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Preface

Cellular protein homeostasis is vital for cellular survival and requires a balance 
between the integrated processes of protein folding, degradation and transloca-
tion.  Proteostasis is regulated by a diverse family of proteins known as  molecular 
chaperones. Molecular chaperones act as catalysts for protein homeostasis by pre-
venting protein aggregation, promoting protein folding and mediating appropri-
ate protein degradation under both physiological and stressful conditions. These 
chaperones rely on a network of accessory proteins, termed co-chaperones, to fine-
tune their function. As a consequence, co-chaperones are important mediators of 
the outcome of chaperone assisted protein homeostasis. Indeed, Hsp70 molecular 
chaperones cannot participate in productive protein folding without an Hsp40 co-
chaperone. Equally, the co-chaperones Hop and CHIP interact with the Hsp70/
Hsp90  chaperones to control triage of protein clients towards folding or degrada-
tion pathways. A co-chaperone can be defined as a non-client protein that interacts 
with a protein chaperone and/or its client protein to regulate chaperone function. 
Co-chaperones are evolutionarily conserved together with their chaperone counter-
parts (even being identified in the recently sequenced genome and transcriptome of 
the  Coelacanth). Co-chaperones often outnumber their respective chaperones and 
are hence a way to induce specialisation of a relatively small number of chaperone 
isoforms.  Co-chaperones may fulfil this function in a number of ways; by inducing 
conformational changes, delivering client proteins or regulating inherent enzymatic 
 activities of chaperones. Many co-chaperones are modular proteins that combine 
the  ability to bind client proteins with the capacity to interact with or modulate 
the  activity of chaperones. Therefore, whilst co-chaperones are structurally diverse, 
there are  conserved structural features within some families (such as the J domain 
of Hsp40 and the tetratricopepetide repeat (TPR) domain of some Hsp90/Hsp70 co-
chaperones). Some co-chaperones (e.g. many Hsp40 isoforms) have chaperone-like 
 activity in that they can bind and prevent aggregation of client proteins.  However, 
most co-chaperones lack the inherent ATPase activity of chaperones and hence 
 cannot actively refold proteins in the absence of chaperones. This second edition is 
timely since research in recent years has substantially expanded our  understanding 
of co-chaperone function. For some co-chaperones, a number of new isoforms have 
been discovered, including FKBP immunophilin  isoforms, virally encoded GroES 
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and the first putative co-chaperone for the organelle Hsp90, Gp96.  However, the 
role of many of the numerous Hsp40 co-chaperones remains undefined. Our un-
derstanding and integration of the roles of known co-chaperones into cytosolic 
 chaperone pathways has expanded. In particular, the roles of the structurally  diverse 
Hsp90 co-chaperones during the ATP-dependent Hsp90 folding cycle have begun 
to emerge. We are beginning to appreciate that certain co-chaperones also function 
 independently of chaperones and have features that are not normally associated 
with co-chaperone function. In particular, the established Hsp90/Hsp70 co-chaper-
one, Hop, is the first of this group to be shown to have independent ATPase activity; 
a characteristic not associated with co-chaperones. Does this suggest that it is time 
to reclassify Hop as a chaperone? Or will future analyses discover similar features 
of other co-chaperones, necessitating us to redefine the features of a co-chaperone? 
We have a new understanding of the role played by co-chaperones in human disease. 
Cell biological studies have demonstrated that some co-chaperones, like Hop and 
Cdc37, are expressed at higher levels in cancer, where they may contribute to main-
tenance of the malignant state and as such are now being considered as drug targets. 
We are starting to recognise that some co-chaperones are collaborative whilst others 
are mutually exclusive, although we perhaps don’t fully appreciate the functional 
redundancy between co-chaperones yet. However, we still do not have a complete 
understanding of the spatial and temporal control of co-chaperone function. The 
mechanisms that control co-chaperone expression and subcellular localisation are 
poorly understood. Furthermore, the global control of co-chaperone and chaperone 
function through fluctuations of ATP levels (“energy” levels) in the cell, has not 
been studied in any detail. This represents a logical area to investigate towards 
understanding how the co-chaperone-chaperone network is tuned for different cel-
lular states from normal through to stress and disease states. How do chaperones 
select their co-chaperones, particularly in cases of potential functional redundancy 
between certain isoforms? Likewise, while many co-chaperone isoforms (e.g. Hop) 
have been detected in the extracellular environment, we do not know whether these 
proteins function as co-chaperones outside of the cell. Indeed, many chaperones 
are now known to have extracellular functions and therefore it is likely that co-
chaperones may too. Are there any co-chaperokines waiting to be identified? Are 
extracellular co-chaperones analogous to their intracellular counterparts? Our re-
cent advances in analysis of co-chaperone function has demonstrated that there is 
still much to learn, and led to new questions that will ensure that research into our 
understanding of this important family of proteins continues.
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Chapter 1
GrpE, Hsp110/Grp170, HspBP1/Sil1 and BAG 
Domain Proteins: Nucleotide Exchange Factors 
for Hsp70 Molecular Chaperones

Andreas Bracher and Jacob Verghese

© Springer International Publishing Switzerland 2015
G. L. Blatch, A. L. Edkins (eds.), The Networking of Chaperones by Co-chaperones, 
Subcellular Biochemistry 78, DOI 10.1007/978-3-319-11731-7_1

A. Bracher () · J. Verghese
Dept. of Cellular Biochemistry, Max-Planck-Institute of Biochemistry,  
82152 Martinsried, Germany
e-mail: bracher@biochem.mpg.de

Abstract Molecular chaperones of the Hsp70 family are key components of the 
cellular protein folding machinery. Substrate folding is accomplished by iterative 
cycles of ATP binding, hydrolysis and release. The ATPase activity of Hsp70 is reg-
ulated by two main classes of cochaperones: J-domain proteins stimulate ATPase 
hydrolysis by Hsp70, while nucleotide exchange factors (NEF) facilitate its conver-
sion from the ADP-bound to the ATP-bound state, thus closing the chaperone fold-
ing cycle. Beginning with the discovery of the prototypical bacterial NEF GrpE, a 
large diversity of Hsp70 nucleotide exchange factors has been identified, connect-
ing Hsp70 to a multitude of cellular processes in the eukaryotic cell. Here we review 
recent advances towards structure and function of nucleotide exchange factors from 
the Hsp110/Grp170, HspBP1/Sil1 and BAG domain protein families and discuss 
how these cochaperones connect protein folding with quality control and degrada-
tion pathways.

Keywords Disaggregase activity · Proteostasis · Protein structure · Protein quality 
control

Introduction

Cells are confronted with a variety of adverse environmental conditions such as 
heat shock, oxidative injury, heavy metals and glucose-depletion and pathologic 
states such as inflammation, tissue damage, infection, ischemia and reperfusion. 
To cope with this plethora of stresses, cells induce the expression of cytoprotective 
genes including heat shock proteins (Hsps). Many Hsps function as molecular chap-
erones that aid the folding, assembly and targeting of their substrate proteins. Under 
stress conditions, chaperones shield denatured proteins from aggregation, disassem-
ble protein aggregates and assist protein refolding or targeting to the degradation 
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machinery in order to maintain protein homeostasis (proteostasis) in the cell (Hartl 
et al. 2011; Balch et al. 2008). Hsps can be classified into families based on their 
molecular mass: Hsp60, Hsp70, Hsp90, Hsp100 and small heat shock proteins. Im-
portantly, these general molecular chaperones do not work by themselves, but are 
dependent on a plethora of cochaperones, which control their function. As a whole, 
these factors form an elaborate network that orchestrates protein folding in the cell 
(Kim et al. 2013; Bukau et al. 2006). Within this proteostasis network, the Hsp70 
system forms a central hub at the crossroads between the translation apparatus, 
specialized downstream chaperones and the cellular degradation machinery. Hsp70 
function is regulated by cochaperones which control its ATP hydrolysis activity. In 
this review we will focus on a specific group of Hsp70 cochaperones, the nucleotide 
exchange factors (NEF). We will present the structures and molecular function of 
NEFs, and discuss their role in the cellular protein folding and degradation machin-
ery.

Hsp70 Architecture and Functional Cycle

Hsp70 was initially identified in the bacterium Escherichia coli, where it is named 
DnaK. Later Hsp70 proteins were found to be conserved in eukaryotes as well 
(Gupta 1998). In eukaryotes, compartment-specific isoforms were identified in cy-
tosol/nucleus, endoplasmic reticulum (ER) lumen, and mitochondria. Human cyto-
sol contains multiple Hsp70 paralogs, including constitutively expressed (Hsc70/
HSPA8) and stress-inducible isoforms (Hsp72/HSPA1A/B). The ER-lumenal and 
mitochondrial forms are named BiP/Grp78/HSPA5 and mortalin/Grp75/HSPA9, 
respectively.

Hsp70 proteins share a conserved domain architecture containing two major 
domains (Fig. 1.1): an amino-terminal nucleotide binding domain (NBD) and a 
carboxy-terminal substrate-binding domain (SBD) (Mayer and Bukau 2005). The 
NBD is approximately 44 kDa in size and forms a bilobular structure that encloses 
a cleft with the nucleotide binding pocket at the bottom (Fig. 1.1c) (Flaherty et al. 
1990). The structurally homologous lobes (I and II) of the NBD are subdivided into 
regions A and B. The SBD comprises of a β-sandwich subdomain with a groove 
that binds hydrophobic polypeptides and a carboxy-terminal α-helical “lid” that 
folds over the peptide binding site and facilitates high affinity substrate interaction 
(Zhu et al. 1996). The conserved hydrophobic NBD-SBD inter-domain linker plays 
an important role in conveying conformational information between the domains 
(Vogel et al. 2006; Swain et al. 2007).

Studies on DnaK from E. coli showed that Hsp70 functions through an ATP-
dependent cycle (Fig. 1.1a). When ATP is bound to the NBD, the Hsp70 SBD rear-
ranges to a conformation with low affinity for the substrate (Fig. 1.1b) (Kityk et al. 
2012; Qi et al. 2013). ATP hydrolysis induces a conformational rearrangement in 
the NBD that detaches the SBD to assume a conformation with high affinity for 
segments with five consecutive hydrophobic amino acid residues in client proteins 
(Fig. 1.1c) (Rüdiger et al. 1997; Zhuravleva et al. 2012). Substrate binding increases 
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Fig. 1.1  DnaK structure and folding cycle. a Model for the Hsp70 folding cycle. The DnaK·ATP 
complex has weak substrate affinity. ATP binding to the NBD ( blue) stabilizes a compact domain 
arrangement, which leaves the SBD ( yellow and green) in an open conformation. This conforma-
tion exhibits dynamic interactions with the substrate (indicated in brown). ATP hydrolysis stimu-
lated by DnaJ ( 1) causes a conformational change in the NBD that triggers formation of the closed 
SBD conformation, which has higher affinity for the substrate, resulting in a stable substrate com-
plex. The binding of the NEF GrpE ( 2) promotes a slight opening of the NBD, which results in the 
release of ADP from DnaK. The cycle is reset ( 3) when a new ATP molecule binds to the NBD, 
triggering the release of NEF and substrate. b Crystal structure of the DnaK·ATP complex. The 
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the ATP hydrolysis rate of DnaK substantially. The spontaneous transition between 
the two states is slow as Hsp70 has intrinsically only weak ATPase activity. This 
prevents substrate-free cycling. The cycle is reset with the release of ADP and re-
placement with ATP, which releases the client protein for a new folding attempt.

DnaK, DnaJ and GrpE: The Eubacterial Hsp70 System

For its proper functioning in protein folding, DnaK is dependent on the ATPase-
stimulating cochaperone DnaJ and the nucleotide exchange function of GrpE 
(Fig. 1.1a). Although interactions with substrate protein trigger ATP hydrolysis in 
DnaK, meaningful folding rates with model proteins are only achieved in presence 
of DnaJ, the prototypical Hsp40 protein (Laufen et al. 1999). Hsp40 and other J-do-
main proteins are reviewed in Chapter 4. Because of DnaK’s slow off-rate for ADP, 
additional presence of GrpE is essential for E. coli cells to reset the Hsp70-folding 
cycle (Ang and Georgopoulos 1989). The combined action of the two cofactors is 
thought to drive the folding cycle of the molecular chaperone, resulting in repetitive 
rounds of substrate binding and release.

GrpE functions as the nucleotide exchange factor for DnaK by stabilizing a 
NBD conformation with an open nucleotide binding cleft (Harrison et al. 1997) 
(Fig. 1.1a). The crystal structure revealed that subdomain IIB of DnaK is rotated 
outwards in the complex, which weakens the contacts to ADP (Fig. 1.2).

The E. coli cytosol comprises of two additional isoforms of Hsp70, HscA and 
HscC, and five more proteins containing a J-domain. These isoforms and their as-
sociated J-protein cofactors have more specialized functions than DnaK, such as 
incorporation of Fe–S clusters into substrates using the IscU scaffold protein. In con-
trast, DnaK appears to be the more general-purpose protein-folding machine. Inter-
estingly, functioning of HscA does not require the NEF GrpE (Brehmer et al. 2001).

The Evolution of Eukaryotic Hsp70 Systems

In eukaryotes, close sequence homologs to GrpE are only found in mitochondria 
and chloroplast, i.e. organelles of eubacterial origin, whereas orthologs to DnaK 
and DnaJ are found in the cytosol/nucleus and the ER lumen. These endosymbiont-
derived organelles have thus preserved an eubacterial protein folding machinery 
(homologs to GroEL, GroES, HtpG and ClpA are further evidence for this), al-

peptide backbone is shown in ribbon representation, and the bound nucleotide as space-filling 
model (PDB code 4B9Q (Kityk et al. 2012)). The nucleotide binding, β-sandwich and α-helical 
domains are indicated in blue, green and yellow, respectively. c NMR model for the DnaK·ADP 
complex. In this state, the NBD and SBD are loosely associated (PDB code 2KHO (Bertelsen et al. 
2009)). The representation mode is the same as in b. The peptide NRLLLTG from the complex 
structure with the SDB alone (PDB code 1DKZ (Zhu et al. 1996)) is superposed
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Fig. 1.2  Structure and mechanism of nucleotide exchange factors Structures for the four NEF 
families are shown together the respective Hsp70 complexes. The NEF is always shown in green; 
the Hsp70 NBD in blue with subdomain IIB highlighted in beige. On the right the structure of the 
NBD in the complex is superposed with the ADP-bound conformation, and the putative nucleo-
tide exchange mechanism indicated. For comparison, the structure of the NEF-antagonist Hip 
is shown. The drawings are based on the PDB coordinate sets 1DKG (GrpE·DnaK (Harrison 
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et al. 1997)), 2V7Y (DnaK·ADP (Chang et al. 2008)), 3D2F (Sse1p·Hsp70 (Polier et al. 2008)), 
1HPM (Hsc70·ADP (Wilbanks and McKay 1995)), 1XQS (HspBP1·Hsp70-lobeII (Shomura et al. 
2005)), 3QML (Sil1p·Kar2p (Yan et al. 2011)), 1HX1 (Bag1·Hsc70 (Sondermann et al. 2001)), 
3A8Y (Bag5·Hsp70 (Arakawa et al. 2010)), 3CQX (Bag2·Hsp70 (Xu et al. 2008)) and 4J8F 
(Hip·Hsp70 (Li et al. 2013))
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though the respective genes were eventually transferred to the host nuclear genome. 
The “paralogs” of DnaK, Hsp70, Hsc70 and Bip, have somewhat different proper-
ties and are only found in eukaryotes. These proteins might thus have derived from 
an independent genetic transfer to the archaeal progenitor of eukaryotes, perhaps 
of a more specialized isoform or without the NEF. Note that the genes of DnaJ and 
DnaK are often part of an operon in bacteria, whereas GrpE is independently tran-
scribed. Consistently, archaea in general do not harbor components of the Hsp70 
system, unless presence of other typical bacterial genes suggests a relatively recent 
fusion event with an eubacterium. These archaeal Hsp70 are clearly more closely 
related to their eubacterial counterparts than to the Hsp70 proteins of the eukaryotic 
cytosol and ER lumen.

For a long time the eukaryotic Hsp70 proteins were assumed to require no NEF 
assistance. The measured ADP off-rates were at least one order of magnitude higher 
than for E.coli DnaK. Hence it came as quite a surprise when the first cytosolic NEF 
was discovered, Bag1, which belongs to a large family of BAG proteins (Höhfeld 
and Jentsch 1997; Takayama et al. 1999). Soon after, Sil1p and Fes1p of Saccha-
romyces cerevisiae were recognized as members of a second family of NEF pro-
teins, the HspBP1/Sil1 proteins (Kabani et al. 2000; Kabani et al. 2002b). Finally, 
the Grp170/Hsp110 family of Hsp70 homologs was identified as potent NEFs to 
ER-lumenal and cytosolic Hsp70, respectively (Dragovic et al. 2006a; Raviol et al. 
2006b; Steel et al. 2004). The fascinating details of this discovery process were 
reviewed earlier (Brodsky and Bracher 2007).

Now it is clear that under cellular conditions, the function of eukaryotic Hsp70 
proteins is strongly dependent on nucleotide exchange factors. The combined dele-
tion of the yeast Hsp110 homologs, Sse1p and Sse2p, is lethal (Raviol et al. 2006b; 
Shaner et al. 2004); the deletion of Fes1p results in a temperature-sensitive pheno-
type, suggesting severe problems in protein folding (Shomura et al. 2005; Kabani 
et al. 2000). The probable reason for the early misconception of NEF expendability 
is the presence of considerable amounts of inorganic phosphate (Pi) in cellular flu-
ids (17–27 mM in S. cerevisiae according to 31P-NMR measurements (Gonzalez 
et al. 2000)). Additional binding of Pi lowers the spontaneous off-rate of ADP from 
eukaryotic Hsp70 by approximately one order of magnitude, apparently through 
reduced nucleotide binding domain (NBD) dynamics (Arakawa et al. 2011; Gässler 
et al. 2001). Thus the spontaneous off-rate of eukaryotic Hsp70 under physiological 
conditions is actually close to that of DnaK.

The Grp170/Hsp110 family of Hsp70 NEFs appears to be the most ancient and 
universal type of eukaryotic Hsp70 NEFs (Table 1.1). Coding sequences for prob-
able homologs were identified in virtually every eukaryotic genome so far. Humans 
have three genes for cytosolic isoforms (Hsp105/Hsp110, Apg-1 and Apg-2) and 
one ER-lumenal form (Grp170); S. cerevisiae has two cytosolic (Sse1p and Sse2p) 
and one ER-resident form (Lhs1p). Grp170/Hsp110 family proteins are distantly 
related to eukaryotic Hsp70. Apparently they have emerged from functional spe-
cialization of Hsp70 paralogs. The other NEF families, BAG domain proteins and 
Sil1/HspBP1 homologs, have rather generic structures frequently found in the eu-
karyotic proteome, specifically helix bundles and successions of Armadillo repeats, 
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respectively. Such scaffolds can rapidly (on an evolutionary timescale) adapt to a 
new function after a gene duplication event, and have been employed over and over 
again in eukaryotic protein evolution. Helix bundles are for example also found in 
syntaxin SNARE proteins; Armadillo and HEAT repeat proteins in nuclear transport 
factors and β-catenin (Tewari et al. 2010). It is conceivable that BAG proteins have 
emerged multiple times, having short and long 3-helix bundle structures (Bag1 and 
Bag4/Bag5), insertions or 4-helix bundle dimer structures (Bag2). Their few com-
mon signature residues are forced by the evolutionary constraints on the binding 
partner, the NBD of Hsp70, which exhibits high surface conservation (for details 
see below). It moreover appears that the ER-lumenal NEF Sil1 from yeast and ani-
mals have evolved independently: Although yeast Sil1p resembles the mammalian 
HspBP1 at the secondary and tertiary structure level (Shomura et al. 2005; Yan 
et al. 2011), it appears to employ a binding mode and mechanism of action distinct 
from mammalian Sil1, which acts more similar to HspBP1 (Hale et al. 2010; Howes 
et al. 2012). Consequently, the ancestry and exact functional role of BAG and Sil1/
HspBP1 protein homologs in different species is difficult to rationalize on sequence 
data alone. Humans and Arabidopsis thaliana have six and seven known cytosolic 
BAG isoforms, respectively (Table 1.1); yeast has one ER-membrane-bound ho-
molog, Snl1p, but exact functional homologs to Snl1p have not been identified in 
humans and Arabidopsis either (Sondermann et al. 2002; Takayama et al. 1999).

In addition to the emergence of three Hsp70 NEF families in multiple isoforms 
in eukaryotes, an even more dramatic expansion in J-domain protein diversity has 
occurred, resulting in approximately 40 isoforms in humans (see review in (Kamp-
inga and Craig 2010)).

Molecular Structure and Function of Eukaryotic NEFs

Eukaryotic GrpE Homologs

Structural data for eukaryotic GrpE homologs are not yet available. Judging from 
sequence alignments, their structures are likely fairly similar to bacterial GrpE pro-
teins, which have been solved for the E. coli (Harrison et al. 1997), Thermus ther-
mophilus (Nakamura et al. 2010) and Geobacillus kaustophilus (Wu et al. 2012) 
homologs. All these proteins have dimeric two-domain structures composed of a 
coiled-coil helix bundle and a wing-like β-domain (Fig. 1.2). One β-domain en-
gages in contacts with subdomains IB and IIB, assisted by additional contacts from 
the helix bundle, stabilizing a NBD conformation with an open nucleotide binding 
cleft. Opening is enabled by an outwards rotation of subdomain IIB.

Simulations suggest a highly dynamic structure for the NBD of Hsp70 proteins, 
allowing shearing motions between the lobes and an outwards rotation of subdo-
main IIB around an inbuilt hinge, which likely influence the nucleotide exchange 
rate (Ung et al. 2013). GrpE and the other Hsp70 NEFs appear to capture and 
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stabilize open states in which a subset of the interactions between NBD and ADP is 
disabled, thereby lowering ADP affinity. Substantial parts of the NBD contact area 
with GrpE become buried near the lobe interface in the ADP-bound conformation 
of DnaK, suggesting that GrpE captures open conformations, but cannot ‘force’ the 
NBD to open. ATP binding induces a conformational change in the NBD of DnaK, 
displacing the binding sites on lobes I and II by inter-lobe shearing, resulting in 
strongly decreased affinity to GrpE. So both ADP and ATP compete with GrpE for 
binding to DnaK.

The Hsp110 Family of Nucleotide Exchange Factors

The Hsp110/Grp170 proteins belong to the Hsp70 protein family (Easton et al. 
2000). Crystal structures of the yeast Hsp110 protein Sse1p revealed a shared do-
main composition comprising a N-terminal actin-type nucleotide binding domain, 
followed by a β-domain and a α-helix bundle (Liu and Hendrickson 2007; Polier 
et al. 2008; Schuermann et al. 2008). Hsp110 family protein sequences are however 
much less conserved than canonical Hsp70, with the greatest divergence found in 
the C-terminal domains. Backbone extensions compared to canonical Hsp70 pro-
teins are found at the C-terminus and within the β-domain (Fig. 1.3). The Grp170 
homologs have even larger extensions than cytosolic homologs and always bear N-
terminal import and C-terminal ER-retention signal sequences (Table 1.1).

In the crystal structures of Sse1p, the α-helix bundle is associated with the flank 
of the NBD, resulting in a compact conformation (Fig. 1.2). The β-domain under-
goes extensive interactions with the bottom of the NBD, but not with the α-helix 
bundle domain, which extends in the opposite direction. Sse1p exhibits a pro-
nounced twist of the NBD lobes, revealing a bound ATP molecule in the center. 
Structures of an ATPase-inactive DnaK mutant later demonstrated that the binding 
of ATP induces a very similar conformation in canonical Hsp70 proteins (Kityk 
et al. 2012; Qi et al. 2013).

In the crystal structures of the complex, the NBDs of Sse1p and mammalian 
Hsp70 face each other in a pseudo-symmetrical fashion (Polier et al. 2008; Schuer-
mann et al. 2008). The NBD of Hsp70 is captured in an open conformation by ad-
ditional interactions of subdomain IIB with the α-helix bundle domain of Sse1p. In 
this conformation, ADP cannot simultaneously engage in direct interactions with 
all four subdomains and is thus more likely to dissociate, explaining the nucleotide 
exchange activity of Sse1p. The residues mediating key contacts to Hsp70 are con-
served in all Hsp110/Grp170 proteins (Andreasson et al. 2010; Hale et al. 2010). 
Only the compact, ATP-bound conformation of Hsp110/Grp170 proteins provides 
the necessary geometry required for simultaneous interactions between NBD·NBD 
and α-helix bundle·subdomain IIB of Hsp110/Grp170 and Hsp70, respectively 
(Raviol et al. 2006b; Shaner et al. 2004; Andreasson et al. 2008).

Besides serving as essential NEFs for Hsp70, Hsp110/Grp170 proteins po-
tently stabilize denatured proteins against aggregation (Goeckeler et al. 2002; 
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Oh et al. 1997; Oh et al. 1999). The molecular basis for this holdase activity is still 
controversial. Canonical Hsp70 proteins stably interact with substrate proteins only 
in the ADP state, enclosing hydrophobic peptide segments between β-domain and 
α-helix bundle. While Sse1p appears to have no intrinsic ATPase activity—bound 
ATP survived in the crystallization experiments for weeks—ATPase stimulation by 
J-domain proteins has been observed (Mattoo et al. 2013; Raviol et al. 2006a). Con-
sistently, binding of Sse1p and human Hsp105 to hydrophobic peptides has been re-
ported, although with a preference towards aromatic residues in contrast to canonical 

Fig. 1.3  Domain architectures of different NEF families As examples for Hsp110 and Grp170 
proteins the yeast homologs Sse1p and Lhs1p are shown, respectively. Both consist of an N-ter-
minal nucleotide binding domain (NBD, blue), a β-sandwich (β-Dom, green) and a α-helix bundle 
domain (α-Dom, pale yellow). SS indicates a signal sequence for ER import. The HspBP1/Sil 
family proteins have characteristic Armadillo repeat folds ( orange). All members of the BAG fam-
ily in humans, Bag1–6, contain C-terminal Hsp70-binding BAG domains ( red), but have other-
wise divergent domain architecture. Bag5 has four additional BAG domains of unknown function. 
Bag1 isoforms and the large Bag6 contain Ubiquitin-like domains (Ubl, dark blue), which might 
associate with the regulatory particle of the 26S proteasome. Bag6 has furthermore two probable 
domains, which have not yet been characterized further. Bag2 contains a coiled-coil dimerization 
domain (CC, orange). Bag3 comprises multiple N-terminal sequence motifs, WW domains (WW, 
yellow), IPV sequence motifs ( brown) and PXXP repeats ( pink). Bag1 L and Bag6 have NLS 
sequences ( light green) for nuclear targeting
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Hsp70s, which prefer aliphatic sidechains and prolines (Goeckeler et al. 2008; Xu 
et al. 2012; Rüdiger et al. 1997; Zahn et al. 2013). Because of their low sequence 
conservation in the β-sheet domain, Hsp110 orthologs may differ considerably in 
their substrate binding properties. For example, Sse1p potently stabilizes the model 
protein firefly luciferase (FLuc) at 42 ℃ for subsequent refolding, while its close 
homolog Sse2p is inactive (Polier et al. 2010). The reason for this surprising differ-
ence seems to be that Sse1p unfolds partially at 37 ℃ with a concomitant increase 
in aggregation prevention capacity, while the paralogous Sse2p is stable until 46 ℃, 
similar to human Apg-2, which unfolds at 51 ℃ (Polier et al. 2010; Raviol et al. 
2006a).

While the Hsp110 holdase activity appears to be important, its NEF function 
is critical (Raviol et al. 2006b; Shaner et al. 2004). Only mutant forms of Sse1p 
that abolish interactions with Hsp70 and nucleotide exchange were lethal in the 
SSE1/SSE2 deletion background (Polier et al. 2008). Similar requirements were 
found for the ‘mammalian disaggregase’ function of Hsp110, Hsp70 and Hsp40 
(see below).

Sil1/HspBP1 homologs

HspBP1 (Hsp70 binding protein 1) is the mammalian homolog of the cytosolic 
Fes1p protein in S. cerevisiae (Kabani et al. 2002a; Kabani et al. 2002b; Raynes 
and Guerriero 1998). The ER-lumenal paralogs are named Sls1p/Sil1p or Sil1/BAP 
(Bip associated protein) in yeast and mammals, respectively (Kabani et al. 2000; 
Chung et al. 2002). Sil1 homologs occur almost ubiquitously in eukaryotes. Homo-
logs to HspBP1 are found in most animal, plant, algal and fungal genomes. Sil1/
HspBP1 proteins are composed of a divergent N-terminal part of ~ 85 residues and 
a conserved C-terminal core domain, which alone is sufficient to mediate nucleo-
tide exchange (Fig. 1.3). Crystal structures showed that the core domains of human 
HspBP1 and yeast Sil1p consist of Armadillo repeats flanked by capping helix pairs 
(Shomura et al. 2005; Yan et al. 2011) (Fig. 1.2). Surprisingly, the complex struc-
tures with the respective Hsp70 binding partner revealed distinct binding modes for 
the paralogs. The curved-shaped HspBP1 associates so extensively with subdomain 
IIB of the Hsp70 NBD that the bulk of the NEF clashes severely with lobe I, thereby 
destabilizing its fold as judged from tryptophan fluorescence quenching and in-
creased sensitivity against protease degradation (Shomura et al. 2005). Yeast Sil1p 
also embraces subdomain IIB, however using different molecular contacts, result-
ing in a distinct region covered by the NEF (Yan et al. 2011). This binding mode just 
induces an outward rotation of subdomain IIB and a slight sideways displacement 
of lobe I, more similar to the complexes with GrpE (Harrison et al. 1997) and the 
Hsp110 protein Sse1p (Polier et al. 2008; Schuermann et al. 2008). The binding 
mode of animal and plant Sil1 appears to resemble HspBP1 closer than yeast Sil1, 
as judged from mutational analysis (Hale et al. 2010; Howes et al. 2012).
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BAG domain-containing NEFs

BAG (Bcl-2 associated athanogene) family proteins have a modular domain ar-
chitecture comprising a conserved region of ~ 100 amino acids at the C-terminus, 
called the BAG domain (Takayama et al. 1999). In the N-terminal part diverse do-
mains and sequence motifs were found for BAG domain proteins (Fig. 1.3). The 
human genome comprises six BAG family protein sequences, which were num-
bered Bag1–6 (Takayama and Reed 2001) (Table 1.1). As pointed out above, these 
proteins are structurally and functionally quite heterogeneous, and will be discussed 
here one after the other. Only Bag1 and Bag3 appear to be conserved in most meta-
zoans. Homologs have been described in the fruit fly Drosophila melanogaster 
(Arndt et al. 2010), the nematode worm Caenorhabditis elegans (Nikolaidis and 
Nei 2004) and the tunicate Ciona intenstinalis (Wada et al. 2006).

The first structures to be solved were the BAG domain of Bag1 in isolation and 
in complex with the NBD of Hsc70, revealing a bundle structure with three long 
α-helices for the BAG domain (Sondermann et al. 2001; Briknarova et al. 2001) 
(Fig. 1.2). Interactions with α-helices 2 and 3 of Bag1 stabilize a conformational 
change in the Hsc70 NBD similar to the GrpE·DnaK complex (Harrison et al. 1997; 
Sondermann et al. 2001). Three different isoforms of Bag1 exist in cells, which are 
generated by alternative translation initiation from a single mRNA (Fig. 1.3). All 
Bag1 isoforms contain an ubiquitin-like (Ubl) domain that serves as a sorting signal 
to facilitate interaction with the 26S proteasome (Alberti et al. 2003). The Bag1 L 
isoform contains an additional nuclear localization signal (NLS) at the extreme N-
terminus, whereas the other two isoforms are present in the cytosol (Takayama et al. 
1998). Interestingly, the BAG domain shares binding sites with Hsc70 and Raf1, a 
stress-signaling anti-apoptotic kinase, and the two proteins bind Bag1 in a mutually 
exclusive manner (Song et al. 2001). The structure of the Ubl domain from mouse 
Bag1 has been solved by NMR, revealing a characteristic ubiquitin-like fold (Huang 
and Yu 2013). In mice, this domain of Bag1 mediates interaction with the cytoplas-
mic tail of the heparin-binding EGF-like growth factor (HB-EGF) precursor, thereby 
altering cell adhesion and secretion of the mitogen HB-EGF (Lin et al. 2001).

Bag3 is expressed prominently in striated muscle tissue, but is also necessary 
for development and blood cell formation. Bag3 deletion in mice resulted in severe 
myopathy (Homma et al. 2006) and loss of hematopoietic stem cells (Kwon et al. 
2010). Interestingly, Bag3 is the only heat stress-inducible BAG-domain protein 
(Franceschelli et al. 2008; Jacobs and Marnett 2009). Bag3 contains various se-
quence motifs and domains, such as WW domains and proline-rich repeats (PXXP), 
which mediate interactions with numerous partner proteins other than Hsp70. For 
example, the first WW domain was shown to interact with PXXP motifs at the 
C-terminus of PDZGEF2, a regulatory protein involved in cell adhesion (Iwasaki 
et al. 2010); binding to the small heat shock proteins HspB8 and HspB6 is mediated 
by two IPV motifs (Fuchs et al. 2010). The PXXP repeats of Bag3 likely inter-
act with SH3 domains found in regulatory proteins of cell adhesion and migration 
(Doong et al. 2000). These interactions link Bag3 to processes such as development, 
autophagy and cytoskeletal organization (reviewed in (Rosati et al. 2011)). The 
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complex of Bag3, Hsc70 and HspB8 was strongly implicated in macroautophagy 
(Arndt et al. 2010; Lamark and Johansen 2012), a process in which portions of the 
cytosol are engulfed by a membrane and digested. The complex appears to be in-
volved in targeting aggregated proteins to aggresomes for degradation. Aggresomes 
are microtubule-dependent collection points for such terminally misfolded proteins 
in the cell (Kopito 2000). Details are unclear, but Bag3 interacts and co-localizes 
with p62/SQSTM1, a key regulator of the macroautophagy pathway (Gamerdinger 
et al. 2009). An association of Bag3 with the adaptor protein 14-3-3γ is dependent 
on phosphorylation at Ser136 and Ser173, and may serve to attach aggregates to 
the motor protein Dynein that travels along microtubules (Xu et al. 2013). Mac-
roautophagy appears to be vitally important for muscle maintenance. In D. mela-
nogaster muscles, the Bag3 ortholog Starvin is required for Z-disk maintenance 
through a process named ‘chaperone-assisted selective autophagy’ (CASA) (Arndt 
et al. 2010). A complex of Bag3, Hsc70 and HspB8 is needed for autophagy of the 
large muscle protein filamin after mechanical tension-induced unfolding (Ulbricht 
et al. 2013). Autophagosome formation is dependent on the interaction of the Bag3 
WW domain with the filamin-interacting protein synaptopodin-2.

Bag4 is alternatively named “silencer of death domains” (SODD) as it binds 
to the cytoplasmic regions of receptors that signal cell death, namely TNFR1 and 
DR3, and prevents ligand-independent receptor signaling and apoptosis (Jiang et al. 
1999). Surprisingly, NMR structures showed that the three-helix bundle in Bag4 
is about 25 amino acids shorter than in Bag1, although it comprises the signature 
residues needed for interaction with Hsp70 proteins, suggesting that it might have 
evolved independently (Brockmann et al. 2004; Briknarova et al. 2002). Bag1, 
Bag3 and Bag4 have been shown to bind the anti-apoptotic protein Bcl-2 (An-
toku et al. 2001). Together with their ability to interact with Hsp70, which also 
has an anti-apoptotic function, this suggests linked mechanisms for apoptosis in-
hibition (Antoku et al. 2001). It is not known whether these BAG domain proteins 
can simultaneously bind Hsp70 and Bcl-2, but it has been hypothesized that these 
two proteins compete for binding as they both can interact with the BAG domain 
(Doong et al. 2002).

Among the Bag proteins, Bag5 is unique in containing five consecutive short 
BAG domains similar in structure to the BAG domains of Bag3 and Bag4 (Arakawa 
et al. 2010). Of these, only the fifth BAG domain is active in Hsp70 NBD bind-
ing and assisting Hsp70-mediated substrate refolding. The crystal structure of this 
domain with the Hsp70 NBD revealed two distinct conformations of the complex; 
one where the NBD is in an open state similar to the Bag1 complex and the other 
with a NBD exhibiting a binding pocket distorted by inter-lobe shearing (Arakawa 
et al. 2010; Fig. 1.2). Both conformational states likely have reduced affinity for 
ADP. The functional consequences that could result from the shorter BAG domain 
structures in Bag3, Bag4 and Bag5 are currently unknown. Interestingly, Bag5 was 
shown to associate with the E3-ubiquitin ligase Parkin, modulating substrate pro-
tein ubiquitylation (Kalia et al. 2004).

Bag2 is the most distantly related member of the BAG family. In the crystal struc-
tures, what was supposed to be the BAG domain adopted an unanticipated dimeric 
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structure formed by pairs of long antiparallel helices intersected by a short addi-
tional helix (Xu et al. 2008 Fig. 1.2). Considering these differences from the canoni-
cal BAG domain and the low sequence homology, the respective fold was termed 
‘brand new BAG’ (BNB) domain. Binding of Bag2 to Hsp70 also elicits a different 
conformational change in the NBD—a rotation of the entire lobe II (Fig. 1.2). The 
BNB domain was also implicated in substrate binding (Xu et al. 2008). Bag2 has 
clearly lower affinity for Hsp70 proteins than other NEFs (Rauch and Gestwicki 
2014), but might compensate by being a dimeric protein with two Hsp70 interac-
tion sites. Thus, Bag2 might be considered the most ‘eccentric’ BAG family pro-
tein. Consistently, Bag2 was found to impair the function of the Hsp70-associated 
E3-ubiquitin ligase ‘carboxyl terminus of Hsp70-interacting protein’ (CHIP), in 
contrast to Bag1, which seems to target substrate proteins for degradation in col-
laboration with CHIP (Arndt et al. 2005; Dai et al. 2005). Complex formation with 
CHIP and Hsc70 is dependent on an N-terminal coiled-coil region that forms a di-
mer structure on its own (Page et al. 2012). Overexpression of Bag2 inhibited CHIP 
activity and thereby stimulated chaperone-assisted maturation of the model protein 
cystic fibrosis transmembrane conductance channel regulator (CFTR) (Arndt et al. 
2005). Employing a different mechanism, Bag2 has also been suggested to facili-
tate degradation of Tau, an aggregation-prone protein that accumulates in neurons 
of Alzheimer’s disease patients (Carrettiero et al. 2009). The microtubule-tethered 
Bag2·Hsp70 complex was proposed to deliver Tau to the proteasome for degrada-
tion in an ubiquitin-independent manner.

Multiple functions have been ascribed to the human Bag6/Scythe/BAT3 pro-
tein (reviewed in Binici and Koch 2013). Bag6 comprises an Ubl domain similar 
to Bag1; the predicted domain DUF3538 is found in several proteins associated 
with the ubiquitin-proteasome (UPS) pathway. Bag6 contains a nuclear localization 
signal that is masked by its interaction with a cofactor named TRC35 allowing the 
protein to be mostly cytosolic (Wang et al. 2011). In the cytosol, Bag6 appears to 
be specifically recruited to the ribosome to shield the transmembrane domains of 
ER-localized tail-anchored membrane proteins (TA proteins) from the aqueous cy-
tosolic environment. TA proteins are inserted post-translationally into the ER mem-
brane. In this so-called ‘guided entry of TA proteins’ (GET) pathway, Bag6 transfers 
the TA protein to TRC40 for membrane targeting by association with TRC35 and 
Ubl4A (Mariappan et al. 2010).

In other organisms only few BAG domain proteins have been studied. Snl1p is 
the only known BAG domain-containing protein in S. cerevisiae (Table 1.1). This 
protein contains an N-terminal single transmembrane (TM) domain localizing it to 
the ER and nuclear membranes. The BAG domain faces the cytosol. Biochemical 
and genetic experiments have shown Snl1p to interact with cytosolic Hsp70s and 
components of the nuclear pore, respectively, but no phenotype could be associated 
with the deletion of Snl1p (Sondermann et al. 2002). Interestingly, a short lysine-
rich motif at the beginning of the Snl1p BAG domain facilitates its interaction with 
intact ribosomes (Verghese and Morano 2012). This motif common with a Can-
dida albicans homolog, which lacks the TM region, is independent from the Hsp70 
interaction region. It was proposed that the Bag homologs in fungi may serve a 
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previously unknown role in protein biogenesis based on the recruitment of Hsp70 
and ribosomes to the ER membrane.

Bag1 has two putative orthologs in the fission yeast Schizosaccharomyces 
pombe, Bag101/Bag1A and Bag102/Bag1B. Both proteins have an Ubl and a C-ter-
minal BAG domain and associate with the 26S proteasome and Hsp70 respectively. 
Interestingly, Bag102 contains an additional N-terminal single transmembrane helix 
localizing it to the ER/nuclear membrane, similar to Snl1p. It was recently found 
that Bag102 but not Bag101 was able to suppress the temperature-sensitive growth 
phenotype and the DNA segregation defect of a spc7-23 strain, which contains a 
point mutation in a conserved kinetochore component Spc7 (Kriegenburg et al. 
2014). This suggests that these two BAG proteins in fission yeast have separate and 
specific cellular functions.

The crystal structure of the BAG domain of the C. elegans Bag1 homolog re-
vealed a dimeric structure of two protomers forming mixed three-helix bundles 
(Symersky et al. 2004). A small β-sheet between helices 2 and 3 interferes with the 
formation of an intramolecular three-helix bundle in this ortholog. However, the 
function of this BAG domain protein as well as the putative Bag3 homolog unc-23 
remains poorly characterized.

In D. melanogaster, the Bag3 homolog starvin was shown to be regulated in 
a highly developmental-stage specific manner and is expressed in larval somatic 
muscles. The name starvin was coined as this protein was essential for viability and 
was required by newly hatched larvae to ingest food and grow (Coulson et al. 2005). 
Starvin expression correlates with the response to cold exposure in D. melanogas-
ter, but the precise role of this protein in the pathway is not known (Colinet and 
Hoffmann 2010). It was proposed that it plays a role in modulating Hsp70 chaper-
one activity during recovery, although this will have to be experimentally verified.

Plants contain a large variety of BAG family proteins. Sequences for seven iso-
forms, named AtBAG1-7, have been identified in the A. thaliana genome (Kab-
bage and Dickman 2008). A comparative structural study on the AtBAG1-4 proteins, 
which share an architecture consisting of a Ubl and a BAG domain, showed that the 
respective BAG domains have short three-helix bundle structures similar to human 
Bag3, Bag4 and Bag5 (Fang et al. 2013). All the proteins lower the binding affinity 
of ADP with the NBD to a similar degree, suggesting functional redundancy. The 
structure of the complex of AtBAG1 with the NBD of human Hsp70 revealed for 
the first time Ubl and BAG domain in context, showing an extended conformation 
(Fang et al. 2013). The NBD conformation was similar to the Bag1 and Bag5 com-
plexes, with the subdomain IIB rotated 15° away from the nucleotide binding site. 
AtBAG2 mutant plants are larger than wildtype counterparts, implicating a function 
of this isoform in plant programmed cell death (PCD). Similarly, AtBAG4 confers 
tolerance to salt stress, apparently also by inhibiting PCD (Doukhanina et al. 2006). 
AtBAG7 is the only known ER-lumenal BAG domain protein (Williams et al. 2010).

Thus, in cells the diversity of BAG domain-containing proteins appears to serve 
in recruiting Hsp70 to specific locations and for specific functions. How the combi-
natorial assembly with multiple co-chaperones governs the biochemical properties 
of Hsp70 will be a fertile field for further studies.
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Antagonism Between Hip and NEFs

It was recognized early on that the protein Hip (Hsc70-interacting protein, alterna-
tively named ST13, suppressor of tumorigenicity) antagonizes Bag1, then the only 
known eukaryotic NEF (Kanelakis et al. 2000). Hip is present in protozoa, plants 
and animals, and is composed of a dimerization domain, a tetratricopeptide repeat 
(TPR) domain for interactions with the NBD of Hsp70 and a C-terminal DP domain 
(DP stands for Asp-Pro motifs) connected by flexible peptide linkers (Velten et al. 
2002). The crystal structure of the core complex consisting of the Hip middle do-
main and the NDB of Hsp70, showed that Hip slows ADP dissociation by forming 
a bracket over the nucleotide binding cleft (Li et al. 2013), functionally opposing 
NEFs (Fig. 1.3). Moreover the binding area on the NBD overlaps substantially with 
the known contact regions for NEFs, indicating that interactions are mutually ex-
clusive. The binding affinity between Hip and Hsp70 is however approximately two 
orders of magnitude lower than with NEFs, which exhibit dissociation constants of 
around 0.1 µM (Raviol et al. 2006b; Shomura et al. 2005; Sondermann et al. 2001). 
Therefore, Hip would only slow the Hsp70 cycle substantially, when the mutual 
affinity is increased, for example by additional interactions with Hsp70-bound sub-
strates (via the DP domains of Hip) or simultaneous interaction with two Hsp70 
molecules attached to the same client protein or aggregate. Such hallmarks might 
indicate substrates, which require downstream chaperones like Hsp90 for folding, 
or are hopeless clients that need to be degraded (Wang et al. 2013).

Cellular Functions of NEF Proteins in S. cerevisiae

A comprehensive picture of NEF function is only available for one eukaryotic or-
ganism, S. cerevisiae. This budding yeast comprises seven NEFs associated with 
the isoforms of Hsp70 found in the mitochondrial matrix (Ssc1p and Ssq1p), the ER 
lumen (Kar2p) and the cytosol/nucleus (Ssa1-4, Ssb1/2), namely the GrpE homolog 
Mge1p, Lhs1p (Grp170 homolog) and Sil1p in the ER lumen, and Sse1p and Sse2p 
(Hsp110 homologs), Fes1p (HspBP1 homolog) and Snl1p, the only known BAG 
domain protein, in yeast cytosol.

Mge1p plays an important role in both import and maturation of mitochondrial 
matrix proteins encoded in the nucleus (Laloraya et al. 1995; Laloraya et al. 1994), 
and is therefore essential for yeast viability (Ikeda et al. 1994). During the final 
step of import through the inner mitochondrial membrane, Ssc1p and Mge1p form 
a complex with the import channel-associated protein Tim44p (Horst et al. 1997). 
Protein import is furthermore dependent on the activity of the membrane-anchored 
J-protein complex Tim16p/Tim14p (also known as Pam18p/Pam16p) (Mokranjac 
et al. 2006). The mechanism of protein import—whether ATP-hydrolysis driven 
power strokes, entropic pulling or a Brownian ratchet, which would only prevent 
back-sliding—is still under discussion. Overexpression of Mge1p leads to reduced 
pre-protein translocation into the mitochondria, likely due to excessive acceleration 



1 GrpE, Hsp110/Grp170, HspBP1/Sil1 and BAG Domain Proteins 19

of nucleotide exchange and premature conversion of Ssc1p to the low affinity state, 
thus causing rapid release of the protein in transit (Schneider et al. 1996). In vitro 
studies have shown that ATP but not ADP effectively releases Mge1p interaction 
with mtHsp70 (Miao et al. 1997). In the mitochondrial matrix, Mge1p furthermore 
helps to fold newly imported proteins. A strain harboring the temperature sensitive 
allele mge1-100 showed reduced rates of maturation of the Yfh1p protein, similar 
to the defect observed in a deletion strain for the mitochondrial Hsp70 isoform 
Ssq1p, suggesting a close relationship between the two proteins in substrate folding 
(Schmidt et al. 2001). Ssc1p and the much less abundant Ssq1p compete for bind-
ing to Mge1p (Schmidt et al. 2001). Overexpression of Mge1p increases the activity 
of Ssq1p, indicating that Mge1p availability is limiting for Ssq1p function. A role 
of Mge1p as a possible sensor of stress is attributed to the reversible cessation of 
the interaction between Mge1p and mitochondrial Hsp70s at heat shock tempera-
tures and under conditions of oxidative stress (Marada et al. 2013; Moro and Muga 
2006). A similar role has been discussed for bacterial GrpE (Nakamura et al. 2010). 
The loss of interaction with Hsp70 has been attributed to a transition from active 
dimer to inactive monomer.

The ER is a major folding compartment of the cell, handling the folding, matura-
tion and post-translational modification of secretory and membrane proteins, and 
is therefore rich in molecular chaperones. Through the ‘unfolded protein response’ 
(UPR) pathway, the folding capacity is adapted to the protein load. Aberrant pro-
teins are efficiently cleared by ER-associated decay (ERAD), a process which retro-
translocates substrates into the cytosol for proteasomal degradation. Therefore it 
is not surprising that the combined function of the ER-NEFs Lhs1p and Sil1p is 
essential and the double-deletion lethal (Tyson and Stirling 2000). Both proteins 
contribute to co-translational import of proteins into the ER lumen together with the 
luminal Kar2p and the translocon-associated J-domain protein Sec63p, and to sub-
sequent folding. Both LHS1 and SIL1 are up-regulated by the ER stress response, 
the ‘unfolded protein response’ (UPR), thus increasing the folding capacity of the 
ER. Deletion of either factor triggers the UPR. This may explain why the single 
deletions have comparatively mild phenotypes such as altered protein maturation 
in the ER lumen and increased ERAD. Lhs1p and Sil1p are however only partially 
redundant (de Keyzer et al. 2009; Tyson and Stirling 2000). Although Sil1p appears 
to be about one order of magnitude more abundant than Lhs1p (but constitutes less 
than 0.1 % of the Kar2p content) under normal growth conditions (Ghaemmaghami 
et al. 2003), lhs1Δ cells exhibit a slight import defect, as indicated by the accumula-
tion of pre-proteins.

The cytosolic Hsp110 family proteins, Sse1p and Sse2p, are closely related, hav-
ing 76 % sequence identity (Mukai et al. 1993). Sse1p and Sse2p probably origi-
nated from a recent genome duplication event in S. cerevisiae. Sse2p is 10 times less 
abundant that Sse1p, although both proteins are expressed under normal conditions. 
Sse1p is the most abundant NEF in the yeast cytosol, but the concentration of cyto-
solic Hsp70 proteins is one order of magnitude higher. Under stress, SSE2 gene ex-
pression is strongly induced by the heat shock response (HSR) pathway, while that 
of SSE1 is only modestly increased (Mukai et al. 1993). The loss of Sse1p, but not 
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Sse2p, renders cells slow-growing, which is exacerbated by temperature stress (Liu 
et al. 1999). Overexpression of Sse1p also results in a slow-growth phenotype. The 
simultaneous deletion of both genes is lethal (Raviol et al. 2006b). Over-expres-
sion of the HspBP1 homolog Fes1p can partially compensate sse1,2Δ (Raviol et al. 
2006b). Sse1p collaborates with both forms of cytosolic Hsp70, Ssa1-4 and the 
ribosome-associated Ssb1/2 to fold newly synthesized proteins (Yam et al. 2005; 
Shaner et al. 2005). This is dependent on the ribosome-associated complex (RAC) 
(Koplin et al. 2010; Willmund et al. 2013), containing the J-protein Zuo1p, and 
the type-I J-domain protein Ydj1p, respectively (Shaner et al. 2006). Interactions 
of Sse1p with 1940 potential substrate proteins were listed in a proteomics survey 
(Gong et al. 2009), a substantial part of the yeast proteome (~ 6600 proteins). Sse1p 
function also appears to have an impact on Hsp90 client proteins such as kinases 
and nuclear receptors (Goeckeler et al. 2002; Liu et al. 1999), probably by upstream 
client processing through the Hsp70 system. Specific examples are the growth con-
trol kinase Sch9p (Trott et al. 2005) and the MAP kinase Slt2p (Shaner et al. 2008), 
enabling Slt2p interaction with downstream effectors required for yeast cell wall 
integrity and morphogenesis. The NEF-function of Sse1p for Ssa1/2 is required 
for proper distribution of the kinesin-5 motor during bipolar spindle assembly, thus 
preventing premature spindle elongation during mitosis (Makhnevych et al. 2012). 
Besides de novo protein folding, Sse1p is also deeply involved in cellular protein 
quality control, as shown by the impact of its absence on the proteasomal clearance 
of the von-Hippel-Lindau (VHL) tumor suppressor protein (McClellan et al. 2005), 
a model substrate for the chaperonin TRiC, which cannot stably fold in absence 
of its complex partners Elongin-BC, and a folding-defective mutant version of the 
Hsp90 client protein Ste11p (Mandal et al. 2010).

The cellular concentration of Fes1p, the yeast homolog of HspBP1, is ~5-fold 
lower than Sse1p, and its expression is up-regulated upon stress. Fes1p catalyzes 
nucleotide exchange both on Ssa and Ssb-type Hsp70 proteins (Dragovic et al. 
2006b; Kabani et al. 2002a) and associates with translating ribosomes (Kabani 
et al. 2002a). Fes1p and RAC appear to compete for binding to Ssb Hsp70 proteins, 
perhaps indicating the necessity for sequential interactions—RAC and Ssb⋅ATP 
upon emergence of the nascent chain at the ribosomal exit channel and Fes1p and 
Ssb⋅ADP towards completion of translation (Dragovic et al. 2006b). Deletion of 
FES1 causes a growth defect under heat stress and a folding defect in the reporter 
protein firefly luciferase (FLuc) (Ahner et al. 2005; Shomura et al. 2005). Binding 
to Hsp70 and nucleotide exchange activity are critical for Fes1p function, since the 
inactive, but structurally intact mutant Fes1p(A79R/R195A) cannot complement 
the phenotype (Shomura et al. 2005). Deletion of FES1 induces a massive heat 
shock response with strong up-regulation of molecular chaperones under standard 
growth conditions, while sse1Δ triggers only a mild induction, suggesting a criti-
cal function of Fes1p in the heat shock factor (Hsf1) activation pathway (Abrams 
et al. 2014; Gowda et al. 2013). This might explain why the growth defect of fes1Δ 
is relatively mild compared to the latter strain. Interestingly, Fes1p was implicated 
in the proteasome-mediated clearance of the constitutively misfolded proteins DH-
FRmutC, DHFRmutD and the protein fragment Rpo41(T920-L1217), but not in the 
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clearance of folded proteins such as FLuc, Stp1p and fructose-1,6-bisphosphatase 1 
(Abrams et al. 2014; Ahner et al. 2005; Gowda et al. 2013). Inconsistently however, 
the misfolded test substrate CpY*-GFP, a mutant form of Carboxypeptidase Y fused 
to GFP, is efficiently degraded in fes1Δ cells (Abrams et al. 2014). Thus Sse1p and 
Fes1p both contribute to protein quality control, but with different specificities. This 
could be based on the distinct nucleotide exchange mechanisms or the additional 
holdase activity of the Hsp110 homolog.

The BAG domain protein Snl1p is expressed at low levels, similar to Sse2p. The 
ER-membrane protein interacts directly with the ribosome (Verghese and Morano 
2012). Many of its surprisingly numerous interactors are integral membrane pro-
teins, suggesting perhaps a role in faithful targeting of secretory proteins. Normally, 
these clients should not get in contact with cytosolic Hsp70 proteins.

The cytosolic NEFs of Hsp70 have a strong impact on the maintenance and 
propagation of prions in yeast. These fibrous polymeric forms of protein have a 
rather generic amyloid core structure, which is inherited in a non-Mendelian fash-
ion to daughter cells. Interestingly, the fibers morphologically resemble pathologic 
protein deposits from amyotrophic lateral sclerosis (ALS), Alzheimer’s and Parkin-
son’s disease in humans. The fibers grow at their ends by incorporation of unfolded 
monomers and multiply by fracturing into seeds. The AAA protein disaggregase 
Hsp104, in collaboration with the Hsp70 system, contributes in a complex manner 
both to the fracturing and the disassembly of the filaments (Masison et al. 2009). 
The Hsp70 system might also erroneously deliver unfolded protein to the growing 
ends. Faithful maintenance of the [PSI + ] prion is dependent on the presence of 
Sse1 (Fan et al. 2007; Sadlish et al. 2008). Complementation of the sse1Δ effect by 
overexpression of nucleotide-exchange active Sse1p mutants, Fes1p and Snl1p(ΔN) 
suggests that the NEF function is the main requirement for propagation (Sadlish 
et al. 2008).

Aspects of NEF Function in Mammalian Protein Folding 
and Quality Control

Compared to yeast, much less is known about the integrated function of mammalian 
NEFs because of the increased complexity of higher organisms. Mutations or dele-
tions might affect specific cell types differentially, or might prevent development 
to an adult organism. Simultaneous deletion of the Hsp110 isoforms Apg-1 and 
Apg-2 in mice resulted in neonatal death (Mohamed et al. 2014); deletion of Apg-1 
alone causes faulty spermatogenesis (Held et al. 2011). Deletion of the third isoform 
Hsp110/Hsp105 causes no obvious defects (Nakamura et al. 2008), but truncation 
of the human Hsp105 gene by micro-satellite instability in intestinal cancer cell 
lines sensitizes these cells towards chemotherapy (Dorard et al. 2011). The inac-
tivating mutations found in the Sil1 gene of patients with Marinesco-Sjögren syn-
drome affect visibly only the Purkinje cells of the brain (Anttonen et al. 2005; Sen-
derek et al. 2005). Deletion of Grp170/Hyou1 in mice is lethal (Kitao et al. 2004). 
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At high concentrations, NEFs inhibit Hsp70 by competing with nucleotide binding 
(Dragovic et al. 2006a; Rampelt et al. 2012; Gässler et al. 2001; Polier et al. 2008; 
Raviol et al. 2006b). It is unclear whether competition with J-domain protein bind-
ing will also occur. The concentration of Hsp70 components determines if acceler-
ated Hsp70 cycling will occur or if cycling is inhibited. Experiments employing 
overexpression of specific NEFs should be treated with caution for this reason. 
There are numerous reports about inhibitory effects of Bag1 and HspBP1 (Bimston 
et al. 1998; Raynes and Guerriero 1998), although these do accelerate ATP hydroly-
sis of Hsp70 in conjunction with Hsp40 at appropriate concentrations in vitro (Höh-
feld and Jentsch 1997; Shomura et al. 2005). The expression levels vary between 
cell types, and cancer cells lines typically have severely abnormal chaperone levels.

Comparative studies with model proteins shed light on the differential effects of 
members of the different NEF families on the folding and degradation of specific 
proteins. Young and coworkers showed that the BAG domain of Bag1 (cBag1), 
HspBP1 and Hsp105 all trigger ATP hydrolysis by Hsc70/HSPA8 in presence of the 
constitutive cytosolic type-I J-domain proteins DNAJA1/Hdj2 and DNAJA2/Hdj3. 
However, only the combinations Hsc70/DNAJA2 with cBag1 or Hsp105 improved 
refolding of chemically denatured FLuc compared to the control without NEF 
(Tzankov et al. 2008). Protein folding however improved only in a narrow NEF/
Hsc70 concentration range. Later, combinations of the NEF proteins Bag1, Bag2, 
Bag3 and Hsp105 with the J-domain proteins DNAJA1, DNAJA2, DNAJB1/Hdj1 
and DNAJB4 were investigated, using the stress-inducible Hsp70 form HSPA1A/
Hsp72 (Rauch and Gestwicki 2014). All NEFs but Hsp105 accelerated ATP hydro-
lysis in presence of the J-domain proteins. DNAJA1 was inactive in FLuc refolding 
in any combination, as noted before by the Young group. In absence of phosphate, 
low concentrations of Bag1 and Bag3 together with the type-II J-domain proteins 
DNAJB1 and DNAJB4 were most efficient in FLuc refolding. Type-II J-domain 
proteins have a slightly different domain composition than type-I paralogs. In the 
presence of phosphate, the dependency on NEFs increased dramatically, and all 
combinations with Bag1-3 worked. Hsp105 did not increase FLuc refolding in any 
combination of the four J-domain proteins with HSPA1A. Taken together, this in-
dicates that a combinatorial library of mammalian Hsp70 components might en-
able adaptation to a spectrum of substrates with different folding needs such as 
assistance by holdase activity and suitable cycling rates (Brehmer et al. 2001). In a 
comparative study, evidence for selective interaction of steroid receptors, which are 
prototypical Hsp90 client proteins that progress through the Hsp70 system before-
hand, with the Hsp70 complexes of Bag1-M was found (Knapp et al. 2014). The 
respective HspBP1 complex with Hsp70 failed both to interact with the downstream 
factor, Hsp70–Hsp90-organzing protein (HOP) and Hsp90 as well as the (upstream) 
Hsp40 protein DNAJB1/Hdj1 (the latter might however be an indirect effect).

The folding of the ABC transporter Cystic Fibrosis Transmembrane Conductance 
Regulator (CFTR) sheds light on the roles of NEFs in protein quality control and 
degradation. In addition to two transmembrane helix bundles, CFTR has large cyto-
plasmic domains, which on average require 10 min for folding and employ the cy-
toplasmic Hsp70 and Hsp90 machinery (Wang et al. 2006). Mutations in CFTR are 
the molecular basis for cystic fibrosis in humans, causing a lack of functional protein 
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in mucous membranes. Hsp105 appears to have a prominent role in early CFTR 
folding events and later at the epithelial membrane, employing its holdase activity 
(Saxena et al. 2012). Ineffective folding results in proteasomal degradation of most 
CFTR molecules before reaching the plasma membrane. CFTR is targeted for degra-
dation by the dimeric E3-ubiquitin (Ub) ligase CHIP (Meacham et al. 2001), which 
attaches to the C-termini of Hsp70 and Hsp90 and ubiquitylates client proteins (and 
Hsp70). In cells, most of the CHIP protein appears to be associated with Bag2 and 
Hsp70, which form a large complex that is Ub-ligase-inactive (Dai et al. 2005). 
Binding of Bag2 prevents association of CHIP with the E2 enzyme (Ub donor) Ub-
cH5b (Arndt et al. 2010; Dai et al. 2005). In a ternary complex with Hsc70, HspBP1 
also inhibits CHIP Ub-ligase activity, however by a different mechanism (Alberti 
et al. 2004), whereas Bag1 collaborates with CHIP in targeting substrate proteins for 
proteasomal degradation (Demand et al. 2001). Therefore Bag2 and HspBP1 might 
help to keep CHIP in check while productive protein folding is ongoing.

Because of its considerable holdase capability, Hsp110 appears to play a special 
role among the NEFs. All Hsp110 isoforms were found attached to large aggregates 
of mutant superoxide dismutase (SOD1) that are a hallmark of Lou Gehrig’s Disease 
(also named Amyotrophic lateral sclerosis (ALS)), a protein deposition disease in 
which the motor neurons degenerate (Wang et al. 2009). In vitro, Hsp105 can sup-
press mutant SOD aggregation to some degree (Yamashita et al. 2007). A transgenic 
mouse lacking Hsp110/Hsp105 was shown to accumulate hyper-phosphorylated tau 
protein in an age-dependent manner, which in turn forms neurofibrillary tangles and 
causes neurodegeneration similar to Alzheimer’s disease. This phenotype was com-
parable to mice deficient in Hsp70, confirming the role for Hsp70·Hsp110 com-
plexes in maintaining tau in an unphosphorylated form during aging (Eroglu et al. 
2010). Hsp110 was also enriched in aggregates of an artificial model protein for 
protein deposition diseases, β23 (Olzscha et al. 2011). In a similar functional role 
but with a distinct interaction partner, Hsp110 was required to suppress polygluta-
mine-induced cell death in a Drosophila model of polyglutamine (polyQ) diseases. 
This class of neurodegenerative diseases, which includes Huntington’s disease, is 
characterized by cellular deposition of aggregated mutant proteins containing ex-
panded polyQ regions. Together with the Hsp40 family member DNAJ-1, Hsp110 
protected cells from neural degeneration while either protein expressed alone had 
little effect, suggesting an Hsp110·Hsp40 complex is required to maintain protein 
homeostasis (Kuo et al. 2013). Hsp105α was also found associated with deposits 
of polyQ-androgen receptor in spinal and bulbar muscular atrophy (Kennedy’s dis-
ease) (Ishihara et al. 2003). Interestingly, Hsp110 along with Hsp70 and Hsp40 was 
found to form a disaggregase system capable of dissolving amorphous aggregates in 
mammalian cells that are resistant to Hsp70 and Hsp40 alone (Rampelt et al. 2012; 
Shorter 2011). This system seems to partially replace the function of ClpB/Hsp104 
proteins found in bacteria, plants and fungi, which together with the Hsp70 sys-
tem remodel large aggregates and amyloids in an ATP-dependent process. Animals 
lack cytosolic ClpB/Hsp104 homologs. The most effective system for solubiliza-
tion of aggregates of FLuc and GFP consisted of the isoforms Apg-2, Hsc70 and 
Hdj1/DNAJB1. Since the functional interfaces between Hsp110, Hsp70 and Hsp40 
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proteins are conserved, this suggests that specific interactions with the substrate 
proteins are important for activity. Perhaps the substrate specificities of the chaper-
ones have to be complementary, enabling simultaneous interactions with different 
regions in the substrate protein. Additionally, substrate interactions with small heat 
shock proteins increase the refolding yields. Co-aggregation with small heat shock 
proteins seems to make the aggregates more accessible to the disaggregase system. 
The disaggregase activity is dependent on Hsp70-binding and the NEF capability 
of the Hsp110 component. Other NEFs can partially substitute for Hsp110 in in 
vitro disaggregation reactions (Rampelt et al. 2012). The studies disagreed on the 
requirement for ATP hydrolysis by the Hsp110 component (Rampelt et al. 2012; 
Shorter 2011). Taken together the association of Hsp110 and Hsp70 with cellular 
aggregate deposits might be a sign for on-going remodeling activity.

Both Bag3 and Hsp110 are strongly up-regulated upon stress by the heat shock 
response. It is unclear to what extent autophagy and disaggregation/UPS-mediated 
degradation contribute to recovery of the cell and the clearance of aggregated pro-
tein after heat shock. Another important aspect might be the cellular localization of 
respective proteostasis machineries. Hsp110 proteins are found both in the cyto-
plasm and nucleus, whereas Bag3 is found exclusively in the cytosol. Therefore the 
two compartments might follow different strategies for recovery.

Conclusions

The Hsp70 system represents the central hub in the proteostasis network by inter-
acting with polypeptides at various stages of their existence from birth to ultimate 
demise. The Hsp70 folding cycle is fine-tuned by cochaperones adapting it to the 
divergent folding requirements of individual substrates. Recent structural and bio-
chemical evidence has shown that especially the different nucleotide exchange fac-
tors serve additional roles by linking Hsp70 to other branches of the proteostasis 
network. We have now first insights how functional diversity might be encoded in 
their distinct binding modes to Hsp70. What is still missing is the integration of all 
these processes. For this we would need good estimates for the local concentrations 
of the players, in healthy cells and under conditions of stress or disease. It will be 
exciting to dissect this complex interplay between NEFs, Hsp70 and client proteins.
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Abstract Hsp90 functionally interacts with a broad array of client proteins, but 
in every case examined Hsp90 is accompanied by one or more co-chaperones. 
One class of co-chaperone contains a tetratricopeptide repeat domain that targets 
the co-chaperone to the C-terminal region of Hsp90. Within this class are Hsp90-
binding peptidylprolyl isomerases, most of which belong to the FK506-binding 
protein (FKBP) family. Despite the common association of FKBP co-chaperones 
with Hsp90, it is now clear that the client protein influences, and is influenced by, 
the particular FKBP bound to Hsp90. Examples include Xap2 in aryl hydrocarbon 
receptor complexes and FKBP52 in steroid receptor complexes. In this chapter, we 
discuss the known functional roles played by FKBP co-chaperones and, where pos-
sible, relate distinctive functions to structural differences between FKBP members.

Keywords Immunophilin · FKBP · Hsp90 · Steroid hormone receptor
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Introduction

Immunophilins are a large, functionally diverse group of proteins that are defined 
by their ability to bind immunosuppressive ligands. The immunophilins minimally 
contain a peptidyl-prolyl cis-trans isomerase (PPIase; also termed rotamase) do-
main to which the immunosuppressive drugs bind. Early investigations into the 
PPIase enzymatic activity led to the belief that the immunosuppressive drugs 
elicited their effects by inhibiting the PPIase activity. However, some compounds 
binding the PPIase active site efficiently inhibit PPIase activity without inducing 
immunosuppression, so PPIase activity is not critical for immune responses. It is 
now known that effector domains on the immunosuppressive drugs project from 
the PPIase pocket. This allows the immunophilin-drug complex to bind tightly 
to and inhibit calcineurin or target of rapamycin, signal transduction proteins re-
quired for immune responses (see Hamilton and Steiner 1998 for a detailed review 
on the mechanisms by which immunophilins and their ligands suppress immune 
responses).

Since the initial identification of the immunophilin proteins, multiple family 
members have been identified in all major branches of life. Some immunophilins 
are small proteins containing only a single PPIase domain while others are large 
multidomain proteins that contain one or more PPIase domains, as well as addi-
tional functional domains. The immunophilins are divided into two groups based 
on their ability to bind different immunosuppressive ligands: the FK506 binding 
proteins (FKBP), which also bind rapamycin, and the cyclosporin-A binding pro-
teins or cyclophilins (CyP). The PPIase domains of FKBP and cyclophilins are 
structurally distinct and likely evolved independently. On the other hand, some 
members of either the FKBP or cyclophilin families contain a structurally similar 
tetratricopeptide repeat (TPR) domain that targets binding to heat shock protein 
90 (Hsp90).

Hsp90 is an abundant molecular chaperone that interacts with a broad array of 
protein clients that regulate numerous important cellular pathways. Among the 
known Hsp90 clients are transcription factors (e.g., steroid hormone receptors, heat 
shock transcription factor 1, aryl hydrocarbon receptor), both serine/threonine and 
tyrosine kinases (e.g., Raf and Src-related kinases), and key regulatory enzymes 
(e.g., nitric oxide synthase and telomerase). A compilation of known Hsp90 clients 
maintained by Didier Picard at Univ. of Geneva can be accessed at: http://www.
picard.ch/downloads/Hsp90interactors.pdf.

In concert with other chaperone proteins, Hsp90 facilitates client folding and 
proteolytic stability but can also promote client degradation. In the case of steroid 
receptors, Hsp90 and its associated co-chaperones also regulate receptor activity. 
Hsp90 binding to steroid receptors must be preceded by transient receptor interac-
tions with Hsp40, Hsp70, and associated co-chaperones. Hsp90, which is recruited 
as a dimer in the latter stages of complex assembly, binds directly to the receptor 
ligand binding domain and stabilizes a receptor conformation that is competent for 
hormone binding. Proteins that are associated with Hsp90 in the functionally mature 

http://www.picard.ch/downloads/Hsp90interactors.pdf
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receptor complex are p23, a co-chaperone that stabilizes Hsp90 binding to receptor, 
and any one of several TPR co-chaperones, including the immunophilin/PPIases 
FKBP52 (also termed p59, Hsp56, p50, HBI, FKBP59, and FKBP4), FKBP51 (also 
termed p54, FKBP54, and FKBP5), and CyP40, or the protein phosphatase PP5. 
As discussed below, receptor activity can vary depending on the particular TPR co-
chaperone in mature receptor heterocomplexes.

The domain organization for several TPR co-chaperones is compared in Fig. 2.1. 
These co-chaperones compete for a common binding site in the C-terminal region 
of Hsp90 that includes the highly conserved -MEEVD sequence that terminates 
Hsp90. Co-crystallographic structures have shown how an MEEVD pentapeptide 
associates with the TPR binding pocket (Scheufler et al. 2000; Wu et al. 2004). 
Although the TPR domains for each of these co-chaperones are structurally similar 
and interact in a similar manner with Hsp90, the client protein bound by Hsp90 can 
influence the rank order of co-chaperone recruitment to Hsp90-client complexes 
(reviewed in Riggs et al. 2004). For instance, PP5 and FKBP51 are preferred com-
ponents in glucocorticoid receptor (GR) complexes, FKBP51 is preferred in pro-
gesterone receptor (PR) complexes, and CyP40 is relatively enhanced in estrogen 
receptor (ER) complexes (Silverstein et al. 1997; Barent et al. 1998). On the other 

Fig. 2.1  Domain organization of representative Hsp90-binding TPR-containing FKBPs from ver-
tebrate, insect, and plant sources were selected for comparison of domain organizations. The pro-
teins are human FKBP52 (acc. # NP_002005), human FKBP51 (acc. # Q13451), human FKBPL 
(acc. # NP_071393.2), human Xap2 (acc. # O00170), human FKBP36 (acc. # NP_003593), 
human FKBP38 (acc. # NP_036313.3), Drosophila melanogaster FKBP59 (acc. # AAF18387), 
Arabadopsis thaliana FKBP42 (acc. # CAC00654), and Arabadopsis thaliana FKBP62 (acc. # 
AAB82062). The percent amino acid identity of each compared to human FKBP52 was deter-
mined from ClustalW2 alignments (http://www.ebi.ac.uk/clustalw). Each protein shown has at 
least one FKBP12-like domain (FK), which in some cases has peptidylprolyl isomerase activity 
and is the binding site for the immunosuppressant drug FK506, and one tetratricopeptide repeat 
domain (TPR), which is typically an Hsp90 binding site. The black box in the C-terminus of 
AtFKBP42 is a transmembrane domain used for anchoring the protein to the plasma and vacuolar 
membranes
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hand, another TPR-containing FKBP, the hepatitis B virus protein X associated 
protein 2 (Xap2; also termed AIP, ARA9, and FKBP37) shows little interaction 
with steroid receptors but is strongly associated with the aryl hydrocarbon receptor-
Hsp90 complex (Ma and Whitlock 1997; Meyer et al. 1998). The distinctive pat-
terns of preference for co-chaperone association in client complexes is one line of 
evidence that the co-chaperones bound to Hsp90 can also interact with the Hsp90-
bound client.

In addition to FKBP52, FKBP51, and XAP2, several other FKBP family mem-
bers contain TPR domains that are known or likely to bind Hsp90. FKBP36 is 
structurally similar to XAP2 but is required for male fertility and homologous 
chromosome pairing in meiosis (Crackower et al. 2003). FKBP38 is a unique fam-
ily member that is anchored to the mitochondrial and endoplasmic reticulum mem-
branes, and is involved in a variety of processes including protein folding and 
trafficking, apoptosis, neural tube formation, cystic fibrosis transmembrane con-
ductance regulator (CFTR) trafficking, and viral replication (reviewed in Edlich 
and Lucke 2011). FK506-binding protein like (FKBPL) protein is a divergent 
member of the FKBP family that can associate and functionally regulate steroid 
hormone receptors, has antiangiogenic properties, has a role in the DNA dam-
age response, and controls tumor growth (reviewed in Robson and James 2012). 
Drosophila melanogaster express a TPR-containing immunophilin (DmFKBP59) 
that has high similarity to FKBP52/51 in vertebrates (Goel et al. 2001; Zaffran 
2000). Plants have several FKBP genes that encode TPR domains; for example, in 
Arabidopsis thaliana there are 4 such genes: AtFKBP42, AtFKBP62, AtFKBP65 
and AtFKBP72 (Romano et al. 2005; He et al. 2004). Although prokaryotic and 
Archaeal genomes also contain FKBP family members (Maruyama et al. 2004), 
none of these genes encode a TPR domain.

Structure/Function Relationships of Steroid  
Receptor-Associated FKBPs

X-ray crystallographic structures have been resolved for full-length FKBP51 and 
for overlapping fragments of FKBP52 (Fig. 2.2). FKBP51 and FKBP52 share 
greater than 60 % amino acid sequence similarity, and individual domains do not 
differ markedly between FKBP51 and FKBP52. Both share a similar TPR domain 
composed of three tandem repeats of the degenerate 34-amino acid motif, which is a 
typical characteristic of TPR proteins (Blatch and Lassle 1999). Each repeat adopts 
a helix-turn-helix conformation and adjacent units stack in parallel to form a saddle-
shaped domain with a concave binding pocket for Hsp90. In addition to the TPR 
domain, both FKBP51 and FKBP52 have two N-terminal domains, each of which 
is structurally similar to FKBP12. FK506-binding and PPIase activities reside in the 
most N-terminal domain (FK1), which has a pocket and active site residues similar 
to FKBP12. Due to several amino acid differences, the second domain (FK2) lacks 
drug binding and PPIase activity (Sinars et al. 2003).
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The most striking difference in crystal structures relates to apparent 
domain:domain orientations. The FKBP52 structure shown in Fig. 2.2 is a compos-
ite model derived from merging the separate FK1-FK2 and FK2-TPR structures. 
The composite model suggests that the FKBP52 TPR domain is aligned in a more 
linear fashion with the FK domains rather than in the kinked conformation seen 
with FKBP51 (Fig. 2.2). In fact, the static orientations shown in crystal structures 
are likely more dynamic in solution, but the different crystal orientations are per-
haps telling. Amino acid side chains unique to FKBP51 form a salt bridge between 
FK2 and TPR that would stabilize the domain:domain interaction in FKBP51 rela-
tive to FKBP52, which lacks this salt bridge. The apparently more malleable struc-
ture of FKBP52 might allow interactions within the receptor heterocomplex that are 
strained in FKBP51.

Significant progress has been made in understanding functionally important do-
mains and residues on FKBP52 that contribute to the distinct ability to regulate 
steroid hormone receptor activity. Random mutagenesis studies in S. cerevisiae 

Fig. 2.2  Structural and functional characteristics of FKBP51 and FKBP52. Both ribbon and 
molecular surface depictions of the X-ray crystallographic structures for human FKBP51 (A; pro-
tein data bank number 1KT0) and a composite of two partial structures for human FKBP52 (B; 
protein data bank numbers 1Q1C and 1P5Q) are shown. In either protein the two FKBP12-like 
domains (FK1 and FK2, green and blue respectively) are indicated, the first of which has FK506 
binding and PPIase activities. PPIase activity is not required for receptor regulation. The proline-
rich loop ( orange) that overhangs the PPIase catalytic pocket is critical for FKBP52 function 
and is responsible for the functional difference between FKBP51 and FKBP52. Two functionally 
critical residues (A116 and L119 in FKBP51 and A116 and P119 in FKBP52) within this loop 
are highlighted. The FK1 domain, the proline-rich loop in particular, is hypothesized to serve 
as an interaction surface within the Hsp90-receptor heterocomplex. A loop structure containing 
a CKII phosphorylation site in the hinge region between FK1 and FK2 is pointed out ( yellow). 
The C-terminal TPR domain ( red) consists of three helix-loop-helix motifs that form the Hsp90 
binding pocket. Structures of the individual domains are highly similar between the two proteins, 
but the angle between FK2 and TPR domains of FKBP51 is more acute and probably more con-
strained than in FKBP52. The FKBP51 and FKBP52 structure models shown were constructed 
using UCSF Chimera version 1.5
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demonstrated that two point mutations (A116V and L119P) in the FKBP51 FK1 
domain, which does not potentiate steroid hormone receptor activity under normal 
conditions, confer full receptor potentiating ability to FKBP51, similar to that of 
FKBP52 (Riggs et al. 2007). This suggests that FKBP51 and FKBP52 functionally 
diverged at some point in evolution by only a few residues. A recent study sug-
gests that there are differences in conformational dynamics between FKBP51 and 
FKBP52 within the proline-rich loop (Mustafi et al. 2014). 15N NMR relaxation 
measurements demonstrated that only the proline-rich loop in FKBP51 displays sig-
nificantly larger line broadening, which is completely suppressed in the presence of 
the L11P mutation. These data suggest not only that differences in the proline-rich 
loop confer distinct functions to FKBP51 and FKBP52, but also that the proline-
rich loop is functionally important for FKBP52 regulation of receptor activity. The 
current hypothesis holds that the FKBP52 proline-rich loop serves as an interaction 
surface, and the interaction partner is likely the receptor hormone binding domain 
(Sivils et al. 2011; De Leon et al. 2011).

Recent evidence by Bracher et al. demonstrate that the FK1-FK2 domains por-
tray a flexible hinge that may account for regulatory differences between FKBP51 
and FKBP52 (Bracher et al. 2013). It is hypothesized that the FK2 domain of 
FKBP52 contains an activation mechanism based on the calmodulin-binding mo-
tif at the C-terminus, yet this region is unable to bind FK506 and rapamycin, and 
lacks PPIase activity (Chambraud et al. 1993; Pirkl and Buchner 2001; Rouviere 
et al. 1997).

FKBP51 and FKBP52 also differ in the hinge region connecting FK1 and FK2 
domains (FK loop). The FK loop of FKBP52 contains a -TEEED- sequence that 
has been identified as an in vitro substrate for casein kinase II; the corresponding 
sequence in FKBP51, -FED-, lacks the threonine phosphorylation site. Phosphory-
lation of FKBP52 is potentially important since the phospho-protein is reported 
to lose Hsp90 binding (Miyata et al. 1997). This difference was further tested us-
ing comparative analysis of FKBP51 and FKBP52 FK linker sequences (Cox et al. 
2007). While the phosphomimetic mutation T143E had no effect on FKBP52 bind-
ing to Hsp90 in this study, the mutation did abrogate FKBP52 regulation of receptor 
activity. It is predicted that phosphorylation of residue T143 in the FKBP52 FK 
linker reorients the entire FK1 conformation, thereby eliminating FK1 interactions 
with the receptor hormone binding domain.

Cellular and Physiological Functions of Hsp90-Associated 
FKBPs

FKBP52

FKBP52 is expressed in most vertebrate tissues and cell lines, although its expres-
sion can be up-regulated by heat stress (Sanchez 1990), by estrogen in MCF-7 breast 
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cancer cells (Kumar et al. 2001), and by the homeobox transcription factor HoxA-
10 in the peri-implantation mouse uterus (Daikoku et al. 2005). FKBP52 associates 
with steroid receptor complexes in an Hsp90-dependent manner, but FKBP52 is 
not required in a defined cell-free assembly system for receptor to reach the mature 
conformation that is competent for hormone binding (Dittmar et al. 1996; Kosano 
et al. 1998). Nonetheless, FKBP52 in cells potentiates hormone-dependent reporter 
gene activation by GR (Riggs et al. 2003), AR (Cheung-Flynn et al. 2005), and 
PR (Tranguch et al. 2005). Potentiation of hormone signaling can be related to an 
increase in receptor affinity for hormone (Riggs et al. 2003; Davies et al. 2005), but 
there may be additional mechanisms by which FKBP52 enhances receptor activity.

In concordance with hormone binding affinity changes, domain-swapping ex-
periments between GR and ER, which is not potentiated by FKBP52, demonstrated 
that FKBP52 potentiation is localized to the ligand binding domain of GR (Riggs 
et al. 2003). FKBP52-dependent potentiation of receptor activity is abrogated in 
point mutants that are defective for Hsp90 binding, and potentiation is blocked by 
the PPIase inhibitor FK506 (Riggs et al. 2003; Cheung-Flynn et al. 2005). One 
model to explain these findings is that Hsp90 recruits FKBP52 to the receptor het-
erocomplex such that the FK1 PPIase can effectively catalyze isomerization of one 
or more proline substrates in the receptor ligand binding domain. However, studies 
have shown that point mutations within the FKBP52 PPIase pocket that eliminate 
PPIase activity have no effect on FKBP52 potentiation of receptor activity (Riggs 
et al. 2007). Thus, FK506-mediated inhibition of FKBP52 function likely occurs 
through the inhibition of FK1 interactions as opposed to inhibition of PPIase enzy-
matic activity. As discussed above, the FKBP52 FK1 domain as a whole is func-
tionally important and the proline-rich loop that overhangs the PPIase pocket could 
serve as a functionally important interaction surface that contacts the receptor hor-
mone binding domain within the receptor-chaperone heterocomplex. A structure-
based screen for small molecules targeting an alternative surface of the androgen 
receptor hormone binding domain identified a series of fenamic acid molecules 
that allosterically affect coactivator binding at the activation function 2 (AF2) site 
through interaction with a surface cleft termed binding function 3 (BF3) (Estebanez-
Perpina et al. 2007). Steroid hormone receptor structural comparisons identified this 
region to be a highly conserved regulatory surface that could serve as a therapeutic 
target for hormone-dependent diseases (Buzon et al. 2012). Interestingly, mutations 
within the AR BF3 surface (F673P, P723S, and C806Y) result in increased depen-
dence on FKBP52 for function. In addition, a drug termed MJC13 that specifically 
inhibits FKBP52-regulated AR activity is predicted to target the BF3 surface (De 
Leon et al. 2011). Thus, the BF3 surface is a putative FKBP52 interaction and/or 
regulatory surface, and FKBP52 interaction with the receptor BF3 surface could 
allosterically affect receptor interactions at the AF2 site. In addition to the AR BF3 
surface, recent studies suggest that the Helix 1–3 (H1-H3) loop in the GR LBD is 
an important site of FKBP regulation. Glucocorticoid insensitivity in guinea pig 
has been linked to sequence differences in the H1-H3 loop and substitution of the 
guinea pig H1-H3 loop into rat GR resulted in increased FKBP51-mediated repres-
sion of receptor activity. It is hypothesized that changes in the H1-H3 loop result in 
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changes within the GR-Hsp90 heterocomplex that favor FKBP51 repression over 
FKBP52 potentiation (Cluning et al. 2013).

FKBP52 has been shown by in vitro studies to have a chaperone activity that 
is independent of Hsp90 binding or PPIase (Bose et al. 1996; Pirkl and Buchner 
2001). Like Hsp90 and numerous other chaperone components, FKBP52 can hold 
misfolded proteins in a non-aggregated state that is amenable to refolding. The pos-
sibility that chaperone holding activity displayed by FKBP52 plays some role in al-
tering receptor activity cannot be dismissed, but this appears unlikely since holding 
activity is highly redundant among chaperone components. Furthermore, holding 
activity, unlike FKBP52-dependent potentiation of receptor activity, is neither PPI-
ase- nor Hsp90-dependent. Unfortunately, no one has identified an FKBP52 muta-
tion that disrupts holding activity in a discrete manner.

In an effort to extend biochemical and cellular data to the physiological level 
FKBP52 gene knockout (52KO) mice were generated, independently, by two 
groups (Cheung-Flynn et al. 2005; Yong et al. 2007). The mutant mice have 
striking reproductive phenotypes that can be attributed, at least in part, to loss 
of steroid receptor activity. Male 52KO mice are infertile and display abnormal 
virilization with persistent nipples, ambiguous external genitalia, and dysgenic 
seminal vesicles and prostate (Cheung-Flynn et al. 2005; Yong et al. 2007). These 
developmental defects are consistent with androgen insensitivity in these tissues. 
Testicular morphology, descent, histology, and spermatogenesis are normal and 
androgen production and release from testes is unimpaired; these developmental 
features are not highly androgen-dependent. On the other hand, sperm isolated 
from the epididymis have abnormal tail morphology and reduced motility sug-
gestive of a defect in sperm maturation within the epididymis, a process that is 
androgen-dependent. Cellular studies confirm that FKBP52 is required for full 
AR function, which provides a rational explanation for androgen insensitivity in 
tissues of 52KO males.

52KO females have no gross morphological abnormalities, yet are completely 
infertile (Tranguch et al. 2005). Oocyte formation and release are not markedly 
impaired, and oocytes are competent for in vitro and in vivo fertilization. Infertil-
ity is due, at least in part, to a maternal failure of embryonic implantation and 
uterine decidualization. During the early stages of pregnancy, the 52KO uterus 
does not display the usual molecular or physiological markers for implantation. 
These events are largely dependent on progesterone actions, and both molecular 
and cellular studies confirm that FKBP52 is required for full PR activity. Ad-
ditionally, FKBP52 is related to the etiology of endometriosis given that 52KO 
mice display increased endometrial lesions, inflammation, cell proliferation, and 
angiogenesis, and FKBP52 protein levels are reduced in human endometrial tis-
sues (Hirota et al. 2008).

FKBP52 is critical for reproductive development and success in both male and 
female mice and its role can be traced to support of AR and PR function. Although 
GR-related phenotypes are not readily apparent, cellular and biochemical studies 
suggest that 52KO animals should display phenotypes related to reduced GR activi-
ty. Given that abnormal Mendelian ratios are not observed for heterozygous crosses, 
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the 52KO phenotype does include partial embryonic lethality. This combined with 
the reproductive defects leads to difficulty in obtaining sufficient numbers of 52KO 
animals for experiments. Thus, heterozygous fkbp52-deficient mice (52+/–) were 
generated to determine the in vivo roles for FKBP52 in GR-mediated physiology. 
52+/– mice displayed phenotypes associated with reduced GR signaling including 
increased susceptibility to high-fat diet-induced hepatic steatosis, hyperglycemia, 
hyperinsulinemia, and behavioral alterations under basal and chronic stress condi-
tions (Wadekar et al. 2004; Warrier et al. 2010).

Although FKBP52 does not alter ER function in cellular studies and 52KO mice 
show no signs of estrogen insensitivity, FKBP52 expression is upregulated by es-
trogens and FKBP52 is over-expressed in breast tumors (Ward et al. 1999). In addi-
tion, the FKBP52 gene is methylated in ER-negative, but not in ER-positive breast 
cancer cells (Ostrow et al. 2009). Thus, a few studies have identified FKBP52 as a 
potential regulator of at least ER expression in breast cancer.

Despite the fact that FKBP52 was initially discovered in the immune system, 
it is ubiquitously expressed and particularly abundant in the central nervous sys-
tem. Thus, it is not surprising that FKBP52 is involved in neurodegenerative 
tauopathies including Alzheimer’s (AD) and Pick’s disease, fronto-temporal 
dementia and Parkinsonism linked to chromosome 17 (FTDP), and progressive 
supranuclear palsy (Haelens et al. 2007; Hernandez and Avila 2007). The defin-
ing neuropathological characteristic of tauopathies is the aberrant aggregation of 
insoluble hyperphosphorylated microtubule-associated protein (MAP) tau within 
the neurons, which is termed neurofibrillary tangles (NFTs) and is also referred to 
as paired helical filaments (PHF) (Cao and Konsolaki 2011). Recent studies have 
shown FKBP52’s direct interaction with tau, particularly with its hyperphosphor-
ylated form, has antagonistic effects on tubulin polymerization and microtubule 
assembly (Chambraud et al. 2007; Chambraud et al. 2010). In addition, FKBP52 
was recently shown to induce Tau-P301L oligimerization and assembly into fila-
ments (Giustiniani et al. 2014). More importantly, knockdown of FKBP52 was 
shown to restore axonal outgrowth and branching caused by Tau-P301L expres-
sion, thereby validating FKBP52 as an attractive therapeutic target in tauopathies. 
FKBP52 is known to be involved in subcellular rearrangement. Studies by Quintá 
et al. demonstrated that the overexpression of FKBP52 can induce neuronal dif-
ferentiation and neurite outgrowth (Quintá et al. 2010).

Recent reports have shown that copper (Cu) contributes to the neuropathology 
of AD by interacting with copper binding domains of amyloid precursor proteins 
(APPs) and beta-amyloid (Aβ) peptides causing the formation of amyloid plaques 
and disrupting metal ion homeostasis (Barnham and Bush 2008; Drago et al. 2008; 
Kong et al. 2007). FKBP52 is involved in the regulation of cellular Cu homeostasis 
by interacting directly with the copper transport protein Atox1 (Sanokawa-Akakura 
et al. 2004), which is part of the Cu efflux machinery in neurons. In addition, both 
genetic and cellular data in Drosophila suggest a novel role for FKBP52 in the 
regulation of intracellular Cu homeostasis via binding to APP, thus, modulating the 
toxicity level of Aβ peptides (Sanokawa-Akakura et al. 2010).
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S100A proteins belong to the EF-hand type calcium (Ca2+) sensing protein fam-
ily that are linked to regulation of various intracellular processes and are often ex-
pressed in a cell- and tissue-specific fashion (Santamaria-Kisiel et al. 2006; Wright 
et al. 2009). Based on biochemical evidence, it has been demonstrated that S100A1 
and S100A6 interact with FKBP52 by competing with Hsp90 for the TPR domain 
in a Ca2+-dependent manner (Shimamoto et al. 2010). Cellular data has linked 
S100A1s involvement in the neuronal cell dysfunction/death that occurs in AD by 
reducing APP expression and stabilizing the intracellular Ca2+ homeostasis (Zimmer 
et al. 2005). It seems that the function of FKBP52 can be regulated by Ca2+ homeo-
stasis within the cell leading to effects on the phosphorylation of tau and pathol-
ogy in AD. Interestingly, a Drosophila orthologue of FKBP52 termed FKBP59 was 
found to interact with the Ca2+ channel protein TRPL in photoreceptor cells and to 
influence Ca2+ influx (Goel et al. 2001). Subsequent studies revealed that FKBP52 
similarly interacts with a subset of rat transient receptor potential channel (TRPC) 
proteins that form Ca2+ channels in the mammalian brain (Sinkins et al. 2004). The 
C-terminus of FKBP52 contains a predicted calmodulin binding domain, which en-
ables the protein to bind to calmodulin-Sepharose in a Ca2+-dependent manner, the 
biological function of which is still unknown (Silverstein et al. 1999).

Apart from the well-established roles of FKBP52 in steroid hormone receptor 
function, FKBP52, as with other Hsp90 co-chaperones, has been identified in a 
variety of client-Hsp90 heterocomplexes such as those containing kinases, aryl 
hydrocarbon receptor, and heat shock transcription factor; however, many of these 
interactions might reflect passive, transient association of the protein with Hsp90 
and have no functional impact on client activity. FKBP52 is also linked to various 
Hsp90-independent interactions. Aside from the aforementioned Hsp90-indepen-
dent interactors, FKBP52 has been found to interact directly with the interferon 
regulatory factor 4 (Mamane et al. 2000), which regulates gene expression in B 
and T lymphocytes, forms a complex with tyrosine kinase receptor RET51, which 
is involved in the development and maintenance of the nervous system (Fusco 
et al. 2010) and FKBP associated protein 48 (Chambraud et al. 1996), which in-
fluences proliferation of Jurkat T cells (Krummrei et al. 2003). Each of these in-
teractions was found to be disrupted by FK506 and to target the FKBP52 PPIase 
domain to specific proline sites in each partner protein. Phenotypes potentially 
related to these interactions have not yet been assessed in 52KO mice. Not only 
does FKBP52 interact with proteins, but also FKBP52 is capable of directly bind-
ing adeno-associated virus DNA and regulating replication of the viral genome 
(Qing et al. 2001; Zhong et al. 2004). The relevant DNA binding site in FKBP52 
has not been identified.

FKBP51

FKBP51/p54/FKBP54 was originally identified as a component of chicken PR 
complexes (Smith et al. 1990; Smith et al. 1993a; Smith et al. 1993b) and is now 
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known to assemble as an Hsp90 co-chaperone with all steroid receptors and other 
Hsp90-client complexes. FKBP51 is functionally similar in some ways to FKBP52; 
both have similar PPIase activity in the presence of model peptide substrates, both 
hold misfolded proteins in a folding competent state, and they compete for binding 
a common site on Hsp90 (Nair et al. 1997; Pirkl et al. 2001). As noted above, the 
overall structural similarity of these FKBPs is consistent with these shared function-
al properties, yet their distinct effects on steroid receptor activity belie these simi-
larities. In addition to the aforementioned structural differences between FKBP51 
and FKBP52, another distinction is that the FKBP51 gene is highly inducible by 
glucocorticoids, androgens, and progesterone (Baughman et al. 1995; Kester et al. 
1997; Zhu et al. 2001; Yoshida et al. 2002; Vermeer et al. 2003; Hubler et al. 2003; 
Febbo et al. 2005).

FKBP51 acts as an inhibitor of GR, PR, and MR function excluding AR. The 
first indication of its inhibitory role came from studies by Scammell and colleagues 
of glucocorticoid resistance in New World primates (Reynolds et al. 1999; Denny 
et al. 2000). In squirrel monkeys, GR has a relatively low affinity for hormone yet 
the cloned monkey GR has an affinity similar to human GR in vitro. This observa-
tion led to a search for cellular factors in monkey cells that reduced GR binding 
affinity. A key factor identified was FKBP51, which is constitutively overexpressed 
in squirrel monkey cells as well as cells of other New World primates, all of which 
display some degree of glucocorticoid resistance. Human FKBP51 was also found 
to inhibit GR function but not to the degree of squirrel monkey FKBP51, which dif-
fers in amino acid sequence from its human counterpart at 15 of 457 amino acids. 
These differences are scattered fair evenly along the sequence, and mapping stud-
ies have shown that amino acid changes in several domains contribute to the more 
potent inhibitory actions of squirrel monkey FKBP51 (Denny et al. 2005). Crystal 
structures for both human and squirrel monkey FKBP51 have been solved (Sinars 
et al. 2003); although functionally relevant structural changes are not yet apparent, 
comparison of these structures should ultimately help to understand why inhibitory 
potencies differ. The function of FKBP51 is dichotomous with respect to regulation 
of the steroid hormone receptors. In vitro experiments have shown that overex-
pression of human FKBP51 reduces glucocorticoid binding affinity and nuclear 
translocation of GR which forms an ultra-short negative feedback loop for receptor 
activity (Wochnik et al. 2005). This model is in agreement with the aforementioned 
data from squirrel monkeys that have a general resistance to glucocorticoids even 
though they express GR that has the full potential to bind cortisol with high affinity. 
Another interesting possibility by which FKBP51 decreases overall GR signaling 
is by promoting nuclear translocation of the transcriptionally inactive β isoform of 
GR (Zhang et al. 2008). Interestingly, FKBP51 has an opposing effect on AR; it 
increases the receptor signaling in prostate cancer cells. Using both recombinant 
protein- and cell-based assays, Ni et al. demonstrated that FKBP51 stimulates chap-
erone complex association with AR, which further enhances AR ligand binding and 
androgen-dependent transcription and cell growth, resulting in an ultra-short posi-
tive feedback loop (Ni et al. 2010).
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In a yeast model for studying functional interactions between steroid receptors 
and human FKBPs, FKBP51 does not inhibit the activity of GR; however, FKBP51 
can effectively reverse the potentiation of GR activity conferred by FKBP52 (Riggs 
et al. 2003). Therefore, FKBP51 acts as an antagonist of FKBP52. FKBP51 has 
also been shown to inhibit PR function (Hubler et al. 2003), presumably through 
a similar inhibition of FKBP52-mediated potentiation. The mechanism by which 
FKBP51 antagonizes FKBP52’s ability to enhance steroid receptor function is not 
understood. Other Hsp90-binding TPR proteins do not block FKBP52 actions, so 
it does not appear that competitive displacement of FKBP52 from receptor com-
plexes by FKBP51 can fully account for antagonism. On the other hand, FKBP51 
is known to preferentially associate with PR and GR complexes (Nair et al. 1997; 
Barent et al. 1998). Domain swapping studies indicate that the FK1 PPIase domain 
partially contributes to antagonism but sequences in the FK2 and TPR domain also 
play a role (Riggs et al. 2003; Denny et al. 2005).

Given that FKBP51 gene expression is inducible by some steroid hormones and 
FKBP51 can both activate and inhibit receptor function, one can reasonably specu-
late that FKBP51 serves as a cellular modulator of hormone responsiveness. In 
cells unexposed to hormone, FKBP52 actions would predominate and promote a 
robust response to hormone. As a consequence, FKBP51 levels would rise and par-
tially desensitize cells to a secondary hormone exposure in most systems excluding 
AR-mediated prostate cancer cells. These effects can be demonstrated in cellular 
models, but the physiological importance of this mechanism must be established 
with animal models. Toward this goal, FKBP51 gene knockout (51KO) mice were 
generated. Homozygous mutant animals are grossly normal and reproductively vi-
able, so FKBP51 does not appear to be critical in the same physiological processes 
as FKBP52. Nonetheless, modulatory actions of FKBP51 are relevant but subject 
to compensatory physiological mechanisms. Interestingly, double knockout of both 
FKBP51 and FKBP52 genes is embryonic lethal in mice, suggesting either that 
FKBP51 and FKBP52 have a critical, mutually redundant function or that FKBP51 
and FKBP52 function in a common developmental pathway that requires the dis-
tinct actions of both immunophilins.

The hypothalamic-pituitary-adrenal (HPA) axis controls stress response and is 
associated with susceptibility to depression as well as antidepressant efficacy (Tou-
ma et al. 2011; O’Leary et al. 2011). The HPA axis is regulated via negative feed-
back of GR activity and FKBP51. GR resistance is conferred by the overexpression 
of FKBP51, which is associated with an impaired negative feedback mechanism 
(Denny et al. 2005). Polymorphisms in the FKBP5 gene are associated with an 
increased susceptibility for depression, an increased response to antidepressants, 
and an increased risk of posttraumatic stress disorder in response to adverse early 
life events (Binder et al. 2008; Binder et al. 2004). In addition, genotype-directed 
environment-induced gene programming through FKBP5 gene methylation was re-
cently shown to mediate gene-childhood trauma interactions (Klengel et al. 2013). 
Recent studies have shown that FKBP51 is a modulator of the cortisol-HPA axis 
response to chronic stress and related psychiatric disorders (Hartmann et al. 2012; 
O’Leary et al. 2011; Tatro et al. 2009; Touma et al. 2011). Indeed, 51KO mice 
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displayed diminished physiological and neuroendocrine response to the adverse ef-
fects of chronic stress with fast recovery from acute stress episodes. The null mice 
also showed reduced adrenal gland weight and lower levels of basal corticosterone 
suggesting an enhanced sensitivity of GR due to the loss of FKBP51.

As aforementioned, aggregation of MAP tau into neurofibrillary tangles in neu-
rons is the hallmark of tauopathies. In vitro studies demonstrated that PPIase activity 
of FKBP51 regulates and balances the phosphorylation state of tau for microtubule 
stabilization (Jinwal et al. 2010; Koren et al. 2011). Interestingly, knockdown of 
FKBP51 dramatically reduced tau levels while inhibiting its PPIase activity led to 
increased stability and accumulation of phosphorylated tau (Jinwal et al. 2010). In 
addition, overexpression of FKBP51 prevented tau clearance and produced oligo-
meric tau in the brain, facilitating its neurotoxicity (Blair et al. 2013; Jinwal et al. 
2010). Studies by Blair et al. demonstrated that upregulation of FKBP51 expression 
is attributed to a decrease in FKBP5 methylation in which the process appears to be 
inversely proportional over time (Blair et al. 2013). This provides an explanation 
for the detection of increased FKBP51 protein levels in aged murine brains, and the 
manifestation of depression and cognitive deficits in AD patients.

Aside from its role in steroid receptor function, FKBP51 has been identified in 
a wide array of Hsp90-independent complexes. Biochemical and cellular studies 
have demonstrated that FKBP51 inhibits apoptosis in irradiated melanoma cells 
(Romano et al. 2010), promotes dephosphorylation of Akt and downregulation of 
the Akt pathway (Pei et al. 2009), and is associated with polymorphisms in fkbp5 
as seen in affective and anxiety disorders (Binder 2009). Furthermore, FKBP51 has 
been shown to regulate NFκB pathways. FKBP51 was identified (Bouwmeester 
et al. 2004) by a proteomic approach in complex with IKKα, one of the serine/
threonine kinases that stimulates phosphorylation and degradation of the NFκB 
inhibitor IκB. Knockdown of FKBP51 expression was shown to inhibit IKKα ac-
tivation and thereby block TNFα-induced activation of NFκB, which confirmed 
the functional significance of FKBP51 in IKKα complexes. Perhaps related to 
FKBP51-dependent regulation of NFκB pathways, overexpression of FKBP51 has 
been correlated (Giraudier et al. 2002) with idiopathic myelofibrosis, a rare clon-
al stem cell disorder. Experimental overexpression of FKBP51 was subsequently 
shown to stimulate NFκB activity and, as a consequence, to increase secretion of 
pro-fibrotic TGF-β1 (Komura et al. 2005). IKKα had previously been shown to be 
an Hsp90 client (Broemer et al. 2004), so it is possible that, analogous to steroid re-
ceptor complexes, FKBP51 assembles with IKKα as a heterocomplex with Hsp90. 
Whether FKBP51 Hsp90 binding or PPIase is required for regulation of IKKα has 
not been determined.

Cytoplasmic Transport

There is strong evidence that Hsp90-binding immunophilins play a key role in the 
subcellular relocalization of some transcription factors, the pioneer studies having 
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been performed with steroid receptors. In the absence of ligand, some members of 
the steroid-receptor family such as GR or MR reside primarily in the cytoplasm, 
whereas others such as ER or PR are mostly nuclear in a constitutive manner even 
in the absence of hormone. Regardless of their primary localization, receptors are 
constantly shuttling in a highly dynamic manner between the nucleus and the cyto-
plasm (Elbi et al. 2004; Galigniana et al. 2010a; Madan and DeFranco 1993). There-
fore, the final localization of a given receptor under a certain biological condition is 
the resultant of the proper displacement of that dynamic equilibrium between both 
cellular compartments. Accordingly, the presence of hormone favors the import 
driven mechanism that results in the nuclear concentration of GR. Although some 
molecules can escape to the cytoplasm, they are transported back to the nucleus and 
vice versa, the opposite situation is also true when receptors are primarily cytoplas-
mic. In summary, the degree of cytoplasmic or nuclear localization reflects both the 
rate of nuclear import and the rate of nuclear export in a given moment (Galigniana 
et al. 2010a).

It has always been assumed that simple diffusion is the driving force for ste-
roid hormone receptor movement. The classic model for receptor trafficking was 
posited several years ago (Dahmer et al. 1984) and supported the heuristic notion 
that the receptor-chaperone heterocomplex is dissociated immediately after steroid 
binding (a process usually referred to as ‘transformation’). Therefore, transforma-
tion was originally thought to be a key cytoplasmic requirement to favor the release 
of the receptor from the cytoplasmic anchoring sites and to permit its consequent 
nuclear translocation. Today, the experimental evidence shows that rather than an 
early event in the molecular mechanism of activation of steroid receptors, trans-
formation is a nuclear process (Galigniana et al. 2010a; Grossmann et al. 2012; 
Presman et al. 2014).

The original finding that some TPR-domain proteins such as FKBP52, CyP40 
and the PPIase-like protein phosphatase PP5 are able to interact with the motor 
protein dynein (Galigniana et al. 2002), led to the idea that they may be involved in 
the retrotransport of the receptors. It was demonstrated that dynein is also present 
in the native GR/Hsp90/FKBP52 heterocomplex (Galigniana et al. 2001), and that 
such association is FKBP52-dependent via the peptidyl-prolyl isomerase domain 
of the immunophilin (Galigniana et al. 2001; Galigniana et al. 2010b). The enzy-
matic activity, however, is related neither to the protein-protein interaction nor to 
the molecular mechanism of transport. The disruption of such complex or the lack 
of expression of FKBP52 impairs (but not totally abolishes) the cytoplasmic trans-
port of GR to the nucleus (Galigniana et al. 2001; Galigniana et al. 2010b; Tatro 
et al. 2009), such that the half-life for nuclear translocation is increased one order 
of magnitude under this abnormal situation (from 5 min to 40–50 min for GR). 
This means that the cytoplasmic retention of the receptor when the transportosome 
is inactivated is indeed a temporal event. Thus, it can be predicted that incubation 
times with steroid longer than 40–60 min will show the receptor in the nucleus 
anyway. A retrotransport delay may have physiological consequences when the 
biological response should be fast, for example, in stressing situations, and can be 
envisaged when travelling distances are long, such as in axons. In this case, GR 
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does not reach the nucleus because it is targeted to proteosomal degradation along 
its pathway (Galigniana et al. 2004a).

On the other hand, FKBP51, the highly homologous partner that shows low af-
finity for dynein motors (Wochnik et al. 2005; Galigniana et al. 2010b), acts as a 
competitive inhibitor of FKBP52. Therefore, it is not surprising that upon ligand 
binding FKBP51 is released from steroid receptor complexes and replaced by 
FKBP52 (Davies et al. 2002), which in turn recruits the dynein/dynactin motor 
complex (Fig. 2.3). In line with this fact, it has been proposed that the FKBP52/
FKBP51 expression ratio may be one of the key regulatory factors for the nuclear 
retention of steroid receptors (Galigniana et al. 2010b; Tatro et al. 2009; Gallo et al. 
2007).

It is possible that other TPR-domain immunophilins that are also able to interact 
with dynein, such as CyP40 and PP5, may replace FKBP52 in the transport machin-
ery, although this has not been demonstrated. Nonetheless, recent evidence showed 

Fig. 2.3  Model of glucocorticoid receptor activation. In the absence of hormone (H), the GR 
exists in the cytoplasm associated with the Hsp90-based heterocomplex formed by a dimer of 
Hsp90, and one molecule of Hsp70, p23 and FKBP51. Upon steroid binding, FKBP51 is replaced 
by FKBP52, an immunophilin able to recruit the dynein/dynactin motor complex. The whole GR 
heterocomplex is retrotransported on microtubules tracks and translocates through the nuclear 
pore complex (NPC) to the nucleoplasm still associated to the heterocomplex. Transformation 
(i.e., Hsp90-complex dissociation) occurs in the nuclear compartment followed by receptor dimer-
ization. The receptor is targeted to the promoter binding-sites to trigger the proper biological 
response and the heterocomplex is recycled
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that the Hsp90-binding immunophilin FKBPL/WISp39 also favors GR retrotrans-
port in a similar fashion as FKBP52 (McKeen et al. 2008).

Importantly, the active Hsp90-, FKBP52-dependent mechanism for cytoplasmic 
transport first described for GR has also been found for other factors such as MR 
(Galigniana et al. 2010b), AR (Thomas et al. 2006), ecdysone receptor (Vafopou-
lou and Steel 2012), p53 (Galigniana et al. 2004b), RAC3 (Colo et al. 2008), and 
adeno-associated virus-2 (AAV) (Zhao et al. 2006). This immunophilin-dependent 
model for soluble protein trafficking implies that the proteins of the heterocomplex 
should remain associated to the client cargo during the passage through the nuclear 
pore complex. In line with this speculation, it was demonstrated that the whole 
Hsp90-FKBP52 heterocomplex cross-linked to corticosteroid receptors (Galigni-
ana et al. 2010b; Echeverria et al. 2009) is able to translocate intact in a hormone-
dependent manner through the nuclear pore of digitonin-permeabilized cells, sug-
gesting that steroid-receptor transformation and its subsequent dimerization must 
be a nuclear event. This was recently confirmed by using different methodologies 
(Galigniana et al. 2010b; Grossmann et al. 2012; Presman et al. 2014; Presman 
et al. 2010).

Studies of reconstitution of the Hsp90-FKBP52 heterocomplex with purified 
proteins or reticulocyte lysate as a source of chaperones (Echeverria et al. 2009), 
demonstrated that the interaction of GR with structures of the nuclear pore such 
as nucleoporins (NUPs) is strengthened when both factors, GR and NUPs, are 
chaperoned. On the other hand, the discovery that NUPs are Hsp90- and FKBP52-
interacting proteins also suggests a potential regulatory role of these chaperones 
for the nuclear import process. In this regard, it has always been very difficult to 
explain how single factors such as importins could shield the multitude of differ-
ent protein-, RNA- and DNA-binding domains in transport cargoes that are import 
substrates. It could be speculated that these chaperones associated to importins, 
NUPs, and the cargo itself may act as a cooperative system to prevent aggregation 
of cargoes when a hydrophobic domain is exposed during the translocation step. 
This may justify why there is a more efficient interaction between NUPs and GR 
when both proteins are associated to the Hsp90-FKBP52 complex compared to 
both ‘naked’ proteins (Echeverria et al. 2009).

The association of FKBP52 and PP5 with Nup62 seems to be Hsp90-depen-
dent, as was suggested by the almost-complete dissociation of these immunophil-
ins from Nup62 in the presence of the Hsp90-disrupting agent radicicol (Echever-
ria et al. 2009). However, indirect immunofluorescence assays performed with 
intact cells treated with radicicol still show the presence of the immunophilins in 
the perinuclear ring, suggesting that they may also bind in an Hsp90-independent 
manner to other perinuclear structures. Nonetheless, competition experiments 
with the TPR domain overexpressed in intact cells showed that the perinuclear 
signal of FKBP52 was totally abolished, indicating that most, if not all, types 
of association of the immunophilin with any structure of the nuclear envelope 
require the TPR domain.
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Xap2

Apart from the highly characterized steroid hormone receptor-associated FKBPs, 
several other TPR-containing FKBPs are present in higher vertebrates. As men-
tioned in earlier sections of this chapter, Xap2 is a TPR-containing immunophilin 
that is found almost extensively in AhR complexes. As the name implies, Xap2 
also functionally interacts with the hepatitis B virus protein X (Kuzhandaivelu 
et al. 1996). Recently, Xap2 was shown to exert an inhibitory effect on both GR 
and ERα, but not ERβ activity, and may inhibit AR and PR as well (Cai et al. 2011; 
Laenger et al. 2009; Schulke et al. 2010). In addition, Xap2 is known to have 
functional interactions with peroxisome proliferator activated receptor α (PPARα) 
(Sumanasekera et al. 2003) and thyroid hormone receptor β, however, these in-
teractions have not been extensively characterized. AhR is a ligand-dependent 
transcription factor that mediates the physiological response to specific environ-
mental contaminants termed polycyclic aromatic hydrocarbons, the most notori-
ous of which is 2,3,7,8-tetrachlorodibenzo-p-dioxin. Similar to steroid receptors, 
AhR requires assembly with Hsp90 and p23 to achieve a mature ligand-binding 
conformation (reviewed in Petrulis and Perdew 2002), although the AhR ligand 
binding domain is unrelated to steroid receptor ligand binding domains. AhR com-
plexes also contain an FKBP component, but in this case it is Xap2 rather FKBP52 
or FKBP51.

As with FKBP51 and FKBP52, Xap2 has a C-terminal TPR domain that is 
known to facilitate binding to the MEEVD motif on Hsp90 (Carver et al. 1998) 
(Fig. 2.1). In addition Xap2 contains one N-terminal FK domain that lacks drug 
binding and also likely lacks PPIase activity. Although the FK domain is not re-
quired for Hsp90 binding, it is required for an interaction with the AhR-Hsp90 
complex that functionally influences receptor activity (Carver et al. 1998; Kazlaus-
kas et al. 2002). In a cell-free assembly system that lacks Xap2, AhR is capable 
of assembling with Hsp90 and binding ligand, and upon ligand binding AhR is 
capable of binding AhR response elements on DNA (Meyer et al. 1998). Again, 
similar to FKBP52 or FKBP51 in steroid receptor complexes, Xap2 is not required 
for basal maturation of AhR activity, but in both yeast and mammalian systems, 
Xap2 can modulate AhR-mediated reporter gene expression (Miller 2002; Ma and 
Whitlock 1997; Meyer et al. 1998; Carver et al. 1998). By titrating the relative level 
of Xap2 protein in cells, AhR activity can be enhanced or decreased. For example, 
when Xap2 is expressed at a level 2- to 3-fold higher than normal, binding of p23 
in the AhR-Hsp90 complex is reduced (Hollingshead et al. 2004). Displacement 
of p23 by high levels of Xap2 would destabilize binding of Hsp90 to AhR and 
reduce the proportion of AhR in functionally mature complexes. Conversely, there 
is also evidence that at elevated Xap2 levels, AhR is protected from ubiquitination 
and proteosomal degradation which would increase total AhR levels (Lees et al. 
2003; LaPres et al. 2000; Meyer et al. 2000; Meyer and Perdew 1999; Kazlauskas 
et al. 2000). Finally, several studies suggest that Xap2 facilitates nucleocytoplasmic 
shuttling of AhR following ligand binding (Berg and Pongratz 2002; Petrulis et al. 
2000; Kazlauskas et al. 2000; Kazlauskas et al. 2001; Petrulis et al. 2003).
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The physiological relevance of Xap2 interactions with AhR complexes has 
not been examined in a whole animal model, but Xap2 could potentially influ-
ence any of several physiological and pathological pathways mediated by AhR. 
Mice that are homozygous for a disrupted AhR gene have many physiological 
and developmental defects; among these are immune system impairment, hepatic 
fibrosis, cardiac hypertrophy, impaired insulin regulation, and defects in ovarian 
and vascular development (Fernandez-Salguero et al. 1995; Lahvis et al. 2005; 
Thackaberry et al. 2003; Benedict et al. 2000). In addition, many of the toxic 
and teratogenic effects produced by AhR ligands require an intact AhR signaling 
pathway (Mimura and Fujii-Kuriyama 2003; Fernandez-Salguero et al. 1996). 
For example, dioxin induced defects in prostate development are absent in AhR 
knockout mice (Lin et al. 2002). In a conditional Xap2 hepatic knockout mouse 
model, AhR and Cyp1b1 levels were significantly reduced, however Cyp1a1 and 
Cyp1a2 were induced to levels seen in wild type mice in response to dioxin chal-
lenge (Nukaya et al. 2010). Development of a mouse strain lacking Xap2 would 
aid in determining the role Xap2 plays in these processes and might validate 
Xap2 as a potential target for therapeutic intervention. In addition to the above 
functional interactions, Xap2 has several other interacting partners including, but 
not limited to, PDE4A5 and 2A3, HSC70, TIF-2, TRβ1, RET, and TOMM20; 
thereby modulating a host of physiological functions (Reviewed in Trivellin and 
Korbonits 2011).

FKBP36

FKBP36 (gene name FKBP6 in humans) is another TPR-containing FKBP that 
is structurally similar to Xap2, yet functionally distinct. FKBP36 has a single 
N-terminal FK domain and a C-terminal TPR domain. In vitro studies show that 
FKBP36 binds Hsp90 and can assemble with steroid receptor complexes (un-
published observation), but there is currently no evidence that FKBP36 alters 
receptor activity. FKBP36 mRNA is broadly expressed in vertebrate tissues with 
an exceptionally high level observed in the testis; male FKBP6 knockout mice 
lack sperm and FKBP36 was shown to be a critical component in meiotic synap-
tonemal complexes (Crackower et al. 2003). FKBP36 interacts with and inhibits 
GAPDH activity and expression (Jarczowski et al. 2009). FKBP36 forms a com-
plex with Hsp90 and GAPDH and this complex may regulate GAPDH activity 
in a manner akin to FKBP/Hsp90/ steroid receptor complexes (Jarczowski et al. 
2009). FKBP36 can exert an effect on GAPDH in an Hsp90 independent manner 
by either directly inhibiting NAD+ binding to GAPDH or by decreasing GAPDH 
expression (Jarczowski et al. 2009). Patients with Williams syndrome, which is 
characterized by congenital cardiovascular defects, dysmorphic facial features, 
mental retardation, growth defects, azoospermia, and hypercalcemia, are typical-
ly haploinsufficient for FKBP6 (Meng et al. 1998); however, the contribution of 
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FKBP6 deletion in this syndrome is not clear since several contiguous genes on 
chromosome 11, including genes for elastin and LIM-Kinase 1, are also deleted 
in these patients and clearly contribute to some phenotypic aspects.

FKBP38

FKBP38 (gene name FKBP8) contains a glutamate-rich domain, FK domain, three 
TPR domains, and a calmodulin-binding motif. FKBP38 is ubiquitously expressed 
in all tissues, with high expression in neuronal tissues. Among the FKBP family, 
FKBP38 is novel in several respects, including a unique C-terminal transmembrane 
anchor domain, used to localize FKBP38 to both the mitochondrial and ER mem-
branes. Although FKBP38 contains a PPIase domain, PPIase activity is regulated. 
The structure of the PPIase domain is similar to the prototypical family member, 
FKBP12; however, there are important differences in the three-dimensional struc-
ture of the loop and the binding pocket of the active site (Maestre-Martinez et al. 
2006; Kay 1996). The loss of several aromatic residues in the active site leads to 
lower PPIase activity, even upon activation, and low affinity for FK506 (Maestre-
Martinez et al. 2006; Edlich et al. 2006). FKBP38 PPIase activation is dependent 
on the calmodulin-binding domain and calmodulin/Ca2+ binding stimulates PPIase 
activity (Edlich et al. 2005; Edlich et al. 2007b; Maestre-Martinez et al. 2010).

FKBP38 participates in a number of cellular processes involving protein folding 
and trafficking, apoptosis, neural tube formation, CFTR trafficking, and viral repli-
cation (Edlich and Lucke 2011; Banasavadi-Siddegowda et al. 2011). FKBP38 in-
teracts with the anti-apoptotic proteins Bcl-2 in regulating apoptosis and appears to 
have both pro- and anti-apoptotic activity that is likely tissue specific (Shirane and 
Nakayama 2004). In general, FKBP38 anti-apoptotic activity appears to regulate 
apoptosis by transporting Bcl-2 to the mitochondrial membrane stabilizing Bcl-2 
and inhibiting apoptosis (Shirane and Nakayama 2004). Two mechanisms on how 
FKBP38 protects Bcl-2 from degradation have been explored. One involves the 
interaction between FKBP38 and a caspase cleavage site located within Bcl-2 (Choi 
et al. 2010). When FKBP38 is associated with Bcl-2 access to the caspase cleavage 
site may be blocked, preventing caspase-mediated Bcl-2 degradation (Choi et al. 
2010). The second mechanism is through an interaction between the S4 subunit of 
the 19S proteasome complex, thereby regulating proteasome activity. However, in 
neuroblastoma cells the active FKBP38/calmodulin/Ca2+ complex has a pro-apop-
totic affect by interfering with the ability of Bcl-2 to interact with and block pro-
apoptotic proteins (Edlich et al. 2005). In this case, an interaction between Hsp90 
and the FKB38/calmodulin/Ca2+ complex interferes with FKP38 pro-apoptotic ac-
tivity, which could impede apoptosis (Edlich et al. 2007a).

FKBP38 is also implicated in the regulation of mTOR signaling through an in-
teraction with Rheb (Rosner et al. 2003). mTOR regulates a wide range of cellular 
processes, including cell cycle and cell growth, in response to various conditions, 
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including fluctuations in nutrient and energy levels, and growth factors (Yang and 
Guan 2007). The FKBP12/rapamycin complex interacts with and inhibits mTOR 
activity (Brown et al. 1994). However, FKBP38 interacts with and antagonizes 
mTOR in a rapamycin-independent manner (Bai et al. 2007). Overexpression of 
FKBP38 decreases the induction of mTOR-regulated genes, and siRNA-induced 
reduction of FKBP38 increased mTOR activity (Bai et al. 2007). Rheb disrupts the 
mTOR/FKBP38 complex by binding to FKBP38 in a nutrient-dependent manner 
leading to an induction of mTOR-responsive genes (Bai et al. 2007).

FKBP38 is also involved in neural tube formation as the loss of FKBP38 leads to 
gross abnormalities during embryonic formation of the nervous system (Wong et al. 
2008). It has been speculated that this is due to deregulation of the Sonic hedgehog 
(SHH) pathway during neural tube formation, where FKBP38 is a SHH antagonist, 
and the loss of FKBP38 function leads to over activity of SHH during development 
resulting in neuronal malformation (Cho et al. 2008).

In addition to the regulatory role in response to nutritional conditions, FKBP38 
is also involved in the cellular response to hypoxia. Hypoxia-inducible transcription 
factors (HIFs) are involved in the cellular response to low oxygen levels, and, under 
normal conditions, are quickly degraded by prolyl-4-hydroxylase (PDH) enzymes 
(Wenger et al. 2005). FKBP38 interacts with PHD2 at the endoplasmic reticulum 
and mitochondrial membranes, and regulates PDH2 activity through proteasomal 
degradation, thereby regulating HIF stability and downstream gene expression in 
response to hypoxic conditions (Barth et al. 2009).

FKBP38 is involved in CFTR synthesis and folding by negatively regulating 
CFTR synthesis and positively regulating folding (Banasavadi-Siddegowda et al. 
2011). Knockdown of FKBP38 increased CFTR production, but reduced post-trans-
lational modification, resulting in a lower expression of functional CFTR (Banasa-
vadi-Siddegowda et al. 2011). Interestingly, FKBP38 PPIase activity is required for 
the regulation of CFTR folding.

Finally, FKBP38 is required for replication of the hepatitis C virus (HCV). In 
HCV infection the viral nonstructural protein 5A (NS5A) has been shown to form 
a complex with FKBP38 and Hsp90 at the mitochondrial and endoplasmic reticu-
lum membranes (Wang et al. 2006). Either knockdown of FKBP38 with siRNA 
or inhibition of Hsp90 activity with geldanamycin results in decreased HCV RNA 
replication (Okada et al. 2004).

FKBPL

FKBPL shares the same general structure as other members of the FKBP family, 
including a TPR domain that facilitates Hsp90 binding and a PPIase domain, which 
lacks catalytic activity (Robson et al. 1999; Sunnotel et al. 2010). FKBPL was ini-
tially discovered while screening for genes that were protective against ionizing 
radiation (Robson et al. 1997; Robson et al. 1999). FKBPL is most closely related 
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to the larger FKBP52 (26 % identity) (Robson and James 2012). However, the 
PPIase domain only shares 17 % identity with the FKBP52 PPIase region (Robson 
and James 2012). The FKBPL TPR domain shares 33 % amino acid identity with 
FKBP52 and has the ability to interact with Hsp90 stabilizing steroid hormone 
receptor conformations as well as stabilizing newly synthesized p21 preventing its 
degradation (Robson and James 2012; Jascur et al. 2005). There is conflicting data 
on FKBPL and its role in conferring radiation resistance. Jascur et al. originally 
showed that, in response to high-dose radiation, the FKBPL/Hsp90/p21 complex 
stabilized p21 leading to G2 cell cycle arrest, which conferred a pro-survival ef-
fect. However, more recent data has demonstrated that there is a down-regulation 
of p21 in response to radiation exposure and decreased p21 was involved in pro-
survival after radiation exposer (Chu et al. 2004; Robson et al. 1999; Robson et al. 
2000). In addition to radiation resistance, FKBPL plays a significant role in tumor 
progression (Robson et al. 1997; Robson et al. 1999; Robson et al. 2000; Jascur 
et al. 2005). In tumor cells, FKBPL appears to participate in not only growth of the 
tumor, but also in the sensitivity of the tumor to various chemotherapeutic agents 
(Bublik et al. 2010). For example, high levels of GSTE-1 interact with the FKBPL/
Hsp90/p21 complex, which leads to p21 stabilization leading to resistance to the 
chemotherapeutic agent Taxane (Bublik et al. 2010). Although the exact radio- and 
chemo-protective role of FKBPL needs to be elucidated, the data clearly show that 
FKBPL is an important factor in cell-cycle progression, cell survival, and tumor 
progression.

Like other Hsp90-associated FKBP proteins, FKBPL also forms complexes 
with various steroid hormone receptors (reviewed in Erlejman et al. 2014). FK-
BPL and Hsp90 appear to stabilize AR, ER, and GR/Hsp90 complexes (Sunnotel 
et al. 2010; McKeen et al. 2008; McKeen et al. 2010). Similar to FKBP52, FKBPL 
affects the AR-dependent expression of prostate-specific antigen (Sunnotel et al. 
2010). Sunnotel et al. demonstrated that two populations of azoospermic males 
had alterations in their FKBPL gene, which may alter FKBPL interaction with 
AR and contribute to infertility in the two populations. FKBPL was also shown 
to colocalize with the GR/Hsp90 complex (McKeen et al. 2008). Dexamethasone 
treatment resulted in the colocalization of FKBPL and GR in the nucleus and the 
up-regulation of GR-response genes in a prostate cancer cell line (McKeen et al. 
2008). Translocation of the FKBPL/GR complex appears to be mediated by an 
interaction with dynamitin motor proteins, similar to the mechanism described for 
FKBP52 (McKeen et al. 2008).

FKBPL expression is regulated by estrogen and FKBPL functionally interacts 
with the ER/Hsp90 complex (McKeen et al. 2010). In addition, FKBPL expres-
sion correlates with breast cancer tumor growth as FKBPL and ER expression 
are inversely related; increased FKBPL levels lead to decreased ER expression 
(McKeen et al. 2010; Abukhdeir et al. 2008). Overexpression of FKBPL is as-
sociated with increased survival of untreated breast cancer patients and sensi-
tizes cancer cells to the anti-proliferative effect of both tamoxifen and fulves-
trant, which promotes increased recurrence-free survival (McKeen et al. 2011; 
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Han et al. 2006). Interestingly, overexpression of related FKBP proteins in tu-
mors is associated with a poor treatment outcome and prognosis (Romano et al. 
2010; Solassol et al. 2011). Conversely, increased levels of FKBPL correlate to 
a more positive response to treatment and a more favorable prognosis (McKeen 
et al. 2010; McKeen et al. 2011; Han et al. 2006). FKBPL stability is regulated 
by RBCK1, and as with FKBPL, RBCK1 is up-regulated by estrogen and can 
interact with the FKBPL/ER/Hsp90 complex (Donley et al. 2013). Increased ex-
pression of both FKBPL and RBCK1 appear to correlate with increased survival; 
however, elevated RBCK1 levels reduce the efficacy of tamoxifen (Donley et al. 
2013). The interactions leading to tumor survival and progression still need to be 
explored further.

Finally, FKBPL possesses anti-angiogenic properties (Yakkundi et al. 2013). In 
a mouse xenograft tumor model overexpression of FKBPL resulted in decreased 
tumor growth and tumor necrosis (Crabb et al. 2009). The anti-angiogenic effects 
of FKBPL are mediated through the N-terminal portion of the protein comprised of 
amino acids 34–58, termed peptide AD-01, which is currently being explored as a 
novel anti-angiogenic drug (Valentine et al. 2011; Yakkundi et al. 2013).

Plant FKBPs

Hsp90-binding TPR immunophilins have been identified in all eukaryotes exam-
ined. A few examples of plant TPR-containing FKBPs are shown in Fig. 2.1. The 
TPR domain of each FKBP is very similar in amino acid sequence to that of verte-
brate proteins; these are presumed to bind Hsp90, but that has not been determined 
in all cases. The plant and insect FKBPs contain one or more PPIase-related domain 
and can contain other functional domains. For example, AtFKBP42 contains a C-
terminal transmembrane domain that localizes the protein to the inner plasma mem-
brane and the vacuolar membrane (Kamphausen et al. 2002; Geisler et al. 2003; 
Geisler et al. 2004).

There is ample evidence to suggest that the plant and insect FKBPs are physi-
ologically important. Mutations in AtFKBP42 cause the severe developmental 
phenotypes termed twisted dwarf 1 (TWD) (Geisler et al. 2003) and ultracurvata 
(UCU2) (Perez-Perez et al. 2004). The mechanism by which these phenotypes 
occur likely involves impairment of membrane transport of the growth hormone 
auxin, as AtFKBP42 is known to interact with several ATP-binding cassette 
transporters on the plasma and vacuolar membranes (Geisler et al. 2004; Geisler 
et al. 2003; Liu et al. 2001). Mutations in AtFKBP72 result in a class of mutants 
termed pasticcino or pas mutants, which are characterized by a wide variety of 
developmental defects (Vittorioso et al. 1998). Two Hsp90-binding TPR FKBPs 
in wheat, wFKBP72 and the heat shock-inducible wFKBP77, have been shown 
in transgenic plants to distinctively influence developmental patterns (Kurek 
et al. 2002).
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Summary

In addressing the physiological importance of PPIases, Heitman and colleagues 
(Dolinski et al. 1997) generated an S. cerevisiae strain that lacked all 12 PPIase 
genes in the FKBP and cyclophilin families; the pluri-mutant strain displayed some 
growth abnormalities but was viable, thus demonstrating that these genes collec-
tively are non-essential in yeast. Nonetheless, it has become increasingly clear that 
the Hsp90-binding FKBP immunophilins, through interactions with steroid recep-
tors, kinases, and other cellular factors, play important physiological and patho-
logical roles in mammals. Significant progress has been made on the elucidation of 
these roles and the definition of underlying molecular mechanisms. The identifica-
tion of specific inhibitors will likely quicken in the coming few years and lead to 
therapeutic targeting of individual Hsp90-associated FKBP immunophilins for the 
treatment of a variety of human diseases.
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Abstract The Hsp70/Hsp90 organising protein (Hop), also known as stress-
inducible protein 1 (STI1), has received considerable attention for diverse cellular 
functions in both healthy and diseased states. There is extensive evidence that intra-
cellular Hop is a co-chaperone of the major chaperones Hsp70 and Hsp90, playing 
an important role in the productive folding of Hsp90 client proteins. Consequently, 
Hop is implicated in a number of key signalling pathways, including aberrant path-
ways leading to cancer. However, Hop is also secreted and it is now well established 
that Hop also serves as a receptor for the prion protein, PrPC. The intracellular and 
extracellular forms of Hop most likely represent two different isoforms, although 
the molecular determinants of these divergent functions are yet to be identified. 
There is also a growing body of research that reports the involvement of Hop in 
cellular activities that appear independent of either chaperones or PrPC. While Hop 
has been shown to have various cellular functions, its biological function remains 
elusive. However, recent knockout studies in mammals suggest that Hop has an 
important role in embryonic development. This review provides a critical overview 
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of the latest molecular, cellular and biological research on Hop, critically evaluating 
its function in healthy systems and how this function is adapted in diseases states.

Keywords Hop · STIP1 · STI1 · Tetratricopeptide repeat

Assisted-Protein Folding by the Hsp70/Hsp90  
Chaperone Complex

Living cells synthesize large amounts of protein in a very short time. If the hydro-
phobic residues of proteins are exposed, they can aggregate with each other which 
could lead to precipitation (Martin 2004; Kampinga 2006). Specialised proteins, 
known as molecular chaperones, have evolved to prevent this from happening. They 
assist nascent or stress-denatured proteins in folding, conformational assembly, 
translocation and degradation (Ellis 1988; Welch 1991; Hendrick and Hartl 1995; 
Clarke 1996; Hartl 1996; Picard 2002; Wandinger et al. 2008; Taipale et al. 2010; 
Hartl et al. 2011). The heat shock proteins, Hsp70 and Hsp90, form an important 
molecular chaperone network required for folding and maturation of key regulatory 
proteins, many of which are signalling intermediates or transcription factors (Kim-
mins and MacRae 2000; Wegele et al. 2004; Carrigan et al. 2005). Whereas Hsp90 
is primarily involved in conformational regulation and stabilisation of proteins that 
are almost completely folded, Hsp70 is required for earlier stages of assisted folding 
of nascent or denatured proteins (Whitelaw et al. 1991; Stepanova et al. 2000; Park 
et al. 2003; Pratt and Toft 2003; Citri et al. 2006).

Both Hsp70 and Hsp90 are dependent on ATP hydrolysis and association with 
a range of accessory proteins, known as co-chaperones, for chaperone activity 
(Nadeau et al. 1993; Jakob et al. 1996; Scheibel et al. 1997; Obermann et al. 1998; 
Panaretou et al. 1998; Prodromou et al. 2000; McLaughlin et al. 2004; Onuoha 
et al. 2008; Prodromou 2012). The Hsp70/Hsp90 protein folding cycle has been de-
scribed for hormone receptors (GR) (Smith et al. 1993; Dittmar et al. 1996; Johnson 
et al. 1998; Wegele et al. 2004; Li et al. 2012a) and is currently widely accepted 
as the mechanism followed for most client proteins. The early stages of the chap-
erone assisted folding cycle occur when Hsp70, together with one of the Hsp40 
co-chaperone isoforms, capture nascent or denatured proteins. The next stage in-
volves the formation of the intermediate complex, in which the client protein is 
transferred from the Hsp70 complex to the open Hsp90 complex. Hsp90 is constitu-
tively dimerised at the C terminus, while the N terminal nucleotide binding domains 
(NBD) of the dimers are disassociated (resembling a “V” shape). This is followed 
by ATP binding to the nucleotide binding domain (NBD) of Hsp90. Subsequent 
conformational changes result in N terminal dimerization, docking of the middle 
domain and binding of the client protein. Hsp90 in this complex is in the closed 
conformation. Hydrolysis of ATP occurs and the protein reverts to the open confor-
mation and the client protein is released (Wegele et al. 2004; Wegele et al. 2006; 
Richter et al. 2008; Graf et al. 2009; Hessling et al. 2009). Progression through the 
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different stages of this cycle is regulated by a variety of co-chaperones, including 
Hsp70 interacting protein (HIP), C-terminus of Hsp70 interacting protein (CHIP), 
Hsp70-Hsp90 organizing protein (Hop), activator of Hsp90 ATPase 1 (AHA1), 
CDC37 and p23 (Chen et al. 1996; Chang et al. 1997; Chen and Smith 1998; John-
son et al. 1998; van der Spuy et al. 2000; Angeletti et al. 2002; Richter et al. 2003; 
Lee et al. 2004; Hildenbrand et al. 2010). Hop and CDC37 are intermediate stage 
co-chaperones controlling entry of clients into the pathway, while p23 and AHA1 
are involved in the later stages of the cycle involving client protein maturation (Li 
et al. 2012a). In this way, co-chaperones indirectly modulate the function of the 
Hsp70/Hsp90 complex by controlling the progression of client proteins through the 
chaperone cycle.

Hop (Hsp70-Hsp90 Organising Protein)

The Hsp70-Hsp90 organising protein (henceforth referred to as Hop; but also known 
as stress-inducible protein 1 [STI1], stress-inducible phosphoprotein 1 [STIP1] or 
p60) is a ubiquitous protein and one of the most widely dispersed co-chaperones 
of Hsp90 (Johnson and Brown 2009). First identified in yeast (Nicolet and Craig 
1989), Hop has been demonstrated or predicted to be encoded in the genome of 
many organisms. This includes model organisms used for genetic studies of hu-
man disease [nematode (Song et al. 2009), fruit fly (Grigus et al. 1998), zebrafish 
(Woods et al. 2005; Tastan Bishop et al. 2014) and mouse (Blatch et al. 1997)], 
as well as rats (Demand et al. 1998), frogs (Klein et al. 2002), fish (Andreassen 
et al. 2009), parasites (Webb et al. 1997; Hombach et al. 2013), and plants (Zhang 
et al. 2003; Chen et al. 2010). The gene and nucleotide sequence for Hop was also 
recently identified in the genome and transcriptome of the Coelacanth ( Latimeria 
spp), an organism largely unchanged for many years (Amemiya et al. 2013; Tastan 
Bishop et al. 2013). The human homologue of Hop was isolated in 1992 (Honore 
et al. 1992). Despite the conservation of Hop in these species, there is some evi-
dence that Hop is structurally and functionally different in different organisms. For 
example, Hop is an essential gene in the mouse (Beraldo et al. 2013), but not in 
yeast (Chang et al. 1997).

Hop is predominantly a cytoplasmic protein, but can also be found in the nucleus 
(Longshaw et al. 2004), Golgi (Honore et al. 1992), in the extracellular environment 
and associated with cell membranes (Hajj et al. 2013). Current dogma suggests that 
the nuclear and extracellular Hop species derive from changes in the subcellular 
localisation of cytoplasmic Hop. Indeed, mammalian Hop contains a bipartite nu-
clear localisation signal (NLS) which has been proposed to facilitate translocation 
from the cytoplasm to the nucleus in response to stress. Hop also contains potential 
export signals, and inhibition of nuclear export enhances the nuclear localisation of 
Hop (Longshaw et al. 2004). Hop translocates to the nucleus during G1/S transi-
tion through phosphorylation by casein kinase II whereas phosphorylation by cell 
division cycle 2 kinase retains Hop in the cytoplasm (Longshaw et al. 2004; Daniel 
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et al. 2008). Recently, studies using astrocyte cell lines identified PIAS1 (protein 
inhibitor of activated STAT1) as a nuclear retention factor for Hop (Soares et al. 
2013). The mechanism by which Hop is transported to the plasma membrane and 
extracellular environment is currently undefined, although there is evidence for ex-
port of Hop from mouse astrocytes in exosomes derived from multivesicular bodies 
(Hajj et al. 2013).

Structure of Hop

Structurally, Hop is composed of repeating units of two different types of domain, 
namely the tetratricopeptide repeat (TPR) motif and the aspartate-proline (DP) motif 
domains. Hop contains three TPR domains (designated TPR1, TPR2A and TPR2B) 
each of which is formed from three TPR motifs. There are two DP domains, the 
DP1 and DP2 domains, which are positioned between TPR1 and TPR2A and C 
terminal to TPR2B of Hop, respectively. The TPR domains of Hop are amongst 
the best characterised (Scheufler et al. 2000; Brinker et al. 2002; Odunuga et al. 
2003; Odunuga et al. 2004; Onuoha et al. 2008). The TPR motif is a protein-protein 
interaction module that is found in a range of proteins, which are involved in di-
verse cellular processes, from transcription to protein degradation (Allan and Rata-
jczak 2011). The structure of the TPR domain consists of modules of anti-parallel 
α-helices arranged in tandem creating an amphipathic groove which is the main site 
of protein-protein interactions (Allan and Ratajczak 2011). In co-chaperones, TPR 
domains mediate the interaction with Hsp70 or Hsp90 by binding to the conserved 
C terminal EEVD motif of the cytosolic isoforms of the chaperones. Among co-
chaperones of Hsp70 and Hsp90, the TPR motif is not unique to Hop, and is also 
found in CHIP and HIP.

Mutational studies in both yeast and murine systems have demonstrated that 
the TPR domains of Hop display different affinity for the Hsp70 and Hsp90 chap-
erones (Odunuga et al. 2003; Song and Masison 2005). Mutations in TPR1 but 
not TPR2AB impair Hsp70 binding, while the converse is true for Hsp90 bind-
ing. The ability of Hop to discriminate between Hsp70 and Hsp90 EEVD motifs 
is mediated by specific TPR residues which interact with residues immediately 
upstream of the EEVD (GPTIEEVD in the case of Hsp70 and MEEVD in the 
case of Hsp90) (Odunuga et al. 2003; Carrigan et al. 2004). Hop is therefore dif-
ferentiated from other TPR-containing co-chaperones in that its TPR domains 
can discriminate between Hsp70 and Hsp90 (Odunuga et al. 2003; Carrigan et al. 
2004). Conserved residues in the TPR domains form a carboxylate clamp with 
the C-terminal EEVD motif in the chaperones. Adjacent residues in TPR1 and 
TPR2A promote high affinity binding to either the GPTIEEVD peptide of Hsp70 
or the MEEVD peptide of Hsp90, respectively (Scheufler et al. 2000; Brinker 
et al. 2002; Odunuga et al. 2003).

More recent evidence proposes a model in which Hop binding to Hsp90 is not 
restricted only to the C-terminal EEVD motif. Hop also appears to interact with N 
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terminal regions of Hsp90, with residues in TPR2A (VISK, residues 334–337) and 
TPR2B (EIDQLYYKASQQR, residues 505–517) coming within 13 Å of residue 
57 in the NBD during binding (Lee et al. 2012). This observation at first appears 
unlikely given that TPR2A is simultaneously involved in binding of the C-terminal 
EEVD motif of Hsp90. However, it is explained by the fact that the rate of Hop-
Hsp90 binding is dependent on the length of the linker region between the C-termi-
nal dimerization domain of Hsp90 and the MEEVD (Lee et al. 2012; Schmid et al. 
2012). This suggests a model in which the C terminus of Hsp90 has conformational 
flexibility and can therefore support simultaneous interactions of Hop TPR2 with 
both the C-terminal and N-terminal domains. In addition, Hop inhibits the ATPase 
activity of Hsp90 by preventing N-terminal dimerization, by a mechanism that de-
pends on the presence of TPR2A and TPR2B but does not require the MEEVD of 
Hsp90 (Lee et al. 2012).

In mammals, discrimination between TPR-containing co-chaperones by Hsp70 
or Hsp90 depends on relative affinities, and is regulated by phosphorylation (Muller 
et al. 2013). Phosphorylation of serine and threonine residues located close to the 
C-terminal EEVD motifs of Hsp70 and Hsp90 promotes association with Hop 
over CHIP. Therefore, the C-terminal phosphorylation of Hsp70 or Hsp90 controls 
the balance between protein folding (Hop-based) and protein degradation (CHIP-
based) pathways.

The DP domains (also known as STI domains) are rich in aspartic acid and 
proline residues and also adopt alpha helical structures (Fig. 3.1a). The role of 
these two motifs is less clear (Song and Masison 2005; Allan and Ratajczak 
2011; Willmer et al. 2013), although DP2 mutants showed reduced ability to 
bind HSP70 (Carrigan et al. 2004) and the DP2 segment is required for client 
activation in vivo (Carrigan et al. 2005; Flom et al. 2006; Schmid et al. 2012). 
There is sequence similarity between the DP2 domain of Hop and a C-terminal 
DP domain in HIP, although the two domains are not functionally equivalent 
(Nelson et al. 2003). More recent studies suggest that the TPR1-DP1 module of 
Hop is directly involved in translocation of the client protein within the complex 
(Schmid et al. 2012).

The overall structure of Hop as described above is conserved in the human, 
mouse and yeast proteins (Fig. 3.1b). Interestingly, not all Hop orthologues share 
this structure. For example, Hop in Drosophila lacks the DP1 domain, while Hop in 
C. elegans lacks the TPR1 domain and the short linker region containing the DP1 
domain that precedes the TPR2A domain. Nevertheless, Hop in C. elegans is able to 
bind both Hsp70 and Hsp90 via the TPR2AB domain, although unlike most organ-
isms, the TPR domains of Hop in C. elegans do not discriminate between Hsp70 
and Hsp90 (Gaiser et al. 2009). This suggests that the transfer of client proteins be-
tween Hsp70 and Hsp90 chaperone systems in these organisms may be different. As 
a consequence of these differences, the study of Hop, especially using genetic ap-
proaches has been limited to metazoans that are amenable to genetic manipulation.
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Functions of Hop

The roles of Hop as a co-chaperone for Hsp70/Hsp90 complex and as a receptor for 
the prion protein, PrPC, are the best described. However, there is a growing body of 
literature that reports the involvement of Hop in cellular activities that appear inde-
pendent of either chaperones or PrPC (Table 3.1). However, it should be noted that 
many of these studies do not demonstrate that Hsp70 or Hsp90 are not involved, but 
rather fail to provide any evidence that they are involved. Therefore, it is possible 

Fig. 3.1  Structural domains and architecture of Hop proteins. a Three dimensional structure of 
Hop domains. Images generated using Pymol (Delano Scientific). The PDB codes for the struc-
tures are: 3ESK for TPR1; 3UQ3 for TPR2AB; 2LLV for DP1; and 2LLW for DP2. b Comparison 
of Hop domain structure across model organisms. TPR1: tetratricopeptide repeat domain 1; DP1: 
aspartate-proline motif domain 1; TPR2AB: tetratricopeptide repeat domains 2A and B; DP2: 
aspartate-proline motif domain 2. The N terminus is indicated by the number 1, while the numbers 
at the C terminus gives the total number of amino acids in the proteins
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that Hsp70/Hsp90, or indeed PrPC, may fulfil as yet undefined roles in these seem-
ingly alternative functions of Hop.

Most recently, evidence has emerged to suggest that Hop has independent 
ATPase activity (Yamamoto et al. 2014). Hop bound ATP with a similar affinity to 
Hsp90 and Hsp70 but hydrolysis of ATP took place at a slower rate than in the two 
chaperones. The ATPase activity of Hop was associated with the N terminal regions 
of the protein, encompassing the TPR1, DP1 and TPR2A domains. While the DP1 
domain was essential for ATPase activity, the mutation of a putative Walker B motif 
in this domain did not abolish the ATPase activity of Hop (Yamamoto et al. 2014). 
The consequences of this ATPase activity for the function of Hop remain to be de-
termined. However, ATP binding by Hop induced a conformational change in the 
protein. The domains which display ATPase activity are those involved in binding 
both Hsp70 (TPR1) and Hsp90 (TPR2A) and therefore it is plausible that the ATP 
induced conformational changes may be involved in the transfer of client protein 
between Hsp70 and Hsp90.

Hop as a Co-chaperone for Hsp70 and Hsp90

Hsp90 substrates include a diverse set of proteins, many of which have been im-
plicated in regulation of apoptosis (Samali and Cotter 1996; Mosser and Morimoto 
2004; Lanneau et al. 2008), proliferation (Caplan et al. 2007; DeZwaan and Free-
man 2008; Lanneau et al. 2008), autophagy (Agarraberes and Dice 2001; Qing et al. 
2006; Joo et al. 2011; Xu et al. 2011) and cell cycle progression (Francis et al. 
2006; Reikvam et al. 2009) as well as in tumorigenesis (Kamal et al. 2004; Müller 
et al. 2004; Whitesell and Lindquist 2005; Chiosis 2006; Neckers 2007; Mahalin-
gam et al. 2009; Trepel et al. 2010; Miyata et al. 2013). In early studies it was found 
that Hsp90 interacted with the yeast and vertebrate homologues of Hop in lysates 
of these cells (Chang et al. 1997). Deletion of the gene encoding Hop reduced the 
in vivo activity of the Hsp90 target proteins, glucocorticoid receptor (GR) and the 
oncogenic tyrosine kinase, v-Src (Chang et al. 1997). Hop was also shown to stimu-
late the refolding of luciferase by Hsp70 and a much more dramatic effect was seen 
when Hsp90 was also included (Johnson et al. 1998). This led to the conclusion 
that Hop is a general factor in the maturation of Hsp90 target proteins. Since then 
it has been clearly demonstrated that Hop regulates the molecular chaperone ac-
tivities of Hsp70 and Hsp90 and thus plays a crucial role in the productive folding 
of client proteins (Johnson et al. 1998; Kimmins and MacRae 2000; Wegele et al. 
2004; Song and Masison 2005; Wegele et al. 2006; Kubota et al. 2010; Lee et al. 
2012). These client proteins include a variety of kinases, transcription factors and 
steroid hormone receptors, many of which are deregulated in cancer (Pratt and Toft 
2003; Lee et al. 2004; Song and Masison 2005; Tan et al. 2011; Walsh et al. 2011; 
Ruckova et al. 2012; Willmer et al. 2013). The central role of Hop in these processes 
is demonstrated by mutations in Hop that impair the client folding pathway (Song 
and Masison 2005). Hop connects Hsp90 and Hsp70 in a ternary multichaperone 
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complex, where it facilitates the transfer of client proteins from the early complex 
(Hsp70-Hsp40) to the intermediate complex (Hsp70-Hsp90) (Chen and Smith 1998; 
Johnson et al. 1998; Song and Masison 2005; Wegele et al. 2006) Depletion of Hop 
levels using RNA interference leads to a dramatic reduction in the levels of obligate 
Hsp90 client proteins, HER2, Bcr-Abl, c-MET and v-Src (Walsh et al. 2011).

Extracellular Hop has Cytokine-like Activity

Chaperones have been found in the extracellular environment and play physiologi-
cal roles such as modulation of the stress response and cell survival (Arruda-Car-
valho et al. 2007; Lima et al. 2007; Beraldo et al. 2013; Hajj et al. 2013). Hop is 
secreted by various cells types, including neuronal stem cells (Santos et al. 2011), 
microglia (da Fonseca et al. 2012), astrocytes (Lima et al. 2007; Arantes et al. 2009) 
and cancerous cells such as gliomas (Erlich et al. 2007) and ovarian cancer cells 
(Wang et al. 2010; Tsai et al. 2012). Despite evidence of an extracellular Hsp90 
complex, in the extracellular environment Hop appears to act more like a cytokine 
than a co-chaperone. Secreted Hop activates numerous different signalling path-
ways (Caetano et al. 2008; Arantes et al. 2009; Beraldo et al. 2010; Wang et al. 
2010; Tsai et al. 2012).

Many, but not all, of the activities of extracellular Hop involve an interaction 
with normal cellular prion protein PrPC. Extracellular Hop and PrPC interact directly 
with each other via an interaction site that maps to residues 230–245 in Hop (en-
compassing the start of TPR2A domain) and 113–128 in PrPC (Zanata et al. 2002). 
The Hop- PrPC complex has been found to play a role in a number of different pro-
cesses such as cell growth, survival and differentiation. In particular, the interaction 
between Hop and PrPC is linked to processes that involve neuronal development and 
cognitive function. Interestingly, these roles of Hop appear to be independent of the 
Hsp70/Hsp90 chaperones.

Hop induced signalling was able to protect a range of neuronal cell types from 
apoptosis using mechanisms that were dependent on the presence of wild type PrPC 
(Zanata et al. 2002; Lopes et al. 2005; Arantes et al. 2009). Studies using cells 
from PrPC null mice have demonstrated that the effects of Hop on neural stem cell 
renewal and differentiation (Santos et al. 2011; Lopes and Santos 2012), prolifera-
tion and survival (Lima et al. 2007), neuritogenesis (Lopes et al. 2005; Lima et al. 
2007; Santos et al. 2013) and response to ischemic stress (Beraldo et al. 2013) are 
all dependent on an interaction with PrPC. These interactions appear to have an 
important impact on cognitive functions, as disruption of the Hop–PrPC interaction 
led to defects in memory and learning in rats (Coitinho et al. 2007). Extracellular 
Hop also acts in a PrPC independent manner in certain cases. The control of retinal 
proliferation by extracellular Hop for example was found to be independent of PrPC 
(Arruda-Carvalho et al. 2007), as are some of the functions of extracellular Hop in 
cancer (da Fonseca et al. 2012; Tsai et al. 2012).
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The effects of extracellular Hop appear to be mediated primarily by activation 
of downstream signalling pathways. Hop interacting with PrPC or other receptors 
has been shown to induce activation of a range of signalling pathways, including 
SMAD (Tsai et al. 2012), ERK (Americo et al. 2007; Caetano et al. 2008), PKA 
(Chiarini et al. 2002; Zanata et al. 2002) and PI3K/Akt (Erlich et al. 2007; Roffé 
et al. 2010) pathways. In this way, Hop appears to function like a classical cyto-
kine, binding to a transmembrane receptor to induce cellular signalling cascades. 
A similar effect has been noted with extracellular chaperones like Hsp90, which 
are able to induce signalling from cellular receptors like LRP-1 (Tsen et al. 2013). 
The studies on extracellular Hop are particularly interesting since nothing is known 
about the mechanism of export or the isoform specificity of extracellular Hop. If 
indeed extracellular Hop is derived from intracellular Hop, then it begs the question 
of the mechanism and conditions under which Hop is exported from the cell? It is 
tempting to speculate that there may be alternative isoforms of Hop; one isoform 
that functions as the intracellular co-chaperone of Hsp70/Hsp90, the other, as an 
extracellular cytokine for which PrPC is the receptor.

Hop in Human Cellular Function and Disease

Cancer Cell Biology

Transformed cells rely on molecular chaperones together with co-chaperones to 
stabilise their mutant, unstable proteins (Soti and Csermely 1998; Tytell and Hooper 
2001; Daugaard et al. 2005; Chiosis 2006; Boschelli et al. 2010). Recent studies 
have demonstrated that Hop may regulate multiple biological processes in a range 
of cancer cell types (Table 3.1). In most cases, Hop levels are increased in cancer 
cells compared to normal cell equivalents, as well as being upregulated in metastat-
ic, drug resistant or aggressive tumours (Sims et al. 2011). This was true of breast 
(Sims et al. 2011), colon (Kubota et al. 2010), pancreatic (Walsh et al. 2009; Walsh 
et al. 2011), ovarian (Wang et al. 2010; Tsai et al. 2012) and hepatocellular carci-
nomas (Sun et al. 2007). Concomitant with the increased expression levels, Hop 
appeared to function to promote or support malignancy in tumours, while depletion 
of Hop levels in cancer cell lines was sufficient to ameliorate some of these pro-
cancer activities.

There is growing evidence to support a major role for intracellular Hop in cel-
lular functions relating to metastatic processes, such as cell migration and invasion. 
Depletion of intracellular Hop levels in endothelial (Li et al. 2012b) and breast 
cancer cells (Willmer et al. 2013) reduced pseudopodia formation and inhibited 
cell migration and polarisation. These effects were predicted to be via regulation of 
different cell processes, including a direct interaction with cytoskeletal proteins like 
actin and tubulin. Hop also regulates the activity of specific proteins, such as matrix 
metalloproteinase 2 (MMP2), which are involved in the degradation of the extracel-
lular matrix during cancer cell invasion (Walsh et al. 2011). Interestingly, the cur-
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rent literature suggests that intracellular Hop does not seem to have a major role in 
cell proliferation, leading to the suggestion that intracellular Hop may be a selective 
target for inhibition of processes associated with metastasis (e.g. migration, inva-
sion). These data are in contrast with the functions proposed for extracellular Hop.

Extracellular Hop in cancer does not appear to induce a major migratory phe-
notype, but instead leads to an increase in cancer cell proliferation. Hop is secreted 
into the extracellular environment by a range of cell types, including ovarian car-
cinomas (Wang et al. 2010; Tsai et al. 2012) and glioblastomas (Erlich et al. 2007). 
The ability of extracellular Hop to induce cell proliferation appears to be mediated 
by the ability of the co-chaperone to activate intracellular signalling pathways. In 
both glioma and ovarian cancer cells, Hop activated mitogenic pathways, including 
MAPK (Erlich et al. 2007), a major signal transduction pathway required for cell 
growth. The difference in biological response to intracellular versus extracellular 
Hop may, in part, be due to the involvement of PrPC as a receptor, for which extra-
cellular Hop is a major ligand. The proliferative effect of Hop in glioma occurs, at 
least in part via a PrPC dependent mechanism (Erlich et al. 2007), although PrPC -in-
dependent growth has been observed in different cell lines (da Fonseca et al. 2012).

Many of the studies of the role of Hop in cancer do not include a direct analysis 
of the contributions to the phenotype of the chaperones Hsp90 and Hsp70. How-
ever, Hop has been shown to be constitutively incorporated into an Hsp90 complex 
in some cancer cells and many of the proteins affected by Hop inhibition or deple-
tion are in fact client proteins of the Hsp90 complex (Kubota et al. 2010). Therefore, 
it is likely that many of the activities of Hop in cancer are linked to perturbations 
in the function of the Hsp70/Hsp90 complex. This conclusion is supported by the 
observations that compounds that disrupt interactions between Hop and the Hsp90 
or Hsp70 chaperone are toxic to cancer cells (Horibe et al. 2011; Horibe et al. 2012).

The link between Hop and oncogenic activity has led to the proposal that Hop 
itself may be a viable drug target for cancer. Indeed, studies in which Hop levels 
were reduced using RNA interference in cancer cells demonstrated that depletion 
of Hop could reverse oncogenic properties (Walsh et al. 2011; Willmer et al. 2013). 
Despite this, there are currently no small molecule inhibitors that directly inhibit 
Hop. This may be partly due to the fact that until recently, Hop did not have any 
known enzymatic activity that could be targeted by inhibitors. The recent discovery 
that Hop is an ATPase (Yamamoto et al. 2014) means that it may now be possible 
to design ATPase inhibitors that specifically target Hop. The domains required for 
Hop ATPase function have been determined (TPR1-DP1-TPR2A) and structures 
for these domains (albeit as separate units) are available. Therefore it should be 
theoretically possible to begin to design inhibitors of these domains. The exact resi-
dues involved in Hop ATPase remain to be determined, although a predicted Walker 
B motif in the DP1 domain has been shown not to be involved (Yamamoto et al. 
2014).

Currently, the most common strategy used for anti-cancer compounds is to inhib-
it the interaction of Hsp90 and Hop, as an alternative to inhibiting Hsp90. Hsp90 is 
considered a promising drug target for cancer treatment because Hsp90 is the main 
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chaperone required for the stabilization of multiple oncogenic kinases (Reikvam 
et al. 2009). Over-expression of Hsp90 in cancer cells stabilizes mutant oncopro-
teins, promoting cancer cell survival. Given that Hop is required for entry of these 
client proteins into the Hsp90 complex, targeting the interaction of Hop and Hsp90 
is likely to inactivate client proteins. However, inhibition of Hsp90 (particularly by 
blocking the N terminal ATP binding site) has been associated with unwanted com-
pensatory upregulation of Hsp70, which can lead to drug resistance (Pimienta et al. 
2011). Therefore, the targeting of protein-protein interactions with co-chaperones 
rather than ATPase activity has been considered as an alternative strategy for the 
treatment of cancer (Reikvam et al. 2009; Maciejewski et al. 2013).

Compounds specifically inhibiting the interaction of Hop with the Hsp70/Hsp90 
complex have been identified. A hybrid peptide comprising a sequence based on 
the TPR2A region of Hop was designed to competitively inhibit the interaction 
between Hsp90 and Hop (Horibe et al. 2011). This peptide induced cell death in 
a range of cancer cell lines in vitro, as well as displaying anti-tumour activity in a 
pancreatic cancer xenograft model (Horibe et al. 2012). The compound also showed 
differential toxicity in that it did not affect the viability of normal cells, which might 
be attributed to the constitutive formation of the Hsp90 complex in cancer cells 
as opposed to normal cells (Barrott and Haystead 2013; Jego et al. 2013). Unlike 
other inhibitors of the Hsp90 complex, this compound did not alter Hsp70 expres-
sion. It has also been possible to inhibit Hop interaction with Hsp90 via small mol-
ecules, like Sansalvamide A analogues (Ardi et al. 2011) and a compound termed 
C9 (1,6-dimethyl-3-propylpyrimido [5,4-e] [1,2,4] triazine-5,7-dione) (Pimienta 
et al. 2011). The Sansalvamide A analogue bound Hsp90 at a region between the 
N terminal and middle domains, inducing allosteric changes that blocked the bind-
ing of Hop (and two other TPR containing proteins) to the Hsp90 MEEVD. The 
compound C9 also blocked the interaction of Hsp90 with Hop in vitro. Six com-
pounds containing a 7-azapteridine ring were similarly able to inhibit the interac-
tion between Hsp90 and Hop (Yi and Regan 2008). All of these compounds were 
shown to have anti-cancer activity in cell lines, demonstrating that prevention of the 
interaction between Hsp90 and Hop may be a viable target for anti-cancer therapies 
(Pimienta et al. 2011; Ardi et al. 2011; Yi and Regan 2008).

Developmental and Protein Folding Disorders

Hop has an established role in cellular development. Knockout of Hop in the mouse 
is embryonic lethal and Hop null mice fail to develop beyond E10.5 (Beraldo et al. 
2013). Hop has also been linked with a role in embryonic stem cell biology in vitro. 
Transient silencing of Hop in embryonic stem cells led to a reduction in the ability 
to form embryoid bodies, suggesting a more differentiated phenotype (Longshaw 
et al. 2009; Prinsloo et al. 2009). This was attributed to a decrease in the phos-
phorylation and concomitant extranuclear accumulation of signal transducer and 
activator of transcription 3 (STAT3), a protein shown to interact directly with Hsp90 
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in vitro and in embryonic cells during leukaemia inhibitory factor (LIF)-induced 
pluripotency signalling (Setati et al. 2010; Prinsloo et al. 2011). The role of Hop 
in stem cell biology suggests that Hop may play a fundamental role in embryonic 
development. Hop is also required for neurosphere self-renewal and differentiation 
in neuronal cells which is linked to neuronal development and conceptual processes 
such as memory (Coitinho et al. 2007). These findings are consistent with recent 
evidence that Hop interacts with Rnd1 GTPase to enhance neurite outgrowth in 
neuronal cell lines, leading to the proposal that Hop may be involved in neuronal 
development (de Souza et al. 2014).

Interestingly, linked to its role in foetal development through neuritogenesis, a 
decrease in Hop could be involved in autism-spectrum disorders (ASD) (Braunsch-
weig et al. 2013). The production of maternal IgG antibodies against a number of 
foetal brain antigens, including Hop, has been linked to ASD in the children born to 
these mothers. Children from mothers with specific reactivity to these had increased 
ASD-type stereotypical behaviours. It was suggested these antigens could serve as 
a panel of markers for risk of maternal-autoantibody-related autism (Braunschweig 
et al. 2013).

The role of Hop as a co-chaperone has linked it to disorders in which Hsp90 cli-
ent protein stability or misfolding are a hallmark. The leading cause of cystic fibro-
sis is the presence of mutations in the cystic fibrosis transmembrane conductance 
regulator (CFTR) protein. A variant of CFTR harbouring a phenylalanine deletion 
(CFTR ΔF508) has been shown to interact directly with Hop (Marozkina et al. 
2010). Hop captures CFTR ΔF508 and prevents its maturation, thereby blocking 
its function. The maturation of CFTR ΔF508 could be rescued by treatment with 
S-nitrosoglutathione (GSNO), which reduced Hop levels, without affecting Hsp70 
or Hsp90; a phenotype recapitulated by siRNA mediated knockdown of Hop (Ma-
rozkina et al. 2010).

In Alzheimer’s disease, soluble β-amyloid oligomers (AβOs) bind to PrPC and 
trigger neurotoxicity. Hop was found to prevent the binding of AβOs to PrPC, both 
in vitro and to mouse hippocampal neuronal PrPC in vivo (Ostapchenko et al. 2013). 
Hop was able to prevent AβO-induced synaptic loss and neuronal death, and neu-
rons that were haploinsufficient in Hop were more sensitive to AβO-induced death 
which could be rescued by treatment with recombinant Hop. The toxicity induced 
by AβOs could also be prevented by TPR2A which is the domain in Hop that inter-
acts with PrPC (Ostapchenko et al. 2013).

Hop has also been implicated in other protein conformational diseases, in which 
various proteins are converted into a common toxic conformational state similar to 
β-amyloid (Wolfe et al. 2013). Molecular chaperones have been found to suppress 
the toxicity of β-amyloid-like proteins by packaging the toxic proteins into protein-
handling depots. Hop was found to be a component of the Hsp70/Hsp90 system in 
the control of spatial organisation of amyloid-like protein assemblies, leading to a 
suppression of toxicity by proteins such as the glutamine-rich yeast prion [RNQ+] 
and polyglutamine-expanded Huntingtin (Htt103Q) (Wolfe et al. 2013).
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Parasitic Diseases

Hsp70 and Hsp90 are considered drug targets for the treatment of infectious dis-
eases like malaria and trypanosomiasis. Hop is conserved across species, including 
a number of parasitic organisms that cause disease in humans, such as Plasmodium 
and Leishmania species. Hop from Leishmania donovani is expressed during the 
amastigote stage (Joshi et al. 1993) which is important for adaption of the parasite to 
the human host (Morales et al. 2010). Plasmodium falciparum Hop (PfHop) shares 
a similar domain architecture with human Hop and the residues that are known 
to be important in the interaction with Hsp70 or Hsp90 (Odunuga et al. 2003) are 
conserved. However, despite the fact that chaperone and co-chaperone systems are 
highly conserved, there is evidence that the proteins are sufficiently biochemically 
different to be considered as putative drug targets. For example, the sequence of 
plasmodial Hop proteins was different to those of yeast and mammals, despite the 
structural conservation (Gitau et al. 2012). If these differences result in functional 
changes, antimalarial compounds could be designed to selectively target distinct re-
gions of PfHop (Gitau et al. 2012). Similarly, deletion of specific residues in Leish-
mania donovani Hop blocked phosphorylation and led to parasite death (Morales 
et al. 2010). If these residues are unique to the parasitic Hop, they may indeed be 
targets for therapy. Furthermore, it may be relevant that the Hop interaction motif of 
Hsp90 which is crucial for survival of the parasite is MEQVD in Leishmania spp. 
instead of the MEEVD seen in the human host (Hombach et al. 2013).

Conclusion

While the exact biological function of Hop remains elusive, recent evidence from 
knockout studies in mammals suggests that it is important in embryonic develop-
ment in this system at least. A role in development would be consistent with the 
reported link between Hop and cancer characteristics. The biological function of 
Hop will be system dependent, and while there are conserved features across spe-
cies, the sequence and domain variations suggest that it could have been recruited 
by evolution for a number of different biological roles. The diverse functions of 
Hop in mammalian cells, suggests that at least two major isoforms may exist, one 
intracellular and the other extracellular, although direct evidence for this has yet 
to be presented. Identification and elucidation of the molecular basis for these iso-
forms and their seemingly divergent cellular functions is an exciting area for future 
research. How has this dynamic scaffold protein been functionally adapted to such 
different roles and processes? A deeper structural and functional understanding of 
these Hop isoforms will assist research on the role of Hop in cancer. The intracellu-
lar isoform appears to be involved in processes important for successful metastasis 
while the extracellular isoform appear to enhance proliferation of cancer cells. The 
identification of small molecules that can specifically disrupt Hop and its partner 
protein interactions are starting to emerge. These Hop modulators represent novel 
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molecular tools for functional analyses as well as novel hit compounds for use in 
anti-cancer drug discovery research. Elucidation and targeting of the recently iden-
tified Hop ATP-binding site will be a rich area for future drug discovery research. 
Finally, there is growing evidence that Hop has functions that are independent of 
its major partner proteins (Hsp70, Hsp90 and PrPC). Many of the recently defined 
activities of Hop, including ATPase activity, direct interaction and stabilisation of 
substrate proteins, are those that are more associated with chaperone function than 
co-chaperone function. As we learn more about this protein, it may be appropriate 
to evaluate whether it is time to reclassify Hop as chaperone, rather than a co-
chaperone. This beckons a fresh approach to understanding the biological function 
of Hop, especially if its global function is in the area of early development.
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Abstract Cellular homeostasis and stress survival requires maintenance of the pro-
teome and suppression of proteotoxicity. Molecular chaperones promote cell sur-
vival through repair of misfolded proteins and cooperation with protein degradation 
machines to discard terminally damaged proteins. Hsp70 family members play an 
essential role in cellular protein metabolism by binding and releasing nonnative 
proteins to facilitate protein folding, refolding and degradation. Hsp40 family mem-
bers are Hsp70 co-chaperones that determine the fate of Hsp70 clients by facilitat-
ing protein folding, assembly, and degradation. Hsp40s select substrates for Hsp70 
via use of an intrinsic chaperone activity to bind non-native regions of proteins. 
During delivery of bound cargo Hsp40s employ a conserved J-domain to stimulate 
Hsp70 ATPase activity and thereby stabilize complexes between Hsp70 and non-
native proteins. Type I and Type II Hsp40s direct Hsp70 to preform multiple func-
tions in protein homeostasis. This review describes the mechanisms by which Type 
I and Type II sub-types of Hsp40 bind and deliver substrates to Hsp70.

Keywords Hsp70 · Hsp40 · Protein folding · Molecular chaperone

Introduction

The Hsp40 family of co-chaperone proteins plays a role in cell stress protection, 
folding of nascent polypeptides, refolding of denatured or aggregated proteins, 
modulation of amyloid formation, protein degradation, and protein translocation. 
There are 44 Hsp40 genes present in the human genome and 20 Hsp40s identi-
fied in the yeast genome (Kampinga and Craig 2010; Buchberger et al. 2010;  
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Kim et al. 2013; Cyr et al. 1994). These proteins were identified by the presence of a 
conserved J-domain that stimulates the ATPase activity of the Hsp70 (Fig. 4.1; Cyr 
et al. 1992; Liberek et al. 1991). Type I and Type II Hsp40s also have the conserved 
ability to bind and deliver non-native proteins to Hsp70, which is essential for life 
(Johnson and Craig 2001).

Type I Hsp40s are descendants of bacterial DnaJ and contain the J domain, 
followed by a glycine/phenylalanine rich region (G/F), a zinc finger like region 
(ZFLR), and a conserved C-terminal domain. The Type II Hsp40’s are similar to 
the type I Hsp40s, but instead of the zinc finger like region they contain a glycine/
methionine rich region. Type III Hsp40s contain the J-domain, but none of the other 
conserved domains found in Type I or II Hsp40s. Instead, they often have special-
ized domains that localize them to certain areas of the cell and provide specificity 
in substrate binding (Grove et al. 2011; Houck et al. 2014; Summers et al. 2013; 
Douglas et al. 2009). Type I and Type II Hsp40s contain a C-terminal dimerization 

Fig. 4.1  Model for regulation of the Hsp70 polypeptide binding and release cycle by Hsp40. 
Hsp70 has low substrate affinity in the ATP bound state but upon hydrolysis of ATP stable Hsp-
70substrate complexes are formed. Hsp70-substrate complexes then disassociate upon regenera-
tion of Hsp70-ATP. In this model, Hsp40 acts to (1) deliver substrates to Hsp70 and (2) stimulate 
the ATPase activity of Hsp70. This cycle is repeated numerous times until the substrate protein is 
able to reach a native state. Co-chaperones such as the E3 ligase CHIP act downstream of Hsp40 
to target Hsp70 clients to the proteasome for degradation
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domain, but this does not mean that all Hsp40s function as dimers. However, the 
J-domains of Type III Hsp40s form dimers (Mokranjac et al. 2003), and the trans-
membrane Hsp40s DnaJB12 and DnaJB14, which lack a canonical dimerization 
domain, form heterodimers (Goodwin et al. 2014; Sopha et al. 2012). Thus, in many 
instances dimeric Hsp40s interact with Hsp70, but a general requirement for dimer-
ization in Hsp40 function has not been demonstrated.

Hsp40s are conserved across species and are found in organisms from bacteria 
to humans, and a variety of Type I, Type II, and Type III Hsp40s are found in the 
same subcellular organelles where they can play specialized roles (Kampinga and 
Craig 2010). In order to better understand the cellular processes that these chaper-
ones facilitate, we must first understand the mechanism by which Hsp40s bind sub-
strates and regulate Hsp70 function. In the following sections, we will review the 
genetic, biochemical, cell biological, and structural data that have helped elucidate 
the unique mechanisms that different Hsp40s use to maintain protein homeostasis.

Hsp70 Co-Chaperone Activity of Hsp40s

The affinity of Hsp70 for polypeptides is regulated by its nucleotide bound state. 
In the ATP bound form, Hsp70 has a low affinity for substrate proteins. However, 
upon hydrolysis of the ATP to ADP, Hsp70 undergoes a conformational change that 
increases its affinity for substrate proteins (Fig. 4.1). Hsp70 goes through repeated 
cycles of ATP hydrolysis and nucleotide exchange, which permits cycles of sub-
strate binding and release.

The Hsp70 proteins are assisted and regulated by several different co-chaper-
ones. These co-chaperones have been shown to not only regulate different steps of 
the ATPase cycle of Hsp70 (Fig. 4.1), but they also have an individual specificity 
such that one co-chaperone may promote folding of a substrate while another may 
promote degradation. For example, the Hsp40 DnaJB12 and ubiquitin ligase CHIP 
both promote the degradation of Hsp70 bound substrates (Meacham et al. 2001; Cyr 
et al. 2002; Grove et al. 2011). On the other hand, the Hsp40 co-chaperones Hdj2 
and Ydj1 promote protein folding (Meacham et al. 1999; Cyr and Douglas 1994; 
Fan et al. 2005a). The yeast Hsp40 Sis1 functions in spatial protein quality control 
(Douglas et al. 2008, 2009) and promotes protective aggregation of amyloid-like 
proteins (Wolfe et al. 2013, 2014). The Hsp40 proteins are classified as co-chaper-
ones for Hsp70 due to the fact that they can use their various domain structures to 
(1) bind Hsp70 (2) help load the substrates on Hsp70 and (3) stimulate the ATPase 
activity of Hsp70 (Summers et al. 2009a; Cyr 2008). The general ability of Hsp40s 
to load substrates onto Hsp70 explains why Hsp40s are essential. The mechanism 
by which Hsp40s bind and interact with Hsp70s has been reviewed in detail, but 
many questions remain unanswered (Ramos et al. 2008; Sha et al. 2000; Fan et al. 
2003, 2004, 2005a; Lee et al. 2002)..Therefore, in the remainder of this chapter we 
will focus on the question of how Hsp40s bind unfolded proteins.
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Do Hsp40s Act as Chaperones?

It is established that Hsp40s specify Hsp70 function, but the manner by which 
Hsp40s bind and deliver substrates to Hsp40 is not completely understood (Fan 
et al. 2003; Summers et al. 2009a). Type I and Type II Hsp40s act independently as 
chaperones, so we will discuss the data that describes how they bind and transfer 
substrates to Hsp70.

The first observations of intrinsic chaperone activity of an Hsp40 came from 
studying the bacterial type I Hsp40, DnaJ (Langer et al. 1992) when purified DnaJ 
protein was shown to suppress the aggregation of denatured rhodanese. Subse-
quently, the yeast Hsp40 Ydj1 was shown to have the conserved ability to suppress 
protein aggregation (Cyr 1995; Lu and Cyr 1998a, b) and assist Hsp70 in refolding 
denatured proteins. These studies were the first to show that DnaJ and its eukary-
otic relatives could not only bind denatured substrates, but it could also prevent the 
aggregation of those denatured substrates, thereby categorizing Type I Hsp40s as 
chaperones.

Studies with the yeast Sis1 protein, have shown that Type II Hsp40s can also 
bind chemically denatured luciferase and reduced α-lactalbumin and that this bind-
ing is dependent on specific residues within the C-terminal peptide-binding domain 
(Sha et al. 2000; Lee et al. 2002). This ability of Sis1 to recognize and bind non-
native polypeptides classifies Sis1 as a chaperone. However, Sis1 alone is not as 
effective of a chaperone as the Type I Hsp40s because Sis1 cannot prevent the ag-
gregation of thermally denatured luciferase nor does it hold the thermally denatured 
luciferase in a folding competent state. However, Sis1 is able to hold chemically 
denatured luciferase in a folding competent state (Lee et al. 2002) and also binds 
specific residues in yeast prions to promote prion propagation (Douglas et al. 2008). 
The human Hsp40, Hdj-1, also has the ability to bind non-native proteins and it’s 
ability to recognize proline-rich regions of proteins (Lee et al. 2002) appears to 
make it susceptible to inactivation by huntingtin protein (Park et al. 2013). The in-
activation of Sis1 by huntingtin is associated with inhibition of the proteasome and 
may contribute to huntingtin toxicity in the brain.

Determination of Functional Specificity

Type I and Type II Hsp40s bind exhibit different substrate specificity and direct 
Hsp70 to preform different functions in vivo. (Theodoraki and Caplan 2012; Fan 
et al. 2004; Rudiger et al. 2001; Caplan et al. 1992a, b, 1993; Luke et al. 1991). Se-
quence analysis reveals two possible regions that may be responsible for specifying 
this difference in function between the Type I and Type II Hsp40s. First the G/F rich 
region of Ydj1 and Sis1 are different, with that of Sis1 containing a 10 residue long 
insert containing the amino acids, GHAFSNEDAF (Yan and Craig 1999). Second, 
as mentioned previously, the protein modules located in the middle of Ydj1 and Sis1 
are different such that Ydj1 contains the ZFLR and Sis1 contains the G/M region 
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(Fig. 4.2). Thus, it is plausible that either the G/F domain or the central domain 
(ZFLR vs G/M CTD1) of Ydj1 and Sis1 serve to specify their in vivo functions (Ra-
mos et al. 2008; Fan et al. 2004). Below we will discuss the studies that were carried 
out in order to determine whether either of these differences has a role in specifying 
the functions of the Type I proteins versus the Type II proteins.

The G/F Region

To determine whether the G/F regions of Type I and Type II Hsp40s help specify 
Hsp70 functions the Craig group has carried out a number of complementation 
studies with Hsp40 fragments (Johnson and Craig 2001; Yan and Craig 1999). In 
these studies, which were conducted with a sis1∆ strain, the G/F region of Sis1, 
but not that of Ydj1, was shown to be important for suppression of lethality caused 
by the loss of Sis1 function. Deletion of the G/F region also prevents Sis1 from 
maintaining the prion state of RNQ1, while truncated versions of Sis1 containing 
just the J domain and G/F region (Sis1 1-121) can functionally substitute for wild 
type Sis1 (Aron et al. 2007). Deletion of one of the unique insertions of the Sis1 G/F 
region (Sis1 1-121 ∆101-113) causes a defect in cell growth in the absence of wild 
type Sis1, thereby suggesting that the unique insertion of the G/F region is at least 
partially responsible for specifying the in vivo functions of the Sis1 protein.

Fig. 4.2  Domain structures of Type I and Type II Hsp40 proteins. Ydj1 and Sis1 are yeast Hsp40s 
that are representative of Type I and Type II Hsp40 sub-types. The panels below the cartoons are 
models of Hsp40 substrate-binding domains built from X-ray structures of indicated Sis1 and 
Ydj1 fragments. Red denotes solvent exposed hydrophobic residues on the surface of the models. 
J J-domain, G/F glycine/phenylalanine rich region, ZFLR zinc finger-like region, G/M glycine/
methionine rich region, CTD1 carboxyl-terminal domain I, CTD11 carboxyl terminal domain II, 
DD dimerization domain
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Sis1 ∆G/F still binds denatured luciferase and the RNQ1 protein, and Sis1 ∆G/F 
still stimulates the Hsp70 ATPase activity. The function that was lacking in the Sis1 
∆G/F protein was the ability to cooperate with Hsp70 to refold denatured substrates 
(Aron et al. 2005, 2007; Sondheimer et al. 2001; Johnson and Craig 2001). Sis1 
∆G/F can still bind substrates and stimulate ATPase activity, so the defect likely 
comes from an inability to efficiently transfer substrates from Sis1 to Hsp70. In 
support of this conclusion mutation of the conserved ASP-ILE-PHE (DIF) motif 
in the G/F region interferes with functions of Hsp40s that occur after J-domain 
dependent hydrolysis of ATP by Hsp70 (Cajo et al. 2006). Molecular details of G/F 
region action in Hsp40 function require further study (Wall et al. 1995), and this is 
an important topic because this domain clearly plays a critical role in regulation of 
Hsp70 function.

Central Domains

In addition to the differences found in the G/F regions, the central domains of the 
Type I and Type II Hsp40s also have dramatic structural differences(Borges et al. 
2012; Silva et al. 2011; Ramos et al. 2008). The central domain of the Type II 
Hsp40s contains the G/M region and a polypeptide-binding site found in CTD1, 
while the Type I Hsp40s contain a ZFLR that is adjacent to CTDI. The differences 
in the substrate binding domains will be discussed in the next section, so for now we 
will concentrate on how the G/M region versus the ZFLR may help specify func-
tion. Studies with the full length Sis1 protein indicate that the G/M region has some 
overlapping function with the G/F region. As discussed above, deletion of unique 
residues within the G/F region has deleterious effects on cell growth in cells that 
only have a truncated version of Sis1 containing the J domain and G/F region (Aron 
et al. 2005; Johnson and Craig 2001). However, in cells expressing the full length 
Sis1, deletion of the same unique residues, Sis1 ∆101-113, no longer effects cell 
growth at normal temperatures. These cells also maintain the prion state of RNQ1. 
Likewise, deletion of the G/M region from the full-length protein (Sis 1 ∆G/M) has 
no effect on cell growth at normal temperatures and has a very mild effect on the 
maintenance of the RNQ1 prion. However, deletion of both the G/M and the unique 
residues within the G/F region from the full-length protein (Sis 1 ∆G/M ∆101-113) 
prevents the maintenance of the RNQ1 prion. These studies indicate that the es-
sential function of Sis1 is actually specified by both the G/M region and the unique 
residues within the G/F region (Aron et al. 2005; Johnson and Craig 2001).

Studies of the ZFLR of Type I Hsp40s has also provided clues as to why the 
function of the Type I proteins is unique from the Type II proteins. While the cen-
tral domain of the Type I Hsp40s, the ZFLR, has been implicated as a component 
of the polypeptide binding site in combination with CTDI. The exact role of the 
ZFLR is not completely clear. A NMR structure of the ZFLR reveals a V-shaped 
groove with an extended B-hairpin topology, which could potentially be involved in 
protein:protein interactions (Martinez-Yamout et al. 2000). A proteolytic fragment 
of Ydj1, Ydj1 (179–384), which is missing the J-domain and the first zinc binding 
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module of the ZFLR is capable of suppressing protein aggregation and therefore 
must retain the ability to bind substrates (Lu and Cyr 1998a, b). Therefore, while 
these studies do not rule out the possibility that the ZFLR is involved with polypep-
tide binding, it is definitely not required for polypeptide binding.

Mutation of the ZFLR does reveal that this domain is necessary to cooperate 
with Hsp70 in folding reactions (Fan et al. 2005b; Linke et al. 2003). In order to 
determine why the ZFLR is necessary to cooperate with Hsp70, yeast cells express-
ing a zinc-binding domain 2 (ZBD2) mutant of Ydj1 were examined. These cells 
show a decrease in the activity of the androgen receptor (AR), which is a known 
Hsp70 substrate. Isolation of androgen receptor complexes revealed that mutation 
of the ZFLR of Ydj1 leads to the accumulation of Hsp40-AR complexes with the 
concomitant decrease in Hsp70-AR complexes. Therefore, it seems that one impor-
tant role of the ZFLR is to stimulate the transfer of substrates from Hsp40 to Hsp70 
(Summers et al. 2009a).

In order to directly decipher the involvement of the ZFLR versus the G/M CTD1 
central domains in specifying Hsp40 function, chimeric forms of Ydj1 and Sis1 
were constructed in which the central domains were swapped to form YSY and 
SYS (Fan et al. 2004). Purified SYS and YSY were found to exhibit protein-folding 
activity and substrate specificity that mimicked that of Ydj1 and Sis1, respectively. 
In vivo studies also showed that YSY exhibited a gain of function, and unlike Ydj1, 
could complement the lethal phenotype of sis1∆ and promote the propagation of the 
yeast prion [RNQ1 +]. SYS exhibited a loss of function and was unable to maintain 
[RNQ1 +]. These in vitro and in vivo data suggest that the central domain of Ydj1 
and Sis1 are exchangeable and that they help specify Hsp40’s cellular functions.

Substrate Binding Domains

The studies discussed above suggest that the unique residues in the G/F region and 
the different central domains may help specify the function of the Type I vs Type II 
proteins by affecting the manner in which the individual chaperones interact with 
or transfer substrates to Hsp70. Another important determinant of specificity could 
obviously come from the substrate binding domains themselves. Since the Type 
I proteins do prefer to bind peptides that are distinct from those that the Type II 
proteins bind (Fan et al. 2004), one would hypothesize that there are differences in 
the substrate binding domains of these two types of proteins. Studies have shown 
that the substrate binding domains of both Type I and Type II Hsp40s are found 
in CTDI (Fig. 4.2; Sha et al. 2000; Qian et al. 2002). For example, the carboxyl 
terminus of the Ydj1 protein (residues 206-380) was shown to be at least partially 
responsible for polypeptide binding, and a single point mutation in this C-terminal 
domain (Ydj1 G315D) exhibits severe defects in cellular function and polypeptide 
binding (Lu and Cyr 1998a; Kimura et al. 1995). A fragment of Ydj1 consisting of 
residues 179-384 was also shown to be able to suppress rhodanese aggregation to 
the same level as the full length protein (Lu and Cyr 1998a). This fragment lacks 
the J domain, the G/F region and the first zinc-binding domain, but contains the 
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C-terminal domain. Studies of the yeast Type II Hsp40, Sis1, have also localized 
the polypeptide-binding site to CTDI (Sha et al. 2000; Lee et al. 2002). Therefore, 
similar regions within Ydj1 and Sis1 are implicated in polypeptide binding.

Crystal structures of the C-terminal domains of both Ydj1 and Sis1 have been 
solved (Fig. 4.2). These structures confirm that the C-terminal domain is a site for 
peptide binding for both types of Hsp40s and they suggest similar yet unique mech-
anisms for substrate binding. The Ydj1 crystal structure is of the monomeric form 
of a truncated C-terminal domain (Ydj1 102-350) in complex with a short peptide 
substrate, GWLYEIS (Li et al. 2003; Li and Sha 2003). There are two hydrophobic 
depressions, one in domain 1 and one in domain 3. The crystal structure shows that 
the peptide substrate binds to Ydj1 by forming an extra β-strand in the domain 1 
depression. There is also an interaction in which the L from the peptide is buried in 
a small hydrophobic pocket found in this surface depression. The pocket that the L 
is buried in is formed by a variety of highly conserved hydrophobic residues (I116, 
L135, L137, L216, and P249), thereby suggesting that the pocket may be a common 
feature found in Type I Hsp40s, and may play a role in determining the substrate 
specificity.

The X-ray crystal structure of Sis1 171-352 was also solved and it depicts a 
homodimer that has a crystallographic two-fold axis (Sha et al. 2000; Qian et al. 
2002). Sis1 171-352 monomers are elongated and constructed from two barrel-like 
domains that have similar folds and mostly β-structure. Sis1 dimerizes through a 
short C-terminal α-helical domain, and the dimer has a wishbone shape with a cleft 
that separates the arms of the two elongated monomers. CTDI on each monomer 
also contains two shallow depressions that are lined by highly conserved solvent 
exposed hydrophobic residues (Fig. 4.2). Mutational analysis of the residues that 
line the hydrophobic depression in Sis1 has identified K199, F201 and F251 as 
amino acids that are essential for cell viability and required for Sis1 to both bind 
denatured substrates and cooperate with Hsp70 to refold those substrates (Lee et al. 
2002; Fan et al. 2004). Interestingly, peptides from the C-terminal lid domain of 
Hsp70 are also bound by in the hydrophobic depression on CTDI (Qian et al. 2002). 
It is therefore possible that Hsp70 and substrates interact with Sis1 at similar sites. 
If true, then Hsp70 might displace substrate from Hsp40s to drive substrate transfer 
from Hsp40 to Hsp70 polypeptide binding domain (Kota et al. 2009; Summers et al. 
2009a).

Hsp40 Quaternary Structure

A common feature of Type I and Type II Hsp40s is that dimerization is important for 
them to function in vivo (Summers et al. 2009a, b). There are no crystal structures 
of full length Type I or Type II Hsp40s, but small angle X-ray scattering (SAXS) 
and protein modeling have been used to build models of the quaternary structure of 
Type I and Type II Hsp40s (Borges et al. 2005; Ramos et al. 2008). These models 
suggest that there are substantial differences in the quaternary structure of the Type 
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I and Type II Hsp40s that may help account for their ability to direct Hsp70 to pre-
form different cellular functions (Fig. 4.3). In Type I Hsp40 the interface between 
CTDI and CTD2 and the ZFLR space the polypeptide binding pockets in CTDI 
and appear to impact the orientation for the J-domain relative to the long-axis of 
the chaperone (Silva et al. 2011). In Type II Hsp40s CDTI on the arms of the dif-
ferent dimers are closer together, and the J-domains are splayed to the side of the 
chaperone. It appears that J-domains can exist in a dimeric state, while the models 
depicted show the J-domains of Ydj1 and Sis1 as monomers. It is therefore possible 
that these models depict an inactive state of Ydj1 and Sis1 and that forms of these 
Hsp40s that regulate Hsp70 ATPase activity under go a conformational change 
to permit J-domain dimerization (Mokranjac et al. 2003; Goodwin et al. 2014). 

Fig. 4.3  Models of Type 
I and Type II quaternary 
structures. Ab initio models 
of Type I and Type II Hsp40s 
were generated by SAXS and 
molecular modeling of Ydj1 
and Sis1. Models depicted 
were of Ydj1 and Sis1 dimers 
generated by pymol from 
data presented in Ramos et al. 
2008
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A driving force for this putative conformational change might be the binding of 
polypeptides to the hydrophobic pocket in CTDI and downstream conformational 
changes. This model is hypothetical, and requires that an Hsp40 dimerize, and it 
is not clear that all Hsp40s are dimers. Never the less, this hypothesis suggests a 
substrate dependent mechanism for regulating some of the interactions that occur 
between Hsp40 and Hsp70.

While it appears that the unique structures of Type I and Type II Hsp40s almost 
certainly specify function, the exact mechanism by which these structures specify 
function is not clear. A combination of all the unique characteristics of the Type 
I and Type II chaperones discussed above likely explains the difference levels of 
chaperone and co-chaperone activity observed for these different types of Hsp40s.
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Abstract The co-chaperone p50/Cdc37 is an important partner for Hsp90, assisting 
in molecular chaperone activities, particularly with regard to the regulation of pro-
tein kinases. The Hsp90/Cdc37complex controls the folding of a large proportion of 
protein kinases and thus stands at the hub of a multitude of intracellular signaling 
networks. Its effects thus reach beyond the housekeeping pathways of protein fold-
ing into regulation of a wide range of cellular processes. Due to its influence in cell 
growth pathways Cdc37 has attracted much attention as a potential intermediate in 
carcinogenesis. Cdc37 is an attractive potential target in cancer due to: (1) it may 
be expressed to high level in some types of cancer and (2) Cdc37 controls multiple 
signaling pathways. This indicates a potential for: (1) selectivity due to its elevated 
expression and (2) robustness as the co-chaperone may control multiple growth sig-
naling pathways and thus be less prone to evolution of resistance than other onco-
proteins. Cdc37 may also be involved in other aspects of pathophysiology. Protein 
aggregation disorders have been linked to molecular chaperones and to age related 
declines in molecular chaperones and co-chaperones. Cdc37 appears to be a poten-
tial agent in longevity due to its links to protein folding and autophagy and it will 
be informative to study the role of Cdc37 maintenance/decline in aging organisms.

Keywords Cdc37 · Hsp90 · Protein kinase · Cancer

This work was supported by NIH research grants RO-1CA047407, R01CA119045 and 
RO-1CA094397



104 S. K. Calderwood

Introduction

Folding of many proteins in the cell to a fully functional conformation requires 
the influence of molecular chaperones (Ellis 2007). Such molecules appear to be 
required to inhibit the formation of alternatively folded conformations that lack ca-
nonical gene function, and permit the majority of the translated protein to assume its 
functional shape. It is now accepted by many that molecular chaperones play essen-
tial roles in cellular pathology as well as in normal function and roles for chaperone 
overexpression in tumorigenesis and tumor progression have been described while 
failure in chaperone function may underlie processes in aging (Calderwood et al. 
2009; Ciocca et al. 2013; Ciocca and Calderwood 2005; Jinwal et al. 2012). The un-
derlying causes of increased chaperone expression in cancer and loss of chaperone 
activity in aging have not currently been deduced. It has been assumed that elevated 
amounts of proteins with or without oncogenic mutations accumulate in cancer in-
creasing the “folding burden placed on cancer cells (Calderwood and Gong 2012). 
However direct proof for such a hypothesis is required. It is known that chaperones 
such as Hsp27, Hsp70 and Hsp90 often undergo enhanced expression during cancer 
development and play roles in many of the key steps in cancer development such 
as acquisition of independent growth, escape from oncogene mediated programmed 
cell death and senescence, de novo angiogenesis invasion and metastasis (Calder-
wood et al. 2006; Ciocca and Calderwood 2005). This may point to key regulatory 
roles for the chaperones in cancer. In addition Hsp27, Hsp70 and Hsp90 are all 
regulated at the transcriptional level primarily by heat shock factor 1 (HSF1) a pro-
tein that responds to both stress and cancer signals, leading to potent HSP synthesis 
and enhanced tumorigenesis (Ciocca et al. 2013; Santagata et al. 2011). Interactions 
between HSF1 and Hsp90 are particularly intriguing, as transcriptional activation of 
HSF1 leads to Hsp90 increases, while Hsp90 is a potent HSF1 repressor, a tautol-
ogy with some significance in cellular responses to Hsp90 targeting drugs (Boell-
mann et al. 2004; Zou et al. 1998). Many members of the molecular chaperone 
family require accessory proteins known as co-chaperones in order to function at 
significant rates in cells (Calderwood 2013). Co-chaperones may be decisive in the 
selection of Hsp90 clients within the cell and may determine the rate of polypeptide 
folding and the ability of chaperones to stably interact with unstable proteins (Cox 
and Johnson 2011). Optimal Hsp90 activity involves a wide range of co-chaperones 
including Sgt1, p23, Aha1, Cdc37, Hop, Cyp40, FKBP1, FKBP2, PP5 phosphatase, 
TTC4, TTC5 and XAP2 which regulate the chaperoning cycle as well as function 
and localization in the cells (Calderwood 2013; Cox and Johnson 2011). The subject 
of the current review is the Hsp90 co-chaperone role of Cdc37.

As would be surmised from its name, the CDC37 gene was discovered in a 
screen for cell division cycle genes in S. cereviseae (Reed 1980). It has since been 
shown to be conserved to man, although Cdc37 homologs in plants have not been 
reported. Despite its discovery in a cell cycle screen, the Cdc37 protein apparently 
does not perform a traditional cell cycle checkpoint role, such as has been attributed 
to the cyclins and cell division kinases (cdk), and instead appears to function largely 
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by enhancing the stability and activities of protein kinases, including cdks (Caplan 
et al. 2007a, b; Pearl 2005). Cdc37 has emerged as a co-chaperone that is required 
for the stable folding of a wide spectrum of protein kinases when complexed with 
Hsp90 and has thus emerged as an important signal transduction molecule (Ca-
plan et al. 2007a; Gray et al. 2008). Indeed recent proteomic studies confirmed that 
Hsp90 interacted with a wide range of kinases and that the majority of these inter-
actions were shared with Cdc37 (Taipale et al. 2012). This was in contrast with the 
findings regarding transcription factors, including steroid hormone receptors, only 
a few of which proteins seemed to interact significantly with Hsp90 or Cdc37 (Tai-
pale et al. 2012). Hsp90 has been shown to bind to client proteins and lead to their 
optimal folding in a series of reactions that can be regarded as involving a cycle 
of ATP-dependent conformational changes within the Hsp90 molecule (Fig. 5.1; 
Calderwood 2013; Cox and Johnson 2011; Taipale et al. 2010). Hsp90 carries out 
its molecular chaperone functions as a dimer. Such Hsp90 dimers bind to the client 
while in an open conformation and then are converted to a more closed confor-
mation on binding of ATP, a conformation in which substrates are tightly bound. 
The exact nature of the Hsp90-client binding interaction is however still somewhat 
obscure. Release of bound, folded client proteins from the Hsp90 involves ATP 

ATP

ADP

HSP90 open

HSP90 closed

Cdc37

Role of Cdc37 
In the Hsp90
Chaperone cycle

Fig. 5.1  Role of Cdc37 in the Hsp90 chaperone cycle. The figure depicts the HSP90 dimer going 
through a cycle of ATP binding and hydrolysis. ATP bound HSP90 is capable of client binding 
while ATP hydrolysis and ADP dissociation leads to client release. The bound client undergoes 
folding during this cycle. Cdc37 inhibits the ATP hydrolysis step and permits prolonged associa-
tion of Hsp90 dimers with client proteins and more effective chaperone activity. In addition to 
association with Hsp90, Cdc37 also binds the client in a ternary complex (not shown). Client bind-
ing to Hsp90 and to Cdc37 both assist in molecular chaperone function

 



106 S. K. Calderwood

hydrolysis, a reaction that leads to loss of affinity for the client protein (Fig. 5.1). 
Cdc37 binding to Hsp90 appears to inhibit this latter ATPase activity of Hsp90 and 
to permit prolonged interactions between chaperone and client (Fig. 5.1)(Cox and 
Johnson 2011). During the interaction with Hsp90, Cdc37 binds both to the client 
kinase as well as to hsp90 itself and both interactions are required for chaperone 
function (Gray et al. 2008). Cdc37 binds to the highly conserved N-loop of protein 
kinases and is thought to stabilize the aC-b4 loop, while Hsp90 binds both the N 
and C lobes (Discussed in more detail in Gray et al 2008). , Two distinct client in-
teraction domains have been described in mammalian Cdc37, including a conserved 
N-terminal domain as well as a C terminal domain that is not conserved in yeast 
Cdc37 (Calderwood 2013). Thus Cdc37 is a molecular chaperone itself that, at least 
in Yeast appears to have independent protein interaction functions but that in mam-
malian cells more commonly operates in cooperation with Hsp90 to optimally fold 
the structures of protein kinases (MacLean and Picard 2003; Turnbull et al. 2005). 
Cdc37 has been shown to bind to the catalytic domains of a large number of client 
kinases, structures that appear to be conserved in all protein kinases suggesting a 
common mode of interaction with a range of such enzymes (Caplan et al. 2007a; 
Taipale et al. 2012; Vaughan et al. 2006). However, such Cdc37-kinase interactions 
are by no means uniform in nature. For instance Hsp90-Cdc37 complexes are re-
quired to maintain Cdk4 in folded conformation only until such kinases encounter 
the regulatory Cyclin D1 subunits when they then become chaperone-independent 
rev. (Caplan et al. 2007a). The oncogenic receptor tyrosine kinase ERBB2 by con-
trast requires persistent association with Hsp90-Cdc37 complexes for stability and 
activity (Caplan et al. 2007a). Indeed quantitative studies of Hsp90/Cdc37 complex/
kinase client interactions show that even closely related kinase family members 
interact with quite different affinities. Another principle involved in Cdc37/client 
interactions seems to be that the chaperone complex binds most avidly to the more 
unstable protein kinases and stabilization of clients led to reduced association (Tai-
pale et al. 2012). In addition, it has been shown that the exchange of ATP in acti-
vated kinase clients during enzymatic activity leads to their increased instability 
and enhanced chaperone binding (Gray et al. 2008). Interestingly, but in accordance 
with the prior statements, it would appear that protein kinase catalytic activities may 
be reduced under Cdc37/Hsp90 complex-bound conditions, as determined for the 
LKB1 kinase (Taipale et al. 2012). Dissociation of LKB1 from the Cdc37/Hsp90 
complex led to transient activation of kinase activity prior to degradation via a path-
way involving association with Hsp70 family proteins, recruitment of ubiquitin li-
gase CHIP and breakdown in the proteasome (Xu and Neckers 2012).

Posttranslational Modifications of Cdc37 and Hsp90

The Hsp90/Cdc37 interaction is also regulated by posttranscriptional modifications 
(PTM) that affect profoundly the chaperoning cycle. Both proteins appear to be sub-
strates for casein kinase 2 (CK2), an enzyme that is in fact also a client (Miyata and 
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Nishida 2005). CK2 phosphorylates Cdc37 on serine 13, a modification with pro-
found impact on function, leading to formation of stable complexes with the clients 
(Miyata and Nishida 2005). In addition CK2 phosphorylates Hsp90 on threonine 
(T) 22 in yeast (human T36), an interaction that stabilizes binding to co-chaperones 
Cdc37 and Aha1 (Mollapour et al. 2011). CK2 is thus a key enzyme in Hsp90/
Cdc37 client folding. Recently it has been shown that tyrosine (Y) phosphoryla-
tion also has profound effects on Hsp90/Cdc37 activities. Cdc37 phosphorylation 
on Y4 and Y298 disrupts client association while Hsp90 phosphorylation on Y197 
leads to dissociation of Cdc37. (Xu et al. 2012; Xu and Neckers 2012) The enzyme 
implicated in these modifications is the non-receptor tyrosine kinase Yes (Summy 
et al. 2003; Xu et al. 2012). The findings thus suggest profound regulation of each 
step of the Cdc37/Hsp90 chaperoning cycle by PTMs.

Cdc37 in Cell Proliferation and Cancer

As a cell cycle division protein, required to drive cell proliferation, it is probably not 
surprising that CDC37 appears to play a positive role in tumorigenesis (Gray et al. 
2008; Stepanova et al. 2000a). An early hint suggesting such a role was provided 
by the finding of a requirement for Cdc37, along with Hsp90 in the transforming 
functions of the viral oncogene p60v-src (Dey et al. 1996; Perdew et al. 1997). 
More conclusive evidence for a transforming role for Cdc37 was next provided by 
the finding that overexpression of the cdc37 gene in transgenic mice could lead to 
elevated rates of prostate tumorigenesis, a process that was amplified by co-expres-
sion of the proto-oncogene c-Myc (Stepanova et al. 2000b). Subsequently other 
cancer types such as anaplastic large cell lymphoma, acute myeloblastic leukemia, 
multiple myeloma and hepatocellular carcinoma have been shown to express high 
levels of cdc37 (rev.) (Gray et al. 2008). The exact upstream mediator of Cdc37 
tumorigenesis might be currently difficult to tie down due to the large numbers 
of potential Hsp90/CDc37 targets with potential roles in carcinogenesis. Probable 
candidates could include: (1) Activity of the androgen receptor (AR) (Heinlein and 
Chang 2004). While most steroid hormone receptors require Hsp90 for optimal 
folding and activity, only AR has been shown to be dependent on Cdc37 (Fliss et al. 
1997; Rao et al. 2001). Indeed Cdc37 knockdown in AR + LnCaP cells was shown 
to lead to the loss of androgen-dependent AR-mediated transcriptional activity and 
to a reduction in target PSA expression (Gray et al. 2007). It may be significant that 
Cdc37 has been found to be associated with the AR co-activating protein Vav3 (Wu 
et al. 2013). Disruption of AR-Vav3 interactions inhibited the co-activating effects 
of Vav3 (Wu et al. 2013). AR has been shown to be essential for the early stages 
in prostate tumorigenesis and to even play unpredicted roles in castration-resistant 
forms of PCa. Thus a role for Cdc37 in fostering AR activity and prostate carci-
nogenesis might be postulated. However other promising candidates for CDC37 
targets exist. Protein kinases are the preferred clients of Cdc37 and upward of 50 % 
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of kinases may require Cdc37 to a greater or lesser degree (Gray et al. 2008). It 
has been shown that the phosphatidyl inositol—3 kinase (PI-3K) pathway plays 
a key driving role in prostate carcinogenesis and that the PI-3K inhibitory path-
way, mediated through the lipid phosphatase PTEN inhibits this process (Bitting 
and Armstrong 2013). Indeed, inactivation of PTEN leads to spontaneous prostate 
carcinogenesis. It was also shown that knockdown of Cdc37 led to inhibition of 
Akt, the kinase directly downstream of PI-3K as well as to inhibition of the S6 
ribosomal protein, a substrate of the mTORC1 kinase complex, another enzyme 
regulated downstream of PI-3K (Gray et al. 2007). The mTORC1 pathway has been 
shown to play key roles in cancer progression by boosting the rate of translation and 
permitting elevated protein synthesis in cancer cells. Other potential Cdc37 depen-
dent targets could include receptor tyrosine kinases such as EGFR and HER2/neu 
that are CDC37 clients and could also play roles in prostate cancer (Calderwood S. 
K. et al. in preparation), (Lavictoire et al. 2003). However, as there is currently no 
definitive proof for any of these pathways and other candidates such as no-receptor 
tyrosine kinases of the Src family as well as mutant or over-expressed KIT, MET, 
ALK and RAF could play roles.

Cdc37 and Cancer Treatment

The dependence of cancer, particularly prostate cancer cells, on Cdc37 suggests 
this molecule as a potential target. This approach would have the decided advantage 
of leading to multi-targeting and the potential for evasion of resistance in contrast 
to targeting individual oncoproteins, in which evolution of resistance is problem-
atic. Cdc37 knockdown was shown to reduce proliferation to minimal levels in a 
range of malignant cell types (Gray et al. 2008; Gray et al. 2007; Smith and Work-
man 2009). A natural product-based drug has recently been isolated that can disrupt 
Hsp90/Cdc37 interactions. This compound Celastrol could thus be envisaged as a 
potential drug for targeting Cdc37 activity in cancer (Salminen et al. 2010). How-
ever, this compound is lacking in specificity, was shown to directly inhibit both 
IκκB kinase activity and the function of the proteasome and to induce HSF1 activity 
(Calderwood 2013). No doubt future endeavors will lead to further Cdc37-targeted 
drugs with higher specificity.

Roles for Cdc37 in Autophagy and Protein Aggregation 
Disorders

Unsurprisingly, with its versatile role in kinase activation, Cdc37 appears to play 
roles in cell pathology outside of cancer. The Hsp90-Cdc37 complex appears to 
participate in the upstream activation of autophagy, one of the primary pathways 
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in protein quality control and longevity (Calderwood et al. 2009). Autophagy is 
significant in protein homeostasis in that bulky protein aggregates or damaged or-
ganelles that cannot enter the lumen of the proteasome for proteolytic digestion can 
be enveloped by autophagosomes and broken down (Calderwood et al. 2009). The 
Cdc37-Hsp90 complex was shown to stabilizes and activate ULK1, a protein kinase 
that phosphorylates Atg1 one of the first steps in initiating the autophagy pathway 
and in this way regulated mitophagy, a specialize autophagy-like process involved 
in breaking down damaged mitochondria (Joo et al. 2011). Cdc37-fostered autoph-
agy may be important in neurodegenerative diseases such as Amyotrophic Lateral 
Sclerosis and Alzheimer disease, that are components of the aging process and 
chaperone complexes may be involved in clearance of misfolded proteins through 
the autophagy pathway (Jinwal et al. 2012).

Conclusions

Thus Cdc37, as a major component of the protein complex that controls the folding 
of protein kinases in the cell stands at the hub of a multitude of intracellular signal-
ing networks (Caplan et al. 2007a; Gray et al. 2008; Karnitz and Felts 2007). Its 
effects thus reach beyond the housekeeping pathways of protein folding into a wide 
range of cellular processes. Further developments may await more information as 
to the exact role of Cdc37 in molecular chaperone function.

Due to its influence in cell growth pathways Cdc37 has attracted much attention 
as a potential intermediate in carcinogenesis and indeed proof of concept studies in 
cell lines indicate that Cdc37 is required for cancer cell signaling and that quench-
ing the influence of the co-chaperone prevents malignant cell growth (Gray et al. 
2008). Cdc37 might be an attractive potential target in cancer due to (1) the fact that 
it may be expressed to high level in some types of cancer and (2) controls multiple 
signaling pathways. This indicates a potential for: (1) selectivity due to its elevated 
expression and (2) robustness as the co-chaperone may control multiple growth sig-
naling pathways and may thus be less prone to evolution of resistance than for other 
oncoproteins. Currently specific agents to target Cdc37 are not available.

Protein aggregation disorders have been linked to molecular chaperones and to 
age related declines in molecular chaperones and co-chaperones (Calderwood et al. 
2009). Cdc37 appears to be a potential agent in longevity due to its links to protein 
folding and autophagy and it will be informative to study the role of Cdc37 main-
tenance/decline in aging organisms. The development of agents that might increase 
Cdc37 levels may thus be called for to remedy aging relate shortfalls (Fig. 5.2).
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Abstract Hsp90 is a conserved molecular chaperone and is responsible for the fold-
ing and activation of several hundred client proteins, involved in various cellular 
processes. The large number and the diversity of these client proteins demand a high 
adaptiveness of Hsp90 towards the need of the individual client. This adaptiveness 
is amongst others mediated by more than 20 so-called cochaperones that differ in 
their actions towards Hsp90. Some of these cochaperones are able to modulate the 
ATPase activity of Hsp90 and/or its client protein binding, folding and activation. 
p23 and Aha1 are two prominent examples with opposing effects on the ATPase 
activity of Hsp90. p23 is able to inhibit the ATP turnover while Aha1 is the strongest 
known activator of the ATPase activity of Hsp90. Even though both cochaperones 
are conserved from yeast to man and have been studied for years, some Hsp90-
related as well as Hsp90-independent functions are still enigmatic and under current 
investigation. In this chapter, we first introduce the ATPase cycle of Hsp90 and then 
focus on the two cochaperones integrating them in the Hsp90 cycle.

Keywords Hsp90 · p23 · Aha1 · Hch1

The Hsp90 ATPase Cycle

The molecular chaperone Hsp90 is required for the folding, activation and matu-
ration of several hundred client proteins with diverse cellular functions (McClel-
lan et al. 2007; Taipale et al. 2012). It is a flexible dimer in which each protomer 
consists of an N-terminal- (ND), middle- (MD) and C-terminal domain (CD). The 
N-terminal domain, responsible for ATP binding and hydrolysis (Prodromou et al. 
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1997), is connected via a charged region (CR) to the middle domain (Hainzl et al. 
2009; Wayne and Bolon 2010; Tsutsumi et al. 2012). The middle domain is thought 
to be important for client protein binding (Meyer et al. 2003; Hawle et al. 2006; 
Lorenz et al. 2014). The C-terminal domains are responsible for the dimerization of 
the protein (Nemoto et al. 1995). They are essential for viability and client activa-
tion (Wayne and Bolon 2007).

During one cycle of ATP hydrolysis, as shown in Fig. 6.1, Hsp90 changes from 
an open, nucleotide-free conformation to a closed, ATP-bound state (Sullivan et al. 
1997; Ali et al. 2006; Hessling et al. 2009; Mickler et al. 2009). It has been recently 
shown that binding of ATP to both subunits, but not the hydrolysis of both nucleo-
tides is essential (Mishra and Bolon 2014). Binding of the nucleotides induces the 
closing of the ATP lid and the subsequent dimerization of the N-terminal domains, 
leading to a conformation called “closed 1” state (Li et al. 2013). This is only par-
tially closed and ATP exchange is still possible. Next, a reorientation of the middle 
domains occurs, leading to contacts between the N- and M-domains. This “closed 
2” position represents the state in which ATP is hydrolyzed (Li et al. 2013). After 
hydrolysis, Hsp90 returns to the open state thereby releasing the hydrolysis prod-
ucts ADP and Pi.

Even though Hsp90’s chaperone function relies on the ATPase activity (Ober-
mann et al. 1998; Panaretou et al. 1998), the ATP turnover is very slow. For yeast 
Hsp90 1 ATP per minute is hydrolyzed (Panaretou et al. 1998). For human Hsp90 
one turnover takes 10 min (McLaughlin et al. 2002). This slow ATPase activity 
is not a consequence of a slow binding or hydrolysis of ATP, but rather due to the 
large conformational changes within the protein (Weikl et al. 2000; Hessling et al. 
2009). These conformational changes and hence the ATPase activity of Hsp90 can 
be modulated by the cohort of Hsp90 cochaperones.

Hsp90 cochaperones are divided into two subgroups according to the presence 
of a TPR-domain (tetratricorepeat): TPR-cochaperones and non-TPR-cochaperones 
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(Wandinger et al. 2008). Most Hsp90 cochaperones are TPR-proteins and therefore 
interact with the C-terminal MEEVD-motif of Hsp90. The only exception here is 
the cochaperone Sgt1, which interacts despite the presence of a TPR-domain with 
the N-terminal domain of Hsp90. In contrast to the TPR-cochaperones, the number 
of known non-TPR cochaperones is much smaller. p23 and Aha1 are two prominent 
examples of non-TPR proteins.

The Cochaperone p23

Discovery and Occurrence

p23 is a highly acidic protein which was first identified in a complex with Hsp90 
and the avian progesterone receptor (Johnson et al. 1994). It was named, like sev-
eral other chaperones, according to its molecular weight and is hence the small-
est cochaperone of the Hsp90 machinery. p23’s existence is however not confined 
to Hsp90 complexes, as it fulfills several Hsp90-independent functions in the cell 
(Echtenkamp et al. 2011). The identification of p23 from yeast to man suggests 
that p23 is a conserved protein (Johnson et al. 1994). Subsequent studies and the 
increasing existence of genome sequences allowed the identification of p23-like 
proteins in plants (Krishna and Gloor 2001; Cha et al. 2009; Zhang et al. 2010), 
which may differ in their effects on Hsp90. p23 is expressed in all mammalian 
tissues with the exception of striated muscles, where its homologue tsp23 is ex-
pressed instead (Freeman et al. 2000; Grad et al. 2006). Within the eukaryotic cell, 
the localization of this small protein is still not completely clear. The fact that the 
p23 sequence does not contain any known localization signals, defines the protein 
as cytoplasmatic. Nevertheless, it was also found in the nucleus (Picard 2006b; Ge 
et al. 2011), which is in agreement with newly identified functions of p23 in this 
compartment (Echtenkamp et al. 2011; Zelin et al. 2012). Questions like how p23 
reaches these destinations and what portions of cellular p23 are localized in these 
cellular compartments are still elusive. Moreover, p23-Hsp90-complexes were also 
found outside the cell, implying an extracellular, not yet completely understood 
function of p23 (Eustace and Jay 2004; Sims et al. 2011).

Structure

First structural investigations of p23 based on protease sensitivity and CD-
spectroscopy suggested a β-sheet fold with an unstructured C-terminal region 
(Weikl et al. 1999). This view was confirmed by crystal structures of human and 
yeast p23 (Weaver et al. 2000; Ali et al. 2006) as well as NMR studies (Martinez-
Yamout et al. 2006). According to atomic structures, p23 can be divided in a sta-
bly folded N-terminal domain, organized as a seven stranded β-sandwich and a 
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flexible, unstructured C-terminal tail. The flexible nature of the C-terminal region 
required the 35 C-terminal amino acids to be deleted to obtain crystals of human 
p23 (Weaver et al. 2000), while the C-terminal tail could simply not be resolved in 
the structure of the yeast protein (Ali et al. 2006).

The folded β-sandwich structure is not only conserved within the p23 family (see 
Fig. 6.2a) but is also highly homologous to the core domain of small heat shock 
proteins like MjHsp16.5, from Methanococcus jannaschii (Kim et al. 1998), and 
Hsp16.9B, from wheat (van Montfort et al. 2001), even though sequence alignments 
between p23 and the sHsps show little similarities. This conserved fold was sug-
gested to be part of an ancient and large family of proteins with diverse size and 
functions (Garcia-Ranea et al. 2002). Subsequently, the “p23-domain” has been 
found in other protein families, including proteins like Sgt1, Rar1 and NudC (Gar-
cia-Ranea et al. 2002). All identified proteins use the p23 domain for interactions 
with their corresponding partners (Matsuzawa and Reed 2001; Garcia-Ranea et al. 
2002; Zhu et al. 2010). For p23 and Hsp90 it had been first shown biochemically that 
the absence of the C-terminal tail does not interfere with Hsp90 binding (Weikl et al. 
1999). It was later confirmed in the crystal structure of yeast p23 and Hsp90 that the 
interaction sites are located in the folded N-terminal domain of p23 (Ali et al. 2006).

The C-terminal domain of p23 however, which is essential for the Hsp90-
independent chaperone activity (Weikl et al. 1999; Forafonov et al. 2008), is quite 
diverse (see Fig. 6.2b). The reconstruction of a phylogenetic tree of p23 sequences 
showed that p23 can be further divided into 3 subgroups as depicted in Fig. 6.2b 
(Zhu and Tytgat 2004):

1. Human p23-like homologues
2. Yeast p23-like homologues
3. B-ind1-like-homologues

The characteristic of the first group is an acidic region at the very C-terminus 
(Weaver et al. 2000). In the yeast p23-like proteins, this region is interjected with a 
GM/A rich region (Fang et al. 1998). This additional domain might be the result of 
an exon shuffling (Zhu and Tytgat 2004). B-ind1-like (butyrate-induced 1) homo-
logues are composed of two domains, where the N-terminal domain is homologous 
to p23 and the C-terminal domain possesses homology with putative tyrosine phos-
phatase-like domain, member A (PTPLA) (Courilleau et al. 2000; Taguwa et al. 
2008). The reason for the diversity of the C-terminal tail in length and sequence 
composition is still unclear, even though it is tempting to speculate that this diver-
sity correlates with its chaperone activity.

Functions of p23

Interaction with Hsp90

Even though p23 was first identified in complex with Hsp90 and the proges-
terone receptor (Johnson et al. 1994) and later also shown to be important for 
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the folding of further steroid hormone receptors (Hutchison et al. 1995; Knob-
lauch and Garabedian 1999), it was also shown to bind to Hsp90 in the absence 
of client proteins (Johnson et al. 1994; Sullivan et al. 1997). This interaction is 
nucleotide-dependent in vivo as well as in vitro and ATP-competing inhibitors of 
Hsp90 like geldanamycin or macbecin prevent complex formation (Sullivan et al. 
1997; Johnson and Toft 1994; Fang et al. 1998). These observations suggested 
for the first time a two-state model for Hsp90, where either ATP/p23 or ADP are 
bound (Sullivan et al. 1997; Prodromou et al. 2000; Sullivan et al. 2002). Since 
then, numerous studies were performed to analyze the Hsp90 ATPase cycle and 
to dissect the conformational states cochaperones are able to bind to (Hessling 
et al. 2009; Li et al. 2011; Li et al. 2013). p23 recognizes and binds to the closed, 
N-terminally dimerized conformation of Hsp90, more specifically the closed 2 
state, thus being a conformation-specific cochaperone (Li et al. 2013). The crystal 
structure of yeast p23 and Hsp90 in the presence of the non-hydrolysable ATP-
analogue AMP-PNP shows that the folded domain of p23 binds to the junction of 
the two N-domains of Hsp90, thereby interacting with both monomers (Ali et al. 
2006). Two out of three identified interactions sites between p23 and Hsp90 are 
located in the N-domain of Hsp90, while the third one shows interaction with resi-
dues of the middle domain. NMR studies with human p23 and Hsp90 suggested 
additional interactions with the middle domain (Martinez-Yamout et al. 2006; 
Karagöz et al. 2011) and some of them could even be formed in the absence of nu-
cleotides (Martinez-Yamout et al. 2006). Whether the unstructured C-terminal tail 
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Fig. 6.2  Structural insights into p23. a Overlay of the N-terminal domains of yeast and human p23 
demonstrate the conserved β-sheet fold. b Schematic presentation of p23 indicating the diverse 
C-terminal domains of p23, modified from Zhu and Tytgat (2004). Human p23 carries a charac-
teristic acidic region at the very C-terminus, which is interjected by a GM/A rich region in yeast 
p23-like proteins. B-ind1-like variants have a PTPLA-domain (putative tyrosine phosphatase-like, 
member A) fused to an N-terminal domain with significant homology to p23
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is attached to Hsp90 is not completely certain, even though no further peak shifts 
were observed in NMR studies with full-length p23 compared to a C-terminal 
deletion mutant (Martinez-Yamout et al. 2006).

A further enigma is the stoichiometry of the p23-Hsp90 complex. A 1:1 as well 
as a 2:1 [p23:Hsp90-Dimer] stoichiometry had been suggested (Sullivan et al. 2002; 
Richter et al. 2004; Siligardi et al. 2004; Karagöz et al. 2011). Also, the binding 
mode is still unclear, as a negative as well as a positive allosteric effect had been 
described (Richter et al. 2004; Karagöz et al. 2011). It is also imaginable that the 
stoichiometry of the complex changes according to cellular conditions like stress, 
client protein folding or protein availability (Lorenz et al. 2014).

The interaction between Hsp90 and p23 leads to inhibition of the ATPase of 
Hsp90 (Richter et al. 2004; Siligardi et al. 2004; McLaughlin et al. 2006). p23 dif-
fers greatly in its inhibition mechanism as compared to other inhibitory cochaper-
ones like Hop/Sti1. While Hop/Sti1 keeps Hsp90 in an open conformation by inhib-
iting association of the N-terminal domains and hence ATP hydrolysis (Richter et al. 
2003), p23 solely binds to the ATP-bound, hydrolysis-competent state of Hsp90. 
Consequently, only two possible inhibition mechanisms come into question: Either 
p23 inhibits the hydrolysis process itself or impedes the subsequent release of the 
products ADP and Pi and hence the re-opening of Hsp90. There is experimental 
evidence for both mechanisms. The crystal structure shows the catalytic loop in a 
hydrolysis-active position in the presence of p23 (Ali et al. 2006), thereby favoring 
a decelerated release. NMR data on the other hand show a change in the nucleotide 
environment upon p23 binding (Karagöz et al. 2011). Plant p23-like proteins are 
conserved in their binding to plant Hsp90, but unlike their animal counterparts, they 
do not inhibit the plant Hsp90 activity, implying that different modes of actions 
have been evolved for the function of p23 proteins (Zhang et al. 2010).

How p23 Assists Hsp90 in Client Protein Folding

The class of steroid hormone receptors (SHR) is one of the most stringent and best 
studied classes of Hsp90 clients (Pratt et al. 1996; Pratt and Toft 1997; Smith and 
Toft 2008). p23 is next to Hsp70, Hsp40, Hsp90, Hop/Sti1 part of a minimal set 
of proteins needed to chaperone the SHRs to their active state in cell-free extracts 
(Dittmar et al. 1996; Pratt and Dittmar 1998). In current models, the unfolded SHR 
is first associated with Hsp70 and Hsp40 forming the so called early complex. With 
the aid of the co-chaperone Hop, the client protein is brought into contact with 
Hsp90, resulting in the intermediate complex. After transfer to Hsp90 and exchange 
of Hop by p23 the late-stage complex is formed (Picard 2006a). p23 stabilizes this 
complex, keeping the ligand binding cleft open and thus prolonging the time for 
steroid binding (Hutchison et al. 1995; Dittmar et al. 1997; Grad and Picard 2007). 
p23 dissociation and SHR release are coupled with the hydrolysis of ATP (Young 
and Hartl 2002). The absence of p23 resulted in either SHR-Hsp90 disassembly 
or SHR aggregation (Johnson and Toft 1994; Dittmar and Pratt 1997; Morishima 
et al. 2003). In cellular studies however, the role of p23 is not that clear. Activating 
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(Freeman et al. 2000) as well as inhibiting (Wochnik et al. 2004) effects of p23 were 
shown for glucocorticoid receptor (GR) activity. The fact that p23-null mice die 
shortly after birth due to an incompletely formed skin barrier and a deficient lung 
development, a phenotype comparable to GR deficient mice, shows that GR is an 
important target (Grad et al. 2006). p23 acted stimulatory on estrogen receptor (ER) 
activity (Oxelmark et al. 2003; Oxelmark et al. 2006), while it inhibited androgen 
receptor- (AR) and thyroid hormone receptor (TR) activities (Freeman et al. 2000).

The C-terminal tail of p23 might also play a role in this process, as SHR-com-
plexes showed a reduced hormone binding activity in the presence of C-terminal 
deletion mutants (Weaver et al. 2000; Oxelmark et al. 2003).

The minimal set of components was also used to chaperone the reverse transcrip-
tase (RT) of the hepadnavirus (Hu et al. 2002). Here p23 was not needed for RT 
activity and only enhanced the kinetics of the reconstitution, demonstrating that not 
every Hsp90 client is stringently dependent on p23 as a cochaperone.

Hsp90 Independent Functions

Using genetic and proteomic screening methods together with gene ontology analy-
sis, the cellular interactome of p23 was analyzed (Echtenkamp et al. 2011). Surpris-
ingly, p23 did not only show an overlapping interactome with Hsp90 but an even 
larger number of interactions independent of Hsp90 were identified. Thus p23 pos-
sesses its own set of interacting proteins, implying a biological role broader than 
that of an Hsp90 cochaperone, as described below (Freeman et al. 1996; Freeman 
et al. 2000; Echtenkamp et al. 2011).

The Function of p23 as a Chaperone

The function of p23 to suppress protein aggregation and thus exhibiting chaperon-
ing activity on its own was already reported in 1996 (Bose et al. 1996; Freeman 
et al. 1996). This function is conserved from yeast to man and was also shown 
to apply for the plant homologues (Cha et al. 2009). As p23 acts independently 
of ATP, it is not able to refold proteins, but it is able to hold the protein in a re-
folding-competent state, as demonstrated for the model substrate β-galactosidase 
(Freeman et al. 1996). In this context, the C-terminal tail of p23 plays an essential 
role, as deletions in this region resulted in loss of this function (Weikl et al. 1999; 
Weaver et al. 2000). Nevertheless, the C-terminal tail is not able to suppress aggre-
gation on its own, suggesting an interplay of the C-terminal tail with the N-terminal 
core domain (Weikl et al. 1999). The detailed mechanism of this chaperoning ac-
tivity remains however elusive. It is striking that caspases, which are a hallmark 
of apoptosis, are able to cleave within the C-terminus of p23, thereby attacking its 
chaperoning function (Gausdal et al. 2004; Mollerup and Berchtold 2005). Trun-
cated p23 is then further degraded by the proteasome and this might therefore be a 
way to attack the Hsp90 machinery (Mollerup and Berchtold 2005), which is known 



120 A. B. Rehn and J. Buchner

to play a protective role during apoptosis (Pandey et al. 2000; Lanneau et al. 2007). 
The fact that p23’s chaperone function has evolved as a point of attack demonstrates 
the importance of this protein.

Nuclear Functions of p23

As mentioned before, p23 is not only localized in the nucleus but also shows a 
bias for nuclear processes (Freeman et al. 2000; Echtenkamp et al. 2011). p23 was 
found to play a role in telomere maintenance (Toogun et al. 2007), DNA repair 
(Echtenkamp et al. 2011) and transcription processes (Zelin et al. 2012). Even 
though Hsp90 and p23 have long been known to be involved in altering telomerase 
activity (Holt et al. 1999), the actions of both chaperones are independent and op-
posed. While Hsp90 promotes the assembly of the DNA-telomerase complex, p23 
fosters its disassembly (Toogun et al. 2008). Furthermore, this function relies on its 
chaperoning activity (Toogun et al. 2007).

p23 also initiates the disassembly of various other protein-DNA complexes and 
teams up with the acetyltransferase GCN5 to regulate transcriptional activities in re-
sponse to cellular signals (Zelin et al. 2012). In this recently discovered function of 
p23, GCN5 acetylates the released protein after the p23-induced disassembly of the 
protein-DNA complex. To control GCN5 action and re-assembly, p23 interacts with 
GCN5. Only the continuing existence of the transcription activating signal removes 
both the GCN5 and the inhibiting acetyl moiety to allow re-assembly of the protein 
to the DNA (Zelin et al. 2012).

By destabilizing various protein-DNA complexes in the nucleus, p23 provides 
the possibility to stop signaling and re-assemble protein-DNA complexes in re-
sponse to new internal and external stimuli. Hence, p23 contributes to a dynam-
ic signaling-response environment in the nucleus. Since the nuclear functions of 
p23 have only been recently addressed, future investigations may unravel further 
functions of p23 in this context.

The Cochaperone Aha1

Discovery and Occurrence

Compared to the discovery date of p23, Aha1 is a relative young cochaperone of 
Hsp90, as it was first described in this context in 2002 (Panaretou et al. 2002). 
One year earlier it was identified as a 38-kDa protein (p38) interacting with the 
vesicular stomatitis virus glycoprotein (VSV-G) and modulating its transit from 
the ER to the Golgi apparatus (Sevier and Machamer 2001). Due to its prominent 
function as an activator of the Hsp90 ATPase, the name Aha1 prevailed. Its iden-
tification as an Hsp90 cochaperone was based on a homology search of Hch1. 
This protein has been previously described as a “high copy suppressor of Hsp90 
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temperature-sensitive mutants” and was thus suggested to be an unidentified co-
chaperone (Nathan et al. 1999). The N-terminal part of Aha1 (aa 1–153) shares 
36 % sequence identity and 50 % similarity with Hch1, but possesses an additional 
C-terminal part (aa 154–350) (Panaretou et al. 2002).

Aha1 homologues are, like p23, conserved from yeast to man, whereas Hch1 
seems to be restricted to lower eukaryotes like S. cerevisiae and Candida albicans 
(Panaretou et al. 2002; Lotz et al. 2003). In higher eukaryotes (mainly mammels) 
an additional hitherto uncharacterized Aha1-related protein, namely Aha2, is fur-
thermore present. Aha1 is expressed in numerous tissues including kidney, brain, 
heart- and skeletal muscles (Sevier and Machamer 2001). Within the eukaryotic 
cell, Hch1 as well as Aha1 are mainly located in the cytoplasm, even though a small 
fraction of Aha1 was also found to associate with intracellular membranes (Sevier 
and Machamer 2001) and GFP-tagged Hch1 was also observed in the nucleus (Huh 
et al. 2003). Like for p23, it is still not clear how Aha1 and Hch1 migrate to different 
cellular compartments.

Structure

To date no structure of full-length Aha1 is available. Nevertheless, the isolated N- 
and C-domain were investigated and it was shown that Aha1 is a mixed α + β pro-
tein. Its N-terminal domain (1–153) was crystallized and revealed an N-terminal 
α-helix, followed by a four stranded, antiparallel β-sheet leading into a C-terminal 
α-helix (PDB code 1usu and 1usv) (Meyer et al. 2004). NMR studies of the C-
terminal domain also revealed the presence of several α-helices and β-sheets [(PDB 
code 1 × 53 and (Retzlaff et al. 2010)]. Both domains are linked by a coil-structure. 
Interestingly, phylogenetic analysis of Aha1 revealed that the two domains have 
evolved separately (Singh et al. 2014). It was hypothesized that the Aha1 N-domain 
originates from the protozoan Giardia and the Aha1 C-domain from the parasitic 
protozoan Entamoeba, as both organisms possess only the N-domain or C-domain, 
respectively (see Fig. 6.3a). Early eukaryotes have both domains, but expressed 
as separate proteins. Apicomplexan protozoan like P. falciparum or T. gondii even 
have Aha1 homologues containing two Aha1 N-domains. Higher eukaryotes ex-
press the fusion of both proteins, known as Aha1 (Singh et al. 2014). As mentioned 
above, organisms like S. cerevisiae separately express Hch1 and even higher eu-
karyotes express an additional Aha2 protein. The significance of these additional 
proteins is still not fully understood.

Functions of Aha1

Interaction with Hsp90

Aha1 as well as Hch1 have been identified as Hsp90-interactors by yeast-two-hy-
brid and co-immunoprecipitation assays (Panaretou et al. 2002). In complex with 



122 A. B. Rehn and J. Buchner

Hsp90, the N-terminal domain of Aha1 interacts with the middle domain of Hsp90, 
while the C-terminal domain of Aha1 contacts the N-domains of Hsp90 (Meyer 
et al. 2004; Retzlaff et al. 2010; Koulov et al. 2010). In our current model, the 
Aha1 N-domain serves as the primary binding site which is then followed by a bind-
ing of the C-terminal domain of Aha1 to the N-domains of Hsp90 once they dimer-
ize (Retzlaff et al. 2010). Consequently, Aha1 is able to interact with Hsp90 inde-
pendent of its nucleotide state (see Fig. 6.3b), even though higher binding affinities 
were observed for the nucleotide-bound state (Li et al. 2013). It had been recently 
reported that N-domain SUMOylation of Hsp90 is able to initiate the recruitment of 
Aha1 to Hsp90 (Mollapour et al. 2014). Many of the observed interactions between 
Aha1 and Hsp90 are of polar nature, thus explaining the salt-dependence of this 
complex (Panaretou et al. 2002; Meyer et al. 2004).

Via binding to Hsp90, Aha1 and Hch1 activate the ATPase activity of Hsp90 
even though Hch1 and the isolated N-domain of Aha1 do so to a significant lower 
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extent than full-length Aha1 (Panaretou et al. 2002; Retzlaff et al. 2010). The isolat-
ed C-terminal domain of higher eukaryotes is not able to stimulate the ATPase activ-
ity of Hsp90 on its own (Panaretou et al. 2002; Retzlaff et al. 2010), but potentiates 
the activity of a preformed Hsp90/Aha1-N-domain complex, implying an interplay 
between the two domains (Retzlaff et al. 2010). In the case of the lower eukaryote 
Entamoeba histolytica however, which only expresses the C-terminal domain of 
Aha1, a weak stimulation of Hsp90 by the C-domain of Aha1 was observed (Singh 
et al. 2014). The required interplay between the N- and C-domain of Aha1 to fully 
stimulate the ATPase of Hsp90 is further supported by two independent observa-
tions. First, mutations in the C-domain were identified that impaired the stimulation 
of the ATPase without altering the binding to Hsp90 (Koulov et al. 2010). Secondly, 
a chimeric fusion of Hch1 and the C-terminal domain of Aha1 was not able to 
reach Aha1-WT levels (Horvat et al. 2014). This result also shows that differences 
between Aha1 and Hch1 concerning their stimulation activities must derive in part 
from the interaction with the middle domain of Hsp90. For Aha1 we have structural 
information on the interaction of the Aha1 N-domain with the middle domain of 
Hsp90 (Meyer et al. 2004). In the presence of Aha1, the catalytic loop of Hsp90 har-
boring residue R380, which contacts the γ-phosphate of ATP, is switched to a con-
formation in which R380 is able to orient and polarize the γ-phosphate of ATP, nec-
essary for ATP hydrolysis (Meyer et al. 2004). Even though the exact role of R380 
is controversially discussed in the literature (Cunningham et al. 2012), the role of 
Aha1 in stabilizing the catalytic loop is indisputable. Responsible for that action 
is the RKxK-motif within Aha1, which is furthermore conserved within the Aha1 
family (Meyer et al. 2004). Mutation of this motif in Aha1 as well as in Hch1 lead to 
impaired stimulation of the Hsp90 ATPase, indicating that both proteins activate the 
ATPase by stabilization of the catalytic loop (Meyer et al. 2004; Horvat et al. 2014). 
Additionally, binding of Aha1 facilitates N-terminal dimerization of Hsp90 thus ac-
celerating the conformational rearrangements in Hsp90 and hence the ATP turnover 
(Hessling et al. 2009; Retzlaff et al. 2010). It is important to know, that only one 
molecule of Aha1 is sufficient to induce the full stimulatory effect as Aha1 is able 
to activate the ATP hydrolysis in both N-domains ( cis and trans) (Retzlaff et al. 
2010). Since full-length Aha1 is required for full stimulation, Hch1 may have fur-
ther functions. Recent studies revealed that deletion of Hch1 but not Aha1 conferred 
resistance to Hsp90 inhibitors (Armstrong et al. 2012), demonstrating that Aha1 and 
Hch1 have common as well as individual functions.

Client Protein Activation

Hitherto, Aha1 has been implicated to play a role in the folding and activation of 
several Hsp90 client proteins. A well-studied Hsp90 client is the viral tyrosine ki-
nase v-src. Experiments with Aha1-depleted yeast cells revealed that phosphoryla-
tion levels in the cell, as a read-out for v-src activity, are decreased, while ΔHch1-
cells showed no effect compared to WT (Panaretou et al. 2002). This indicates that 
Aha1, in contrast to Hch1, is an important factor for v-src activation. Notably, v-src 
activity was not enhanced by overexpression of Aha1 (Sun et al. 2012). For the 
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Hsp90 client GR, deletions of Aha1 and Hch1 in yeast as well as overexpression 
and silencing of Aha1 in human cells demonstrated that Aha1 contributes to the 
activation of this steroid hormone receptor (Harst et al. 2005). These findings led 
to the conclusion that Aha1 generally enhances Hsp90 function due to its ability 
to activate the ATPase activity. Nevertheless and in contrast to p23, no client pro-
tein complexes with Hsp90 and Aha1 were found for v-src or SHRs, even under 
complex stabilizing conditions like the presence of molybdate (Sun et al. 2012). A 
current study even shows that simultaneous binding of GR and Aha1 is not possible 
due to an overlapping binding site on Hsp90 (Lorenz et al. 2014). The absence of 
evidence for a Aha1/Hsp90/client-complex in combination with the observed in 
vivo effects raises the possibility that the interaction is either indirect, happens after 
client maturation or is simply too transient to detect (Sun et al. 2012).

Even though no direct interaction between Aha1, Hsp90 and the classic clients (v-
src and SHRs) are detectable, Aha1 was found in Hsp90-complexes with the cystic 
fibrosis regulator CFTR (Wang et al. 2006; Koulov et al. 2010), the adenine nucleo-
tide transporter ANT1 (Bhangoo et al. 2007) and Akt kinase (Sun et al. 2012). In the 
case of CFTR and especially its disease-related mutant ΔF508, the knockdown of 
Aha1 promoted the translocation to the plasma membrane (Wang et al. 2006). This 
result is consistent with the observation that Aha1 overexpression led to a decrease 
in Akt activation, implying that stimulation of the ATPase is not generally correlated 
to Hsp90’s ability to facilitate protein folding or activation (Sun et al. 2012).

Pull-down of Aha1 and subsequent MS analysis revealed several more Aha1 
interacting proteins that play a role in several cellular processes, among them DNA-
PKcs and Topo IIa. Most of the identified proteins are part of oligomeric complexes 
that contain components known to interact with Hsp90 (Sun et al. 2012). Therefore, 
Aha1 is thought to be involved in several further Hsp90-related processes. Until 
today no Hsp90-independent function of Aha1 has been described.

The Interplay Between p23 and Aha1 in the Hsp90 Cycle

p23 and Aha1 are Hsp90 cochaperones with opposing effects on Hsp90. While 
p23 inhibits the ATPase to about 50 % (Richter et al. 2004; Siligardi et al. 2004), 
Aha1 stimulates the ATP turnover up to 30-fold (Panaretou et al. 2002; Retzlaff 
et al. 2010). It therefore seems obvious that both cochaperones should not influence 
Hsp90 simultaneously. As Aha1 is able to bind to Hsp90 in the nucleotide-free as 
well as in the ATP-bound state, the Aha1-Hsp90 complex seems to be present dur-
ing different steps of the cycle while the p23-Hsp90 complex can only be formed in 
the nucleotide-bound state. The ability of Aha1 to bind to different conformations of 
Hsp90 entails at the same time the challenge of releasing this cochaperone to enable 
further cofactor or client protein binding. In this regard, p23 was shown to replace 
Aha1 from Hsp90 in a nucleotide-dependent manner. This is possible because both 
cochaperones share a binding site in the middle domain of Hsp90 (Meyer et al. 
2004; Ali et al. 2006; Röhl et al. 2013) and therefore compete for Hsp90 binding. 
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Consistent with p23’s selective binding to the nucleotide-bound conformation of 
Hsp90, p23 was able to fully replace Aha1 from Hsp90 in the presence of the ATP 
analogues ATPγS and AMP-PNP (Harst et al. 2005; Li et al. 2013), while only a par-
tial release of Aha1 was observed in the presence of ATP (Li et al. 2013). Whether 
the formation of a mixed ternary complex of Hsp90, Aha1 and p23 is possible is 
controversial as the previous in vitro and in vivo results have come to different con-
clusions (Harst et al. 2005; Sun et al. 2012; Li et al. 2013).

The current knowledge allows the integration of p23 and Aha1 in the Hsp90 
cycle (see Fig. 6.4). First, the N-domain of Aha1 binds to the open conformation of 
Hsp90 thereby promoting N-terminal dimerization of Hsp90 leading to the closed 1 
conformation. The dimerized N-domains of Hsp90 provide the binding site for the 
C-terminal domain of Aha1. By conformational rearrangements of the middle do-
mains, closed 1 progresses to the closed 2 state, which is the p23-competent binding 
state of Hsp90. During this progression, p23 competes with Aha1 for the Hsp90 
binding site, resulting in a p23-bound state. p23 dissociates upon ATP hydrolysis 
and Hsp90 can undergo another round of cycling (Li et al. 2013).
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Conclusions

Hsp90 is a tightly regulated molecular chaperone. Especially a unique set of co-
chaperones regulates the ATPase cycle of Hsp90. p23 and Aha1 are two prominent 
cochaperones with opposing effects on the ATP turnover. As described above, both 
cochaperones act on different conformations of Hsp90. Additionally, the set of cli-
ent proteins they influence is not the same, indicating that different Hsp90 clients 
may need cochaperones to a different extent for folding, activation or maturation. 
This observation opens the opportunity to inhibit client protein folding in the con-
text of diseases by cochaperone-specific, instead of Hsp90-specific, inhibitors. The 
natural product gedunin was recently found to be an inhibitor of p23 (Patwardhan 
et al. 2013), while no Aha1-specific inhibitor is known to date. In contrast to Hsp90 
inhibitors, this strategy might be more powerful as only a specific subset of clients 
would be addressed.
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Abstract The UCS (UNC-45/CRO1/She4p) family of proteins has emerged as 
chaperones that are specific for the folding, assembly and function of myosin. These 
proteins participate in various important myosin-dependent cellular processes that 
include myofibril organization and muscle functions, cell differentiation, cardiac 
and skeletal muscle development, cytokinesis and endocytosis. Mutations in the 
genes that code for UCS proteins cause serious defects in these actomyosin-based 
processes. Homologs of UCS proteins can be broadly divided into (1) animal UCS 
proteins, generally known as UNC-45 proteins, which contain an N-terminal tet-
ratricopeptide repeat (TPR) domain in addition to the canonical UCS domain, and 
(2) fungal UCS proteins, which lack the TPR domain. Structurally, except for TPR 
domain, both sub-classes of UCS proteins comprise of several irregular armadillo 
(ARM) repeats that are divided into two-domain architecture: a combined central-
neck domain and a C-terminal UCS domain. Structural analyses suggest that UNC-
45 proteins form elongated oligomers that serve as scaffolds to recruit Hsp90 and/
or Hsp70 to form a multi-protein chaperoning complex that assists myosin heads to 
fold and simultaneously organize them into myofibrils. Similarly, fungal UCS pro-
teins may dimerize to promote folding of non-muscle myosins as well as determine 
their step size along actin filaments. These findings confirm UCS proteins as a new 
class of myosin-specific chaperones and co-chaperones for Hsp90. This chapter 
reviews the implications of the outcome of studies on these proteins in cellular pro-
cesses such as muscle formation, and disease states such as myopathies and cancer.

Keywords UCS · Myosin · TPR · Chaperones · Co-chaperones
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Introduction

UNC-45 is a prototype of a class of proteins known as the UCS-(UNC-45 in Cae-
norhabditis elegans, CRO1 in Podospora anserina and She4p in Saccharomyces 
cerevisiae) domain containing proteins (Hutagalung et al. 2002; Yu and Bernstein 
2003). The UCS-domain-containing proteins are emerging as essential for a wide 
spectrum of myosin- and actin-related cellular processes in many eukaryotes, rang-
ing from fungi to humans (Table 7.1). They are necessary for important cellular 
processes such as myofibril and sarcomere organization, cell differentiation, em-
bryonic development, cytokinesis, endocytosis, and syncytial-cellular stage transi-
tion (Hutagalung et al. 2002; Yu and Bernstein 2003; Odunuga and Epstein 2007). 
The UCS proteins can be divided into two broad sub-classes; animal and fungal 
UCS-containing proteins (Table 7.1). The similarity between these two sub-classes 
of proteins is the presence of the canonical C-terminal UCS domain that is abso-
lutely required for their interaction with myosins. The animal UCS proteins, gener-
ally referred to as UNC-45 proteins, contain an N-terminal tetratricopeptide repeat 
(TPR) (Das et al. 1998) domain which is absent in the fungal proteins (Fig. 7.1). 
While, only one copy of the gene is found in invertebrates, vertebrates have two 
copies encoding differentially expressed isoforms (Price et al. 2002). Mutations in 
the UCS proteins result in various defective actomyosin-based processes such as 
cytokinesis in Schizosaccharomyces pombe (Balasubramanian et al. 1998), endo-
cytosis and trafficking in S. cerevisiae (Jansen et al. 1996; Wendland et al. 1996), 
syncytial-cellular stage transition in P. anserina (Berteaux-Lecellier et al. 1998), and 
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Fig. 7.1  Domain organization of homologs of UCS proteins Hs GC UNC-45, Ce UNC-45 and Sp 
Rng3p represent the human general cell UNC-45A (NP_061141) (Price et al. 2002), C. elegans 
UNC-45 (NP_497205) (Epstein and Thomson 1974; Barral et al. 2002), and S. pombe ring assem-
bly protein 3 (O74994) (Balasubramanian et al. 1998), respectively. The TPR and UCS domains 
are represented by small and large boxes, respectively. The horizontal line represents the central 
region. The positions of amino acid substitutions are indicated by vertical arrows. (Note: Fig. 7.1 
and its legends were used with kind permission from Springer Science + Business Media: Net-
working of Chaperones by Co-Chaperones, UNC-45: a chaperone for myosin and a co-chaperone 
for Hsp90, 2007, pp. 62–74, Odutayo O. Odunuga & Henry F. Epstein, Fig. 3)
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myofibril organization and cytokinesis in C. elegans (Epstein and Thomson 1974; 
Kachur et al. 2004). C. elegans UNC-45 has been established as a chaperone for the 
motor domain of myosin (Barral et al. 2002). Other UCS proteins such as Rng3p 
in S. pombe (Mishra et al. 2005), She4p in S. cerevisiae (Wesche et al. 2003), and 
DUNC-45 (Yu et al. 2003) in Drosophila melanogaster have also been shown to 
interact with myosin and modulate its function. The interaction of UCS proteins 
is not limited to sarcomeric myosins alone; cytoskeletal myosins including both 

Table 7.1  UCS proteins and their characteristics
UCS proteins Organisms Myosin substrates Loss of function 

phenotypes
Animal TPR-containing UCS proteins ( UNC-45 proteins)
General cell 
(GC) UNC-45 
(UNC-45A/a)

Vertebrates (mouse, 
human, zebrafish)

Cytoskeletal myosin 
II

Inhibition of cell pro-
liferation and fusion

Striated muscle (SM) 
UNC-45 (UNC-
45B/b, Steif)

Vertebrates (mouse, 
human, zebrafish, 
frog)

Sarcomeric and cyto-
skeletal myosin II

Loss of sarcomere 
organization

DUNC-45 D. melanogaster 
(fruitfly)

Sarcomeric and cyto-
skeletal myosin II

Embryonic and late 
larval stage lethality, 
reduced body size and 
defects in motility

UNC-45 C. elegans 
(Nematode)

Sarcomeric and cyto-
skeletal myosin II

Fewer thick filaments, 
myofibril disorgani-
zation, paralysis and 
failure of embryonic 
cytokinesis

Fungal TPR-lacking UCS proteins
She4p S. cerevisiae (budding 

yeast)
Myosin types 1 & V Loss of actin polar-

ization, defective 
internalization of 
membrane, defects in 
endocytosis

Rng3p S. pombe (fission 
yeast)

Cytoskeletal myosin 
II

Defective actomyo-
sin ring, failure of 
cytokinesis

CRO1 P. anserina (filamen-
tous fungus)

? Inability to form 
septum, defective 
syncytial-cellular 
transition

GC UNC-45: Price et al. 2002; Bazzaro et al. 2007; Comyn and Pilgrim 2012, SM UNC-45: Wohl-
gemuth et al. 2007; Geach and Zimmerman 2010; Chen et al. 2012; Comyn and Pilgrim 2012, 
DUNC-45: Yu et al. 2003; Lee et al. 2011b; Melkani et al. 2011, UNC-45: Epstein and Thomson 
1974; Venolia and Waterston 1990; Guo and Kemphues 1996; Barral et al. 1998; Venolia et al. 
1999; Ao and Pilgrim 2000; Kachur et al. 2004, 2008, She4p: Jansen et al. 1996; Wendland et al. 
1996; Toi et al. 2003; Wesche et al. 2003; Lord et al. 2008, Rng3p: Balasubramanian et al. 1998; 
Wong et al. 2000, 2002; Lord and Pollard 2004; Mishra et al. 2005; Lord et al. 2008; Stark et al. 
2013, CRO1: Berteaux-Lecellier et al. 1998
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conventional and (filament assembling) myosin II and unconventional (non-assem-
bling) myosins I and V are known to require UCS proteins for their functions (Barral 
et al. 2002; Wesche et al. 2003). Myosins require the UCS-containing chaperones 
due to their large size, complexity of their structures and the need to form highly 
organized oligomeric assemblies which are sometimes composed of different iso-
forms and other associating proteins (Landsverk and Epstein 2005). Furthermore, 
UNC-45 recruits Hsp90 to form a ternary complex with myosin (Barral et al. 2002; 
Mishra et al. 2005). Put together, genetic, biochemical and recent structural studies 
have established UCS proteins as chaperones that are required in myosin folding, 
organization and function, and UNC-45 as a co-chaperone (recruiter) for Hsp90 to 
optimize these processes where the thick filaments are involved.

Myosin Folding and Assembly are Chaperone-Dependent 
Processes

The myosin family is a large group of motor proteins that interact with actin, hy-
drolyze ATP and produce movement along the actin filament. Myosins are involved 
in a broad spectrum of cellular processes that include cellular trafficking, phagocy-
tosis, muscle contraction, cytokinesis and cytoskeletal assembly. The full protein 
complement of a myosin is composed of two parts: the myosin heavy chains (MHC) 
and the myosin light chains (MLC). Typically, a myosin heavy chain is comprised 
of three functional regions: (1) a conserved (catalytic) motor or head that contains 
actin and ATP binding sites, (2) the neck domain which binds myosin light chains, 
and (3) the tail domain, which forms an α-helical coiled-coil rod in some myosin 
types, and serves to anchor and position the motor domain to interact with actin. 
Myosin II includes the classical conventional myosin first isolated from muscle, 
but subsequently found in nonmuscle cells and protists (Kuczmarski and Spudich 
1980). The sarcomeric muscle myosin II is the only member of the myosin family 
that is assembled into thick filaments of skeletal and cardiac muscles. Myosin is a 
multidomain protein; therefore its folding pathway may be expected to be complex 
(Srikakulam and Winkelmann 1999). The myosin head itself contains multiple do-
mains connected by flexible loops (Rayment et al. 1993a, b) while the light chains 
and rod are simpler in structures (Atkinson and Stewart 1991; Saraswat and Lowey 
1991). Myosin light chains and rod when expressed in bacteria, fold into func-
tionally active structures (Atkinson and Stewart 1991; Saraswat and Lowey 1991). 
Regardless of their origin, expression of myosin motors has proved difficult in bac-
teria; this may be due to the complex nature of their structure (McNally et al. 1988; 
Mitchell et al. 1989). Using the baculovirus expression system in insect cells, con-
siderable success was achieved in expressing heavy meromyosin (HMM) from cy-
toskeletal types II, V and VI, and to a limited extent, cardiac myosins (Trybus 1994; 
Sweeney et al. 1998; Wang et al. 2000). These HMMs have properly folded motor 
domains that are capable of binding actin (Trybus 1994; Sweeney et al. 1998; Wang 
et al. 2000). However, the fast skeletal muscle myosin head has been expressed in 
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 active form in C2C12 mouse cell line suggesting that this myosin requires addition-
al cofactor(s) which are present in myogenic cells for folding (Kinose 1996; Chow 
et al. 2002). In vitro, chimeric fast skeletal muscle myosin head fused to green fluo-
rescent protein (GFP) folds very slowly and transits through multiple intermediates 
in a temperature-dependent manner that strongly suggests a high susceptibility to 
off-pathway interactions and aggregations and hence the need for chaperone-assist-
ed folding (Chow et al. 2002). Expression of the protein in vivo is cell-dependent: 
C2C12  myogenic cell lines yield a folded and active protein that exhibits Mg2+ 
ATP-sensitive actin-binding and myosin motor activity, while epithelia cell lines 
yield inactive protein aggregates (Chow et al. 2002). This observation suggests that 
the myosin motor requires cytosolic molecular chaperones to fold correctly under 
physiological conditions and that the required factor(s) are optimized in muscle 
cells (Chow et al. 2002). In addition, during de novo folding and assembly of stri-
ated muscle myosin heavy chain, Hsp70 and Hsp90 colocalize with the myosin 
intermediates but not the mature myofibrils (Srikakulam and Winkelmann 2004).
Using biochemical analyses, Liu et al. (2008) and Srikakulam and Winkelmann 
(2008) showed that UNC-45 forms a stable complex with Hsp90 that specifically 
binds unfolded myosin motor and promotes its folding.

UCS Proteins-Hsp90 Interaction in Myosin Folding, 
Assembly and Function

Genetic, biochemical and structural studies have confirmed that UCS proteins, es-
pecially UNC-45 interact with Hsp90 chaperone (Barral et al. 2002; Mishra et al. 
2005; Srikakulam and Winkelmann 2004, 2008; Liu et al. 2008; Gazda et al. 2013). 
Full-length UNC-45 from C. elegans binds both endogenous Hsp70 and Hsp90 
from Sf9 insect cell lysates (Barral et al. 2002). Mutant UNC-45 protein lacking the 
TPR domain interacts with Hsp70 but not Hsp90 also from Sf9 insect cell lysates, 
indicating that the interaction of UNC-45 with Hsp90 is specifically mediated by 
the TPR domain (Barral et al. 2002). In surface plasmon resonance spectroscopy 
experiments, the binding of Hsp90 to the TPR domain of UNC-45 is preferentially 
competed by Hsp90 C-terminal peptides in comparison to the analogous Hsp70 
peptides (Barral et al. 2002). C-terminal peptides of both Hsp70 and Hsp90 have 
been co-crystallized with the TPR domain of UNC-45 (Gazda et al. 2013). Purified 
Hsp90, myosin and UNC-45 can form the three possible binary complexes in pull-
down assays (Barral et al. 2002). When expressed in striated muscle cells, UNC-
45 was isolated as a stable complex with Hsp90 (Liu et al. 2008; Srikakulam and 
Winkelmann 2008). Both the myosin binding and chaperoning activities of UCS 
proteins have been mapped to the UCS domain of the protein (Barral et al. 2002; 
Mishra et al. 2005; Srikakulam and Winkelmann 2004, 2008; Liu et al. 2008; Shi 
and Blobel 2010; Ni et al. 2011). Therefore both UNC-45 and Hsp90 (Du et al. 
2008; Gaiser et al. 2011) are capable of interacting directly with and exerting chap-
eroning activity on myosin motor domain and thick filament assembly. However, 
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experimental evidence showed that UNC-45s chaperoning activity on myosin heads 
is also necessary for myosin contractile function and turnover in vivo (Du et al. 2008; 
Kachur et al. 2008; Shi and Blobel 2010; Gaiser et al. 2011; Melkani et al. 2011; Ni 
et al. 2011; Gazda et al. 2013). The interaction of UNC-45 with Hsp70 appears to 
be a classical chaperone-client interaction, in which the promiscuous Hsp70 binds 
nonspecifically to various unfolded myosin polypeptides to assist in folding them. 
The interaction of UNC-45 with Hsp90 is a specific TPR-mediated co-chaperone-
chaperone association (Barral et al. 2002; Gazda et al. 2013). Interestingly, studies 
on S. pombe and S. cerevisiae showed that even the TPR-less Rng3p and She4p 
UCS proteins are found in complexes involving Hsp90 and myosin (Lord and Pol-
lard 2004; Millson et al. 2005; Melkani et al. 2011). Hsp90 is capable of acting as a 
chaperone on its own without assistance from other proteins. However, there seems 
to be a distinction between TPR-less and TPR-containing UCS proteins on their 
dependence on Hsp90 for chaperoning activities. It appears that UNC-45 recruits 
and retains Hsp90 via its TPR domain to not only assist in folding myosin heads but 
to maintain the integrity of myosin assemblies such as the thick filaments. On the 
other hand, fungal TPR-less UCS proteins may not necessarily need to retain Hsp90 
in close proximity to isolated myosin heads (Gazda et al. 2013).

Structural Organization and Versatility of UCS Proteins  
as Myosin Chaperones

Structurally, UNC-45 protein contains three domains: an N-terminal domain char-
acterized by the presence of three TPR repeats (Figs. 7.1 and 7.2a), a central do-
main comprising of central and neck regions, and a C-terminal UCS domain (Shi 
and Blobel 2010; Lee et al. 2011a; Gazda et al. 2013). The TPR repeat is a de-
generate motif that occurs in multiple copies in proteins and forms scaffolds that 
mediate protein-protein interactions (Sikorski et al. 1990; Das et al. 1998; Blatch 
and Lassle 1999; Scheufler et al. 2000). The TPR domain of UNC-45 preferen-
tially binds Hsp90 (Barral et al. 2002; Gazda et al. 2013). Both the central and 
the UCS domains of C. elegans UNC-45 share strong sequence conversation only 
with other animal UCS-containing proteins. Prior to determination of their three-
dimensional structures, the UCS domain was identified based on the positions of 
temperature-sensitive ( ts) mutations in C. elegans UNC-45 and the presence of 
blocks of  sequence identity among UNC-45, CRO1 and She4p (Fig. 7.1; Barral 
et al. 1998; Berteaux-Lecellier et al. 1998; Wong et al. 2000). It was later confirmed 
by the presence of analogous ts mutation in S. pombe Rng3p (Wong et al. 2000). 
The two UNC-45 null mutations that result in stop codons are both located in the 
central region while three of the four UNC-45 ts mutations are found in the UCS 
domain. UNC-45 proteins share sequence conservation with fungal UCS-proteins 
at key sites within the UCS domains. Recently, the three-dimensional structures of 
three UCS proteins, She4p (Shi and Blobel 2010), DUNC-45 (Lee et al. 2011a), 
and UNC-45 from C. elegans (CeUNC-45) (Gazda et al. 2013) were determined 
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by X-ray crystallography (Fig. 7.2a, b). In these structures, apart from the easily 
recognizable N-terminal TPR domain in CeUNC-45 (not resolved in DUNC-45), 
the rest of the protein is composed of repeating helices that organize themselves into 
irregular three-helix armadillo (ARM) repeats. An ARM repeat is a 40-amino acid 
long sequence comprising of three helices that mediates a variety of protein-protein 
interactions, for example in β-catenin (Peifer et al. 1994). The central domain of 
CeUNC-45, which can be further divided into central and neck (or bend in She4p) 
regions, forms a rigid and somewhat flat backbone structure to which is attached 
the canonical UCS domain, a more cylindrical and flexible superhelix, on the C 
terminus. In the CeUNC-45 structure, the rigid central-neck backbone thus provide 
binding grooves oriented in two directions; the TPR domain on the N-terminus 
to bind Hsp90 and the UCS domain on the C-terminus to bind myosin. In addi-
tion to providing rigidity to maintain the orientation of TPR and UCS domains, the 
central-neck domain serves as dimerization region in She4p (Shi and Blobel 2010) 
and possibly oligomerization in UNC-45 proteins (Fig. 7.2a, b; Gazda et al. 2013). 
In She4p, the UCS domain groove can accommodate a 27-residue epitope, located 

a b

Fig. 7.2  Structures of representative UCS proteins (a) Upper panel: cartoon representation of a 
protomer of C. elegans UNC-45 (PDB code: 4i2z) with co-crystallized Hsp90 peptide ( magenta). 
Lower panel: UNC-45 chain formed by three protomers linked via a TPR domain-neck region 
interaction as seen in crystal lattice (Gazda et al. 2013). Co-crystallized Hsp90 peptide is shown in 
magenta while a modeled myosin substrate based on beta-catenin/E-cadherin co-crystal structure 
(PDB code 1i7 ×) is shown in blue. b Upper panel: cartoon representation of a She4 monomer 
(PDB code: 3opb). Lower panel: Dimer of She4 formed by central domain interaction as seen in 
the crystal packing (Shi and Blobel 2010). Insert: structure of D. melanogaster UNC-45 lacking 
the TPR domain (Lee et al. 2011a). (Note: this figure, without the insert, was adapted from Hell-
erschmied and Clausen 2014)
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in the ATP- and actin-binding region, of a myosin V from yeast with a binding 
affinity of approximately 1 µM (Shi and Blobel 2010). Previous biochemical study 
established that the TPR domain in UNC-45 binds Hsp90 peptide with a 10-fold 
higher affinity than Hsp70 peptide (Barral et al. 2002), suggesting a more specific 
interaction with the Hsp90 molecular chaperone. These biochemical and structural 
studies have provided critical insights into the versatility of UCS proteins as myo-
sin-specific chaperones in general and perhaps molecular explanation of the evo-
lutionary requirement for TPR domain in UNC-45. In TPR-less homologs of UCS 
proteins, typified by She4p, the neck region participates in dimerization such that 
two L-shaped She4p molecules form a Z-shaped zigzag molecule. In this dimeric 
form, She4p can act as adaptor that physically links two myosin heads to assist in 
folding them as well as regulate their step size along actin filaments (Fig. 7.3; Shi 
and Blobel 2010; Hellerschmied and Clausen 2014). In this model, Hsp90 can bind 
in a TPR-independent manner to She4p-myosin complex to perform its chaperone 
function. On the other hand, the chaperoning activity of UNC-45 appears to be more 
sophisticated in higher eukaryotes in which highly organized myosin filaments 

Fig. 7.3  Proposed models for myosin-specific chaperoning activities of UCS proteins Left panel: 
TPR-containing UCS proteins, UNC-45, oligomerize to form scaffolds that serve as sites to recruit 
multiprotein chaperone complexes, comprising of Hsp90, Hsp70 and UNC-45 itself, that simulta-
neously assist in myosin folding and myofilament formation. Right panel: TPR-less UCS proteins, 
e.g. She4, act as adaptors that physically link two myosin heads to assist in folding them as well as 
regulate their step size along actin filaments. (Note: this figure was adapted from Hellerschmied 
and Clausen 2014)
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have evolved (Gazda et al. 2013; Hellerschmied and Clausen 2014). Structural and 
biochemical analyses suggested that CeUNC-45 (Gazda et al. 2013) forms tran-
sient linear protein structures (essentially short filaments) by oligomerization that is 
mediated by a repeating TPR domain-neck region interaction (Gazda et al. 2013). 
The tilting of both the TPR and UCS domains at specific angles relative to the rigid 
central-neck domain enables two helices (7H2 and 8H2) in the neck region of one 
molecule of CeUNC-45 to bind to two helices (TPR3B and kinked helix) in the TPR 
domain of adjacent molecule in a defined array, and simultaneously allowing for 
interaction with Hsp90/or Hsp70 and myosin motors (Fig. 7.3). The resulting multi-
meric scaffolds can thus serve as sites to recruit multiprotein chaperone complexes 
that simultaneously assist in myosin folding and myofilament formation (Gazda 
et al. 2013; Hellