I crystals
consists of four hexamers related by translational non-crystallographic symmetry whilst the
higher symmetry form II crystals only have one hexamer per asymmetric-unit. Discussion of
the monomeric and asymmetric-unit structure will concentrate on the form II structure but

applies equally to both forms.

The final model consists of six protomers per asymmetric unit. Most residues are well
modelled except the first 12 N-terminal residues, encompassing the 6xHis sequence, and the
last 26 C-terminal residues. Tight NCS restraints were applied throughout refinement and all
six ceHsp70-CT protomers are identical with RMSDs <0.05 A. The six protomers form two
back-to-back trimers related by 32 point group symmetry with an NCS three-fold axis
through the centre of the trimer and three orthogonal evenly spaced two-fold axes relating
the two trimers (Figure 2-13a).

Chapter 2 - Crystal structure of the C-terminal helical subdomain from C. elegans Hsp70 69



Structural and biochemical studies of the C. elegans Hsp70/Hsp90 chaperone system

s ey S
u'ﬁn‘:)a; ..

Figure 2-13 Asymmetric-unit and monomeric ceHsp70-CT structure. (a) Structure of the
ceHsp70-CT asymmetric unit viewed down the three-fold NCS axis and the orthogonal two-fold NCS
axis. Asymmetric unit consists of six protomers arranged as back-to-back trimers, coloured red and
blue. One monomer coloured in a gradient from N-terminal (blue) to C-terminal (red). (b) Monomeric
structure of ceHsp70-CT. Coloured in a gradient from N-terminal (Blue) to C-terminal (red).
ceHsp70-Ct contains four helices, aB—oE (beginning/end position numbered), which form a three-
helix bundle. The loop connecting helices aB and aC contains a short 3,o-helix (n1). The recombinant
6xHis tag contributes five residues to helix aB (coloured grey). (c) Helical-wheel diagram showing
hydrophobic packing in the core of the structure and intra-chain electrostatic interactions (indicated
with dotted lines). Green — hydrophobic, blue — charged, red — polar.
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Within each monomer the secondary structure is all helical, comprising four a-helices, aB-
aE (Table 2-5) and a helical content of 72% according to PROMOTIF (Hutchinson and
Thornton, 1996). Successive interhelical angles of 153°, 164° and 32° produce an anti-
parallel three-helix bundle, with helices aB-aD arranged in an anti-clockwise up-down-up
topology. Helix «E is contiguous with helix aD but kinked 32° at Ala®* and extends under
the loop connecting helices aB and aC (Figure 2-13b). The helices have a classical
amphipathic nature with a well defined hydrophobic core and are stabilised by intra- and
inter-chain electrostatic interactions (Figure 2-13c). The primary structure of the three
helices is similar to the heptad repeat motif found in coiled-coils, with predominantly

hydrophobic residues located at the first and fourth positions.

Helix  Range (# res) Length (A) Sequence

aB (-5)542-554 (18) 27.62 (P)PRGSHMGLESYAFNLKQTI(E)

aC 565-585 (21) 30.80 (S)PEDKKKIEDKCDEILKWLDSN(Q)
aD 590-602 (13) 19.92 (E)KEEFEHQQKDLEG(V)

aE 605-611 (7) 10.41 (A)NPIISKL(Y)

Table 2-5 Secondary structure content of ceHsp70-CT.

Residues Sequence Type i toi+3 dist. (A)

556-559  DEKL v 3.2
557-560  EKLK v 5

559-562 LKDK I 8.7
560-563  KDKI I 6.4
585-588  NQTA IV 59

Table 2-6 ceHsp70-CT B-turns. First four turns form a
short stretch of 3;5-helix in other C-terminal structures.
Final turn is in loop connecting helices aC and aD.

Analysis with PROMOTIF also reports the presence of five B-turns (Table 2-6). The first
four are consecutive turns positioned in the loop connecting helices aB and aC (Residues
Asp’*°~I1e*®). Comparison with the same regions from homologous structures from rat
(Chou et al., 2003) and E. coli (Zhu et al., 1996) reveal that this region forms two turns of
310-helix (labelled M1 in figure 3-1a). The final PB-turn is located immediately at the C-
terminal of helix aC (residues Asn’**-Ala’**) and forms the hairpin turn allowing the

structure to fold back on itself.

In accordance with solution studies of E. coli DnaK (Bertelsen et al., 1999) and the crystal
structure of rat Hsc70 (Chou et al., 2003), the final 26 C-terminal residues were found to be
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disordered. This highly mobile region is enriched in glycine and proline residues in many
Hsp70 family members and contains the conserved co-chaperone binding GPTIEEVD motif

at the extreme C-terminus.

Nine residues of the recombinant 6xHis tag are visible in the electron density. Interestingly,
the five immediately preceding the start of the C. elegans sequence (residue 542) adopt a
helical secondary structure and form the beginning of helix aB (Figure 2-12b, coloured grey)
and contribute side-chains to the hydrophobic core of the three-helix bundle.

2.3.4. Comparison of the orthorhombic and tetragonal crystal lattice

Both orthorhombic form I crystals and tetragonal form II crystals have the same general
packing. Form I crystals belong to space-group 12,2,2; with unit-cell dimensions a = 194.6,
b =195.0, ¢ = 200.8 A whilst form II crystals belong to space-group P4,2,2 with unit-cell
dimensions a = b= 138.9, ¢ = 100.6 A.

2.3.4.1. Description of the orthorhombic form | crystal-lattice

Form I crystals have 24 monomers in the asymmetric-unit. These can be defined as four
hexamers, as described in section 2.6.1, in the same orientation related by translation non-
crystallographic symmetry (Figure 2-14a). Translational NCS was first suggested by the
large non-origin peaks in the native Patterson map (section 2.4.3.2; Figure 2-14b)
approximately one-quarter the height of the origin peak at (0.4864, 0.0000, 0.4154), (0.5000,
0.0193, 0.0847) and (0.0142, 0.0200, 0.5000).

Chapter 2 - Crystal structure of the C-terminal helical subdomain from C. elegans Hsp70 72



Structural and biochemical studies of the C. elegans Hsp70/Hsp90 chaperone system

(b) -------- +W  Y=00100
b !
&
° 7
(d)

: “ A
180} ) Ex {((Co

-7
Figure 2-14 Translational and rotational NCS of the asymmetric-unit in space-group 12,2,2,.
(a) The asymmetric-unit can be defined as four hexamers related by the native Patterson vectors in
(b). (¢) Each hexamer is aligned with its local three-fold NCS rotation axis parallel to the unit-cell
body diagonal. Each hexamer is related to three neighbouring hexamers by two-fold NCS axes
parallel to the unit-cell edges or face diagonals. (d) The two- and three-fold NCS is illustrated in the
self-rotation map with peaks at k = 120° and 90°.

Each hexamer, a pair of back-to-back trimers, has 32 point-group symmetry and is orientated
such that its local three-fold rotation axis is aligned parallel to a unit-cell body diagonal
(Figure 2-14c). Each hexamer belongs to a distinct sub-lattice and is related to three
neighbouring hexamers by a two-fold rotation axes parallel to either the unit-cell edges or
the face diagonals (Figure 2-14c). Both these two-fold axes, and the three-fold axes
concomitantly generated aligned parallel to each unit-cell body diagonal, are non-
crystallographic in space-group 12,2,2,, with the two-fold NCS axes parallel to the cell edges
also parallel to crystallographic two-folds. This is nicely illustrated in the self-rotation
Patterson map which shows 432 point-group symmetry with large peaks at x = 90°, 120° and
180° (Figure 2-14d).
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Figure 2-15 Crystal packing of one lattice in space-group 12,2,2,. (a) and (b) The asymmetric-unit
can be defined as four hexamers (coloured green, blue, yellow and purple) related by a 90° rotation
and one-quarter unit-cell translation along the c-axis forming a single-stranded helical turn here
viewed down the c-axis (a) and the b-axis (b). (c) Sub-lattice packing viewed down in the c-axis. (d)
Sub-lattice packing viewed down in the b-axis. (¢) Viewed parallel to ab face diagonal. (f) This sub-
lattice also has 14,22 symmetry with the 4;-screw axis (blue box) aligned down the helices and the 4,-
screw axis aligned between in minor helices.
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The asymmetric-unit can also be defined as four hexamers belonging to the same sub-lattice
(Figure 2-15a and b). Successive hexamers - coloured green, blue, yellow and purple - are
related by a unit-rise of ~50 A along the c-axis. Coupled with a 90° rotation, this generates a
single-stranded left-handed helix extending parallel to the c-axis with equivalent positions
defining the unit-cell dimension (~200 A) (Figure 2-15c). This can be thought of like a left-
handed four-sided staircase. This packing is repeated along both the a- and b- axes (Figure 2-
15d), however, the unit-rise in both cases is ~49 A giving rise to both the a- and b- axes
being approximately 4 A shorter than the c-axis. This creates a honeycomb like sub-lattice

packing (Figure 2-15¢) and accounts for approximately 15% of the unit-cell.

Interestingly, this sub-lattice has 14,22 symmetry with the unit-cell shifted (0.25, 0, -0.125)
(Figure 2-15f). The longitudinal helices along the c-axis are related by the 4;-screw axis
whilst the 4,-screw axis describes the relationship between these helices. 14,22 is a maximal
non-isomorphic super-group of 12,2,2, and there was an ambiguity during space-group
determination with the data collected from form I crystals flash-cooled directly from mother
liquor scaling equally well in 12,2,2; or 14,22 (section 2.4.3). Furthermore, MAD phasing
using data processed in 14,22 gave a clear solution corresponding to this sub-lattice (section
24422).

The sub-lattice is repeated four times in total, with hexamers in the same orientation in each
sub-lattice related by the native Patterson vectors as described in figure 2-14b. Two of the
sub-lattices are related by the NCS translation vector (0.0142, 0.02, 0.5). When viewed down
the c-axis these two sub-lattices overlay (Figure 2-16b and c; red and blue sub-lattices) and,
due to the one-half unit-cell translation along c, form a left-handed double-stranded helix
running down the c-axis (Figure 2-16d). Due to the accompanying small translations along
the a- and b- axes, these sub-lattices overlay imperfectly and are only related by a two-fold
rotation axis. This imperfect packing breaks the four-fold screw axis and explains why the
14,22 symmetry does not hold for the complete crystal-lattice. The remaining two sub-
lattices, related by the same packing, are generated by the NCS translation vector (0.5000,
0.0193, 0.0847) (Figure 2-16e and f; green and olive sub-lattices).
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Figure 2-16 Packing of sub-lattices in space-group 12,2,2,. (a) One sub-lattice viewed down unit-
cell c-axis, hexamers of one helical turn coloured blue, yellow, red and green. (b) Two sub-lattices
(red and blue) related by NCS translation vector (0.0142, 0.02, 0.5) viewed down c-axis. (c) Two sub-
lattices viewed down b-axis. (d) Two sub-lattices viewed along ab face-diagonal showing the helical
relationship along the c-axis. (e) Packing of all four sub-lattices (red, blue, green, olive) viewed down
c-axis (f) Packing of all four sub-lattices viewed down b-axis
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2.3.4.2. Description of the tetragonal form |l crystal-lattice

Tetragonal crystals belonging to space-group P4,2,2 were grown from the same conditions
by the addition of a small amount of PEG 400. These crystals have the same general packing
as form I crystals, as initially evidenced by the related self-rotation Patterson map (Figure 2-
5 and 2-10a), however the unit-cell dimensions are now a = b= 138.9, ¢ = 100.1 A. The unit-
cell volume is one-quarter that of the orthorhombic form and the asymmetric-unit consists of

only one hexamer.

Analysis of the crystal-lattice reveals the same packing, however, the non-crystallographic
translation relating two sub-lattices along the unit-cell c-axis, described by the native
Patterson vector (0.0142, 0.02, 0.5), is now a pure translation along the c-axis. Consequently,
the unit-cell c-axis is now defined by trimers in equivalent positions but on the opposite
strand of the helix and is half the length as in 12,2,2,. As the sub-lattices overlay perfectly,
they are now related by a 4,-screw axis (Figure 2-17). This also allows the unit-cell to be

described by a primitive lattice.

Figure 2-17 Crystal packing in space—grou P12|2. (a) Unit-cell viewed down c-axis. Separate
sub-lattices coloured red, blue, green and olive. 4,-screw axis represented by blue box, 2,-screw axis
in green, 2-fold rotation axis in yellow.
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2.3.4.3. Space-group relationships in the ceHsp70-CT crystal lattice

The packing between orthorhombic form I crystals and tetragonal form II crystals is very
similar. A slight re-ordering of the intra-sub-lattice packing establishes a four-fold screw axis
relating the double-stranded helices extending parallel to the c-axis which are only described
by a two-fold rotational symmetry in form I crystals. Consequently, the unit-cell ¢ axis is
halved to ~100 A and coupled with the transformation to a primitive cell means the unit-cell

is one-quarter the volume of 12,2,2,.

The P4,2,2 unit-cell is related to the 12,2,2; unit-cell by a 45° rotation about the ¢ axis, first
suggested by the self-rotation Patterson analysis, and a translation of (0.25, 0, -0.25). This is
clearly illustrated by inspection of the space-group symmetry (Figure 2-18). Rotation of a
P4,2,2 cell about the ¢ axis orientates the 4,-screw axes with two-fold rotation axes of space-
group 12,2,2, (2-17b and d), made possible by the re-ordering of the intra-sub-lattice
packing. Further, the two-fold rotation axes at the unit-cell corners in P4,2,2 are now aligned
with 2,-axes in the 12,2,2, cell and a translation of -0.25 along the c-axis (not shown) is also

required to align the symmetry axes parallel the a and b axes.

Data collected from crystals vitrified directly from mother-liquor were initially thought to
belong to space-group 14,22 and mercury derivative data processed as such even gave a clear
solution corresponding to one of the sub-lattices (section 2.4.3.) The space-group assignment
proved to be incorrect but comparison of the space-group symmetry shows the close
relationship between the two space-groups (Figure 2-17a and c). An 14,22 unit-cell is related
to an 12,2,2, cell of the same size by a translation of the origin by (-0.25,0 ,-0.125). This
aligns the tetragonal 4,- and 4;- axes with the two-fold rotational axes of the orthorhombic
cell. Each sub-lattice can be defined by a body-centred tetragonal cell; however, as
discussed, the felaﬁve orientation of the two sub-lattices that intertwine down the c axis

transforms the four-fold screw axes to two-fold rotation axes.

2.4. Conclusions

In summary, the structure of the C-terminal subdomain of C. elegans Hsp70 has been solved.
Orthorhombic 12,2,2, and tetragonal P4,2,2 crystal forms were produced which exhibited
very similar crystal packing. The final model, refined to Rerys and Rge. values of 27.6% and
29.0% respectively, shows a compact three-helix bundle dramatically different in
conformation to the only eukaryotic structure from rat Hsc70. Further analysis of the

structure is presented in Chapter 3.
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Figure 2-18 Comparison of space-groups 12,2,2,, P4,2,2 and 12,2,2,. (a) Symmetry operators for
space-groups 12,22, P4,2,2, 14,22. (b) Overlay of 12,2,2, (red) and P4,2,2 (blue) with P4,2,2 origin
at (0.25, 0, -0.25). 42-screw axes overlay with two-fold rotation axes. (c) Overlay of 12,2,2, (red) and
14,22 (green) with 14,22 origin at (-0.25, 0, -0.125). 4- and 4;- screw axes overlay with two-fold axes.
(d) Unit-cells for ceHsp70-CT packing in 12,2,2; and P4,2,2 as in (b) Sub-lattices coloured red, blue,

green and olive.
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3. Analysis of the C. elegans Hsp70 C-terminal 10 kDa

subdomain structure

3.1. Introduction

The Hsp70 C-terminal helical-bundle subdomain is implicated in regulation of client
binding, self-association and co-chaperone binding. The only eukaryotic structure solved for
the 10 kDa C-terminal lid domain is from rat (Chou et al., 2003), which has an anti-parallel
coiled-coil mediated dimer. This is in contrast to the monomeric three-helical bundle
observed in the E. coli homologue DnaK (Zhu et al., 1996), which shares approximately
17% sequence identity with rat Hsc70.

Chapter 3 presents an analysis of the C-terminal subdomain from C. elegans Hsp70.
Comparison of the structure with E. coli and rat homologues shows structural conservation
with the distantly related bacterial proteins and also reveals a domain-swapped dimerisation

mechanism for self-association of the C-terminal subdomain.

3.2, Materials and methods

3.2.1. Structural analysis

Evolutionary conservation analysis was carried out with ConSurf (Glaser et al., 2003) using
the empirical Bayesian method. Sequence alignments generated with MUSCLE (Edgar,
2004) using a non-redundant dataset with sequences corresponding to the 10 kDa C-terminal
lid subdomain of all eukaryotic cytoplasmic Hsp70 proteins found in the UniProt database
(for alignment see appendix A.2). Residues coloured according to conservation ranging from

1 (variable) to 9 (conserved).

Electrostatic-potential maps were calculated with APBS (Baker et al., 2001) using a PyMol
plug-in (http://www-personal.umich.edu/~mlerner/PyMOL/). Charges were assigned using
PDB2PQR (Dolinsky et al., 2004) and an AMBER forcefield (Case et al., 2005).

Analysis of the biological relevance of the oligomeric complexes within the crystal structure

was carried out with the server PISA (http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html).

A homology model of residues 1-533 of C. elegans Hsp70A was produced with SWISS-
MODEL using bovine Hsc70 as a template (unwound helix aB residues trimmed from

template). The helical subdomain solved in this study was subsequently positioned based on
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the SBD structures of E. coli DnaK and HscA, with the final eight unmodelled helical

residues (Lys*>*-Asn>"') connecting the model and structure filled in manually.

All graphical figures were produced with PyMol (http:/www.pymol.org).

3.2.2. Determination of solution oligomeric state of ceHsp70-CT

The oligomeric state of ceHsp70-CT was investigated using gel filtration and glutaraldehyde
cross-linking. Gel-filtration was carried out on an AKTA explorer FPLC using a Superdex
75 HR 30/10 column (Amersham Bioscience) at 4 °C. 200 puL ceHsp70-CT (2 uM, 5uM and
80 puM) in storage buffer (25 mM HEPES pH 7.5, 50 mM KCl, 1 mM DTT) was applied to
the column equilibrated in the same buffer and run at 0.5 ml min"'. The column was
calibrated with protein standards with sizes ranging from 16.4 A (13.7 kDa) to 85 A (669
kDa).

Cross-linking was carried out using the homobifunctional amine reactive cross-linker
glutaraldehyde. 5 ug total protein in 15 pl 25 mM HEPES pH 7.5 was cross-linked with
addition of a 1/10" volume of 10 x glutaraldehyde stock, 0.1% and 0.2% final
glutaraldehyde concentrations were used. The reaction was quenched at various time points
by addition of a 1/10™ volume of 1M tris pH 7.5 and subjected to gel-filtration and/or SDS-
PAGE analysis.

3.2.3. Thermal-denaturation studies
3.2.3.1. Far-UV CD spectroscopy

Far-UV CD spectra were recorded using 10 pM protein in 25 mM citrate buffer pH 6.5 or pH
4.5. Spectra were obtained with a Jasco J-810 spectrometer equipped with a peltier
temperature controller. Individual CD spectra were collected at 20, 30, 40, 50, 60, 70 and 80
°C in the range of 200-250 nm with a 0.1 cm pathlength cuvette. A resolution of 0.5 nm and
a scanning speed of 20 nm min” were used. In a separate experiment, CD signals at 222 nm
were monitored as a function of temperature. The protein samples were heated from 20 to 80

°C with a heating rate of 30 °C h” with the measurements recorded every 0.5 °C.

3.2.3.2. Trp fluorescence spectroscopy

Fluorescence spectroscopy experiments were carried out on a FluoroMax-3 (HORIBA Jobin
Yvon) luminescence spectrometer equipped with a circulating water bath to control the
temperature. Protein spectra were recorded using 10 uM protein (in 25 mM citrate buffer pH
6.5 or pH 4.5) and a 1 cm path length cuvette. The protein sample was excited at 295 nm and
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the resultant Trp emission spectra were collected over the range of 305-425 nm. An
integration time of 1 s and a resolution of 1 nm were used. Thermal analysis was performed
over the range of 20-85 °C with emission spectra recorded every 3 °C, allowing 5 min

equilibration at each temperature.

.3 Results and discussion

3.3.1. Analysis of evolutionary conservation and electrostatic properties

ConSurf, a web-server for analysis of evolutionary conservation, was used to predict
functionally and structurally important residues. The analysis was carried out using all
eukaryotic cytoplasmic Hsp70 family members in the UniProt database (for alignment see
appendix A.2). Amino acids with above average conservation scores could be grouped into
two categories; those involved in the defining the overall structure and those predicted to

participate in the "latch" interactions with the B-sandwich subdomain (Figure 3-1a and b).

Helices aB-aE have a classical amphipathic nature with most of the hydrophobic residues in
the core of the fold subject to above average conservation, in particular residues Leu’”,
Leu® and I1e®” cluster with the most conserved residues (Figure 3-1b). Residues important
for correct folding include Asn®*®, Ala®® and Glu®”, which are important in defining the tight
hairpin loop connecting helices aC and aD; Pro®®, which occurs at the N-cap +1 position of

562

helix oE immediately proceeding the kink separating helices aD and aE; and Lys™ of loop 1

which interacts with the backbone carbonyl of the penultimate ordered amino acid GIn®".

542 all residues belonging to helix oB are subject to above average

Excluding variable Gly
conservation. In particular, Glu®** and Ser’* are very well conserved. Glu®* is conserved
with Asp®® in E. coli DnaK which, along with other C-terminal helix oB residues, was
shown to interact with residues of the outer-loops of the B-sandwich (see section 3.3.2.) (Zhu
et al., 1996). These interactions, termed the “latch”, have has since been shown to be

important for correct Hsp70 function (Fernandez-Saiz et al., 2006).

Interestingly, Tyr®'? at the C-terminus of helix oE is conserved not only across eukaryotic
Hsp70s but also across many prokaryotic family members suggesting an important function,
the nature of which is unclear. The solvent exposed part of helix aC stands out as the least

conserved region with all residues clustering as highly variable.

ceHsp70-CT contains many charged residues and carries a net negative charge of -6 eV. The
electrostatic surface shows two electronegative patches. The first is located around the latch

residues of helix aB, which covers the substrate-binding groove, perhaps involved in the
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preference of Hsp70 for substrate peptides flanked by positively charged residues. The
second is located at the surface generated by the C-terminal surface of helix aC, loop 2 and
the N-terminal surface of helix aD (Figure 3-1c). In the predicted full-length model (section
3.3.2.) this region is close to the NBD-SBD domain interface and also the predicted binding
site of the J domain of Hsp40 proteins.

(b) N

K562 Y612 P606 L600 NS85 AS588

K562 E544 N585 AS588

1607 P606 L600 L543 ES92

S545 ES544 1543

[ G -

Variable Conserved

Figure 3-1 Evolutionary conservation and electrostatic properties of ceHsp70-CT. (a) Cartoon
representation coloured according to ConSurf analysis at 0 and 180°. (b) Sphere representation in
same orientation as (a). (c) Electrostatic surface calculated with the APBS plug-in for Pymol in same
orientation as (a). Electronegative patches boxed. Left — region of helix oB covering substrate-binding
groove, right — N-terminal region of helix aD near inter-domain interface and J domain binding site.
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3.3.2. Model of the complete C. elegans Hsp70 structure

The structure of a full-length Hsp70 protein, either in the open or closed conformation,
remains elusive with the most complete structure published to date being bovine Hsc70
(residues 1 - 554; PDB 1YUW) (Jiang et al., 2005) but lacking most of the C-terminal helical
subdomain presented here. Although nucleotide-free, the structure is also thought to
resemble the ADP-bound “closed” high-affinity state. As with some other SBD structures,
the C-terminal region of helix aB is locally unwound and bound in the peptide-binding
groove. The only structures of complete SBDs encompassing the B-sandwich subdomain and
the helical subdomain are from E. coli DnaK and HscA, both peptide bound and in the high-
affinity closed conformation. These show the relative position of the helical lid and -

sandwich subdomains.

A model of residues 1-533 of C. elegans Hsp70A was produced with SWISS-MODEL using
bovine Hsc70 as a template (unwound helix aB residues trimmed from template). The helical
subdomain solved in this study was subsequently positioned based on the structures of E.
coli DnaK and HscA, with the final 8 unmodelled residues (Lys***-Asn®*') connecting the
model and structure filled in (Figure 3-2a). The model, representing the ADP-bound high-
affinity conformation, illustrates the positioning of the helical lid covering the peptide-
binding groove and the latch-like contact of helix aB and outer-loops of the B-sandwich.
Analysis of evolutionary conservation with ConSurf highlights the important residues
involved in this interaction (Figure 3-2b).

Based on the relative orientation of the lid and B-sandwich subdomains, small side-chain
conformational changes upon lid closure would allow the direct interaction of highly
conserved residues Glu®** on helix aB and Arg*” on loop Ls¢ seen in the DnaK structure
(residues Arg*”” and Asp** in DnaK), with highly conserved Ser’* potentially hydrogen
bonding with the guanidinium group of Arg*”’. Additional conserved solvent exposed helix
oB residues Phe®*® and GIn** are also likely to contribute to the stabilisation of the closed
state.
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(a)

Helical subdomain

B-sandwich
subdomain

SBD NBD

(b) K562 Y612 1607 P606 L600 L543 N5S85 E589 AS88

D434 R470 Y432 A407

Figure 3-2 Model of the complete ceHsp70 structure in the closed high-affinity conformation. (a)
Full-length model. Helical sub-domain presented in this study coloured in gradient. Manually built
helix coloured grey. (b) Interactions between the lid subdomain and the outer loops of the B-sandwich
sub-domain. Lid and all residues coloured according to ConSurf results with conserved residues
coloured dark red and variable residues coloured cyan. Conserved residues on underside of helix aB
form latch-like interactions with residues on loop L; 4 and Lsg.
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3.3.2.1. Analysis of the oligomerisation state of ceHsp70-CT

Hsp70 family members - including Hsp70, Hsc70 and GRP75/BiP - predominantly exist as

monomers, but have also been reported to both dimerise and further oligomerise in a
concentration dependent manner (Benaroud;j et al., 1995; Benaroudj et al., 1997; Benaroudj
et al., 1996; Chou et al., 2003; Fouchaq et al., 1999). Hsp70 proteins have a tendency to
aggregate and successful crystallisation of the full-length protein has only been achieved
using a construct lacking most of the C-terminal subdomain (Jiang et al., 2006; Jiang et al.,
2005). It has been suggested that the SBD is both necessary and sufficient for self-
association; however, there are conflicting views on the exact mechanisms and both the 18
kDa B-sandwich subdomain (Benaroud;j et al., 1997; Fouchaq et al., 1999) and the 10 kDa
helical lid subdomain (Chou et al., 2003) have been proposed to mediate oligomerisation. A
dimer of the C-terminal domain from rat Hsc70 was observed in the crystal state with this
domain both necessary and sufficient for oligomerisation in solution (Chou et al., 2003).
Conversely, the 18 kDa peptide-binding subdomain of bovine Hsc70 was shown to
oligomerise in a peptide-sensitive manner comparable to the whole protein and also that
oligomerisation of a 60 kDa fragment, lacking the 10 kDa C-terminal subdomain, was both
peptide and ATP sensitive (Benaroudj et al., 1996). Finally, a recent study has implicated
regions of both domains, with the B-sandwich subdomain and N-terminal regions of the
helical subdomain found to be necessary for dimerisation of human Hsp70 (Nemoto et al.,
2006).

ceHsp70-CT crystallised as a hexameric complex as two back-to-back trimers (Figure 2-13)
with putative dimeric, trimeric and hexameric assemblies. Protein crystals are inherently
composed of multiple protein-protein interfaces and it is not always easy to distinguish
between a biologically relevant contacts and crystal lattice contacts. The web-server PISA
(Protein Interfaces, Structures and  Assemblies; http://www.ebi.ac.uk/msd-
srv/prot_int/pistart.html) attempts to asses the biological significance of quaternary
structures within crystal packing based on the structural and chemical properties of the

interface.

There are three main interfaces that define the crystal packing (Figure 3-3); two are involved
in the packing of the hexamer whilst the other is involved in the interaction between
neighbouring hexamers. According to PISA, none of the crystal interfaces are biologically
relevant. The two interfaces which define the hexamer have buried surface areas (BSA) of
~465 A? (Figure 3-3a) and ~336 A’ (Figure 3-3b) whilst the dimeric interface relating to
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hexamers has a BSA of ~310 A? (Figure 3-3c). All interfaces have PISA complexation

significance scores of 0.0 implying the interfaces only play a role in crystal packing.

(a)

(b)

ID  Structure | Structure 2 BSA #HB #SB CSS
Chain__# Res (tag) _Chain__# Res (tag) _(A”)

@ A 11(4) C 11(4) 465 4 8 0.0

b) A 11(5) E 1 336 4 1 0.0

© A 8 B' 8 310 4 4 0.0

Figure 3-3 Structural interfaces in the ceHsp70-CT crystal packing. Residues
involved in each interface are represented as spheres. Respective chains are coloured
orange and blue with light-orange/blue indicating residues belonging to the
recombinant N-terminal tag which participate in interfaces (a) and (b).
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Gel-filtration was used to investigate the oligomerisation properties of ceHsp70-CT in
solution. Whereas the C-terminal domain from rat Hsc70 was shown to exist in various
oligomeric states in solution, ceHsp70-CT eluted as a single peak regardless of concentration
(500 nM-10 pM) with a predicted Stokes radius consistent with the dimensions of the
monomeric crystal structure (max. dimension ~45 A) (Figure 3-4). To confirm the single
peak represented the monomeric species, glutaraldehyde cross-linking was carried out prior
to gel-filtration. SDS-PAGE analysis of the eluate from the three resolved peaks confirmed

the smallest species corresponded to the monomeric protein (Figure 3-4).

Taken together, the analysis of the crystal interfaces and solution studies support the
conclusion that the C-terminal subdomain exists exclusively as a monomer in solution and
that regions outside the subdomain are required for oligomerisation. These results are
consistent with a study on human Hsp70 which demonstrated that, although sequences
within the N-terminal portion of the helical domain were necessary for dimerisation, the lid

domain alone could not form dimers (Nemoto et al., 2006).

(a), (b)
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Figure 3-4 Gel-filtration analysis of ceHsp70-CT. (a) 80 uM (solid), 5SuM (dashed) or 2uM
(dotted) protein was resolved on a Superdex-75 HR column. Retention volumes of standards with
known Stokes radius indicated. ceHsp70-CT elutes as a single peak at all concentrations with an
estimated Stokes radius consistent with the dimensions of the monomeric crystal structure. Elution
profile of glutaraldehyde cross-linked ceHsp70-CT indicated in red. (b) Glutaraldehyde cross-
linking. Lanes 1 and 2 show native and cross-linked ceHsp70-CT respectively. Lanes 3-6 after gel-
filtration. Lane 3 is from native peak, lanes 4-6 correspond to cross-linked peaks marked with
coloured arrows in (a) and (b). Results show that ceHsp70-CT has a estimated Stokes radius
consistent with the dimensions of the monomeric crystal structure. This is supported by cross-
linking prior to gel-filtration.
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3.3.3. Comparison with C-terminal structures from E. coli and rat
Structures of the NBD (cow, human and E. coli) and the SBD B-sandwich subdomain (cow,
rat and E. coli) from several species reveal structural conservation from bacteria to humans.
Structures of the C-terminal 10 kDa helical subdomain are, however, limited to one
prokaryotic homologue; E. coli DnaK solved as part of the complete SBD (Zhu et al., 1996),
and one eukaryotic homologue; rat Hsc70 solved as an isolated helical subdomain (Chou et
al., 2003). In contrast to the NBD and SBD B-sandwich subdomain, the helical subdomains
of DnaK and rat Hsc70 are significantly diverged with DnaK adopting a monomeric three-
helix bundle and rat Hsc70 forming a helix-loop-helix that dimerises via an anti-parallel
coiled-coil like interaction. In addition, the SBD from the distantly related E. coli paralogue
HscA, a specialised bacterial Hsp70-class molecular chaperone, was shown to adopt a near

identical conformation to DnaK (Cupp-Vickery et al., 2004).

Across the C-terminal 10 kDa subdomain C. elegans Hsp70 shares 69% sequence identity
with rat Hsc70, 16% sequence identity with DnaK and only 5% sequence identity with HscA
(Figure 3-5a). It was surprising therefore that the C. elegans structure presented here adopts
the same three-helix bundle conformation as the bacterial homologues DnaK and HscA
(Figure 3-5b). ceHsp70-CT and DnaK superimpose with an RMSD of 2.3 A with the overall
topology well conserved. There are two small insertions of two and three residues
respectively in loops 1 and 2. The kink between helices aD and oE is positioned in the same

%14 in the C. elegans sequence; however it is bent at an angle of ~70° in

place, at residue Ala
the E. coli structure compared to 32° in C. elegans. Accordingly, ceHsp70-CT and the more

distantly related HscA superimpose with an RMSD of 2.5 A (Figure 3-5).

In contrast, ceHsp70-CT adopts a structurally diverged conformation to the closely related
rat homologue. Anti-parallel helices aC and aD in the C. elegans structure form one
extended helix in rat Hsc70 that serves as a dimerisation interface. Hsiao and colleagues
observed that helix aB from rat Hsc70 and DnaK superimposed relatively well but helices
aC-aE did not superimpose at all (Chou et al., 2003). Careful superimposition of all the
helical subdomains, however, reveals both helix aB and aC from all structures superimpose
well (Figure 3-5). In addition, it is evident that dimerisation of rat Hsc70 is mediated via a

domain-swap mechanism.
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Figure 3-5 (a) Multiple sequence alignment of the C-terminal helical lid domain. Secondary structure
of homologues with known structure is indicated. Sequences are labelled with SWISS-PROT IDs,
HSP7A_CAEEL is C. elegans homologue used in this study. «B - aE: a-helices, nl: 3 o-helix, TT:
type I B-turn. (b) Structural alignment of the C-terminal domains from ceHsp70-CT, rat Hsc70, E. coli
DnaK and E. coli HscA. Coloured according to sequence alignment. (c) Table of RMSDs/percent
sequence identity of Hsp70 proteins over range in alignment.

3.3.4. A 3D domain-swap relates the C. elegans monomer and rat dimer

Superimposition of the C. elegans and rat structures reveals that the rat C-terminal structure
seen in the crystal is a 3D domain-swapped dimeric form of the C. elegans monomer.
Domain-swapping is a process in which one protein molecule exchanges an identical

structural element ("domain") with an identical partner leading to oligomerisation.

Corresponding residues of the C-terminal subdomains from C. elegans and rat crystal
structures superimpose with a backbone RMSD of 1.16 A. Helices aB and aC (Leu*-
Asn®®) from C. elegans superimpose with the corresponding region from rat Hsc70 chain A
whilst helices aD and oE (Lys’*’-Ser®'*) superimpose with the same residues from rat chain
B (Figure 3-6a). Aside from the conformation of the ordered N-terminal affinity tag residues,
the only significant area of difference is loop 2 (GIn***-Glu®®’), the hairpin loop connecting

helices aC and aD in ceHsp70-CT. This region, the hinge region for the domain swap, forms
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one helical turn in the rat structure resulting in the elongated aC/D/E helix. This loop - helix
transition leads to dimerisation via the exchange of helices aD and oE such that helices aB

and aC of monomer A interact with helices aD' and oE' of monomer B and vice versa.

Closed interface Open interface

Figure 3-6 (a) Superimposition of ceHsp70-CT monomer (blue) and rat domain-swapped dimer (red).
Structures superimpose with a backbone RMSD of 1.16 A. (b) Topological representation showing
packing of helices in the monomeric three-helix bundle and the domain-swapped dimer. (c)
Superimposition of the ceHsp70-CT and rat structures illustrating the conserved hydrophobic and
electrostatic packing of the closed interface and the newly formed interactions of the open interface.

The closed interface - the interface found in both the monomer and oligomer - is well
conserved between the C. elegans and rat structures with analogous hydrophobic packing in
the core of the structure and conserved intra-chain electrostatic interactions (Figure 3-6¢). In
addition, domain-swapping results in the formation of a new open interface - interactions
absent in the monomer - with two symmetrical inter-chain hydrogen bonded interactions

5

between hinge residues Asn™ and Glu®® from opposite chains (Figure 3-6¢). Domain

swapping results in an extended interface between the dimer subunits calculated at 1447 A2,
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Whether this represents a biologically relevant means of dimerisation in Hsp70 proteins
remains unclear. The monomeric and domain-swapped dimeric structures are isolated
examples from different homologues and must, as such, be considered an example of a
quasi-domain swap. The C-terminal subdomain of rat Hsc70 was shown to exist in
monomeric and dimeric forms in solution by gel-filtration. In contrast, ceHsp70-CT eluted as
a single species regardless of concentration with a retention volume consistent with the

dimensions of the monomer seen in the crystal (Figure 3-4).

Figure 3-7 Examples of domain-swapping in helical-bundles. Hinge region for domain-
swap coloured green in each case. (a) Monomeric (PDB-ID 2C5I) and domain-swapped (2C5J)
forms of yeast TLG-1; involved in endosome-golgi trafficking. (b) Monomeric (1IHG) and
domain-swapped (11IP) forms of co-chaperone cyclophilin-40. (¢) Monomeric (1CUN) and
domain-swapped (2SPC) forms of cytoskeletal protein a-spectrin. (d) Monomeric (1R2D) and
domain-swapped (2B48) forms of apoptotic factor BCL-XL. (e) Monomeric engineered three-
helix bundle coil-ser (2A3D) and related domain-swapped dimer (1G6U). Domain-swap was
triggered by deletion of loop in coil-ser (coloured green).
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3.3.4.1. Domain-swapping and insight into ceHsp70-CT folding

Biological or not, domain-swapped structures can provide valuable information about
folding pathways and protein flexibility. There are several examples of helical-bundle

mediated (quasi)domain-swap dimerisation (Figure 3-7).

A common feature amongst the helical-bundle domain-swapped structures is that the hinge
loop forms an a-helix generating an extended helical dimerisation interface (Figure 3-7;
coloured green). Significantly, folding pathways of small three-helix bundles have been
proposed to be populated by "open" two-helix intermediates suitable for domain-swapped
dimer formation (Mayor et al., 2003; Zhou and Karplus, 1999). There is a high activation
energy required for transition from a folded "closed" monomer to an unfolded "open”
intermediate (Bennett et al., 1995). However, this can be reduced under certain conditions
such as low pH and high ionic-concentration leading to accumulation of long-lived unfolded
intermediates (Oliveberg and Fersht, 1996). Further, high protein concentrations can favour
inter-chain over intra-chain interactions leading to self-assembly in the form of domain-
swapped dimers. Thus, domain—swapped' structures artificially triggered by non-

physiological conditions may provide observable snapshots of protein folding intermediates.
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Figure 3-8 Far-UV CD thermal denaturation of ceHsp70-CT and pH 6.5 and 4.5. (a) Far-
UV CD spectra recorded every 10 °C from 20 to 80 °C at pH 6.5. (b) Same as (a) at pH 4.5. (c)
Molar ellipticity at 222 nM with increasing temperature from (a) and (b). (d) Molar ellipticity at
222 nM measured every 0.5 °C. (¢) and (d) show a pH dependent transition of 55.9 °C at pH 6.5
and 64 °C at pH 4.5.
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3.34.1.1. Thermal denaturation of ceHsp70-CT

To explore the hypothesis that the extended helix-loop-helix conformation adopted by rat
Hsc70-CT could represent a common folding intermediate of the Hsp70 C-terminal helical
bundle, the thermal stability of ceHsp70-CT was investigated. Circular dichroism (CD)
spectroscopy in the far-UV range was used to probe secondary structure content whilst the
tertiary structure was analysed using the intrinsic tryptophan fluorescence of the single
tryptophan (Trp”*®), located at the C-terminus of helix aC immediately preceding the hinge

loop for the domain swap.

Figures 3-8a and 3-8b show the far-UV CD spectra of ceHsp70-CT at pH 6.5 and pH 4.5
respectively, recorded in 10 °C steps from 20 to 80 °C. At 20 °C, the spectra measured at pH
6.5 and pH 4.5 are virtually identical (Figure 3-8c). Deconvolution of the CD spectra with
CONTIN (Provencher and Glockner, 1981) predicts a secondary structure content of 51%
helix, 11% turn and 38% unordered in very good agreement with the crystal structure. At
both pHs there is a temperature dependent change in the far-UV CD spectra indicative of a
loss of secondary structure, although even at 80 °C the CD spectra reveal a protein with
approximately 16% helix, 13% sheet, 8% turn and 63% unordered. Comparison of the molar
ellipticity at 222 nm reveals a significant difference in thermal sensitivity of ceHsp70-CT at
pH 6.5 and 4.5 (Figure 3-8c and d). Using a two-state model, the melting curves show
transition temperatures (Ty,) of 55.9 °C at pH 6.5 and 64 °C at pH 4.5

At pH 6.5 the fluorescence emission spectra presents at 348 nm (Figure 3-9a), higher than
would be expected for a residue buried in a hydrophobic environment. As the temperature
increases the fluorescence emission is shifted to 357 nm reflecting the exposure of the
tryptophan to solvent with an associated T,, of 51 °C (Figure 3-9c). The peak emission
intensity is quenched to approximately 50% of the native value although there is an
enhancement between ~42 °C and ~58 °C (Figure 3-9d). At pH 4.5, the emission peak
presents a 2 nm red shift compared to pH 6.5 indicating a marginally less hydrophobic
environment (Figure 3-9b). Heating causes a shift in peak emission to 356.5 nm (Figure 3-

9c) with a T,, of 65°C although there is only a linear quench in intensity (Figure 3-9d).

For comparison of CD and fluorescence monitored thermodynamic stability, measurements

were converted to an apparent unfolded fraction (F,,,) using the following equation:

Fapp o (Y 3 YN)/ (YD ™ YN)
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Where Y is the observed signal, and Yy and Yy, are the corresponding signals for the native
and unfolded proteins respectively. Figure 3-10a shows the unfolded fraction as recorded by

both CD and tryptophan fluorescence at pH 6.5 and 4.5.
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Figure 3-9 Intrinsic tryptophan fluorescence thermal denaturation of ceHsp70-CT. (a)
Fluorescence spectra measured every ~4 °C at pH 6.5. (b) As (a) at pH 4.5. (c) Peak emission
wavelength with increasing temperature. There is a pH dependent transition of ~51 °C at pH 6.5
and ~64 °C at pH 4.5. (d) Peak emission intensity with increasing temperature.

Two things are immediately apparent when comparing the CD and fluorescence monitored
thermodynamic stability. Firstly there is a large pH dependence on protein stability with
transitions measured by both methods significantly higher at pH 4.5. This inverse
relationship between pH and protein stability was further confirmed with fluorescence
monitored thermal denaturation studies over a range of pH values (Figure 3-10b). Secondly,
whilst thermal denaturation appears to follow a simple two-state model at pH 4.5, at pH 6.5
unfolding appears to proceed via at least one intermediate (Figure 3-10a). The thermal
transitions monitored by CD and fluorescence differ by approximately 5 °C at pH 6.5
indicating the accumulation of a species with local unfolding of the three-helix bundle prior
to the loss of secondary structure. Comparison of the temperature dependent fluorescence

emission intensity at pH 6.5 (Figure 3-10; indicated by crosses) with the CD and
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fluorescence melting curves suggests the enhancement witnessed between ~42 °C and ~58
°C occurs as the loss of secondary structure catches up with the loss of tertiary structure.
This pattern was only observed at pH 6.5, with mostly linear quenches in intensity observed
at lower pHs. At pH 4.5, the unfolding appears to be only two-state with good agreement of

the T,, values calculated from both methods.
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Figure 3-10 Apparent unfolded fraction (F,,,). (a) F,,, calculated from CD and trp-
fluorescence data at pH 6.5 and 4.5. Peak emission intensity at pH 6.5 overlaid (x). (b) Fap, at
decreasing pHs. There is an inverse relationship between thermal sensitivity and pH.

These results agree in part with studies on human Hsp70 (Fuertes et al., 2004) and Hsc70
(Fan et al., 2006). Both the isolated SBD from human Hsp70 and full-length human Hsc70
were shown to unfold via several intermediates with local unfolding of the C-terminal
subdomain preceding loss of secondary structure. However, whereas ceHsp70-CT is more
stable at pH 4.5, pHs deviating from physiological had destabilising effects with the more

complete proteins.

Domain-swapping is enthalpically favourable with additional backbone hydrogen bonds as a
result of the higher helical content coupled with the new interactions of the open interface.
The increased stability of ceHsp70-CT at pH 4.5 and more solvent exposed environment of
the single tryptophan raise the possibility that the low pH triggers the domain-swap. Gel-
filtration at pH 4.5, however, failed to support this with no change in retention volume
compared to pH 6.5 (data not shown). An additional explanation of the increased stability
could be due to charge distribution of the three-helix bundle. ceHsp70-CT contains many
charged residues and carries a net negative charge of -6 ¢V at pH 7.0. The pKa of glutamate

and aspartate residues is around pH 4.5 so reducing the pH would have quite a significant
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overall effect and, if repulsive charge-charge interactions affected stability, result in a more

stable structure.

At present, further experiments are required to characterise the thermal denaturation

characteristics of ceHsp70-CT in more detail.

H-Predictor Stability Prediction

‘H-Predictor Prediction ——
Most Probable Hinge Regions &

Unfolding Temperature

<] 18 28 38 48 56 68 78 80
Residue Nunber

Figure 3-11 H-predictor analysis of ceHsp70-CT. Hinge residues GIn**-Ala**® (53-55 in
the above analysis) are predicted to be most probable hinge region.

3.3.5. Proposed folding pathway of ceHsp70-CT and other three-helix bundles

The observation that the three-helix bundle unfolds prior to loss in secondary structure at pH
6.5 supports the hypothesis that the rat domain-swap dimer represents a snapshot of a folding
intermediate. Local unfolding of the C-terminal domain around loop 2, exposing Trp*™ but
not losing secondary structure, would disrupt the packing of the three-helix bundle, exposing
the hydrophobic core. Formation of a more stable domain-swapped dimer would re-establish

the closed interface with added enthalpic contributions of the open interface.

Further support comes from analysis of the ceHsp70-CT structure with H-predictor, a
domain-swap hinge region predictor (Ding et al., 2006). H-predictor computes for each
residue the effective temperature to populate an intermediate state, where the protein unfolds
around this residue into two subdomains each of which maintains their native-like structure.
In the case where a protein features folding intermediates, it can also provide hints regarding

the weakest regions that unfold prior to compete unfolding. Analysis with H-predictor
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identifies residues GIn**®-Ala**® to have a structural propensity to constitute a hinge region,

in agreement with the crystallographic evidence (Figure 3-11).

The domain-swapped rat dimer thus possibly represents a stabilised intermediate formed in
response to the non-physiological environment of the crystallisation conditions. This
destabilisation-compensation mechanism of domain-swap formation, similar to that
demonstrated for the domain-swap mediated trimerisation of barnase at pH 4.5 (Oliveberg
and Fersht, 1996; Zegers et al., 1999), is likely to be a common mechanism for the formation
of helical-bundle domain-swapped oligomers in protein crystallisation where non-

physiological pHs, ionic strengths and protein concentrations are common (Figure 3-12).
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Figure 3-12 Proposed folding pathway for native and domain-swapped helical bundles.
Colours refer to secondary structure elements in native structure; helix A (red), loop AB
(magenta), helix B (blue), loop BC (green) and helix C (yellow). Under denaturing conditions
protein exists as an unfolded random-coil. Folding proceeds via an open two-helix intermediate
with loop BC (green) forming one helical turn. There is a large energy barrier between closed and
open monomers although non-physiological conditions may lower this promoting the population
of long-lived open intermediates and favouring domain-swapped dimerisation (pathway indicated
by red arrows).

A key unresolved question is why, considering the similar sequence and crystallisation
conditions, did the C-terminal 10 kDa subdomain of rat Hsc70 form a domain-swapped
dimer in the crystal structure when the C. elegans subdomain did not. A possible explanation
is in the start positions of the rat and C. elegans clones. The C. elegans C-terminal construct

542

begins at residue Gly”~ whereas the rat construct begins at Leu**” (C. elegans numbering).
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The C. elegans sequence was based on the rat construct but with the slight modification due
to the observation by Hendrickson and colleagues that residues 538-607 (E. coli GIn™* aligns
with C. elegans Gly’?) from the complete DnaK structure formed a relatively stable
functional unit with a well-defined hydrophobic core (Zhu et al., 1996). However, in both the
C. elegans and rat structures, residues belonging to the recombinant affinity tag form the
beginning of helix aB and contributed side-chains to the hydrophobic core of the three-helix
bundle. Indeed, reanalysis of the DnaK structure reveals that an additional seven residues
(from Glu®") should have been defined with the three-helix bundle, in agreement with NMR
solution studies on the isolated DnaK subdomain which predicted residues 531-608 to form a
compact well-ordered structure (Bertelsen et al., 1999). The alternate recombinant residues
presented to the hydrophobic core in the C. elegans and rat polypeptides could thus define
the stability of compact bundle and the open domain-swapped dimer. Significantly,
comparison of the C. elegans and E. coli structures reveals that C. elegans tag residue Val”’
occupies the same position and makes similar contacts as DnaK Leu’*?, which forms the first
layer of hydrophobic interactions in the three-helix bundle (Figure 3-13). Due to the one
residue shift in start positions, this contact is absent in the rat structure and perhaps
contributes to the destabilisation of the three-helix bundle, favouring the formation of the

domain-swapped dimer.

This highlights the importance, when working with subdomains in isolation, of the careful
selection of an appropriate and biologically relevant region and also the caution which must
be exercised in the interpretation of any crystal structure, especially when confronted with

novel and interesting conformations such as domain-swaps.

3.4. Conclusions

In summary, the C-terminal helical subdomain from C. elegans Hsp70 has been shown to
adopt a three-helix bundle conserved with distantly related bacterial homologues and
significantly distinct from the closely related rat Hsc70 structure. Comparison with the rat
structure, however, reveals the rat dimer is a domain-swapped form of the C. elegans
monomer. In contrast to the rat C-terminal subdomain, which was shown form dimers in
solution, the isolated C. elegans subdomain was shown to only exist in the monomeric state
supporting the theory that regions outwith this subdomain are required for Hsp70 self-
association. Although the structure presented here casts doubt on the physiological relevance
of the rat dimer, comparison of the monomeric and domain-swapped form may provide
useful information regarding the folding pathway of the three-helix bundle. Thermal-
denaturation studies on ceHsp70-CT at pH 6.5 suggested unfolding proceeds via the
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accumulation of an unfolded intermediate. The open monomer observed in the rat domain-

swapped structure may provide a snapshot of such a folding intermediate.

Figure 3-13 Contacts between helix aB and aD. Tag residue Val” (ceV-7) and helix aD residue
Phe’” (ceF593) in the C. elegans structure (orange; tag residues in light orange) make a similar
hydrophobic contact as E. coli (green) residues Leu™ (ecL532) and Ile** (ecI584) and may contribute
to the stabilisation of the three-helix bundle.
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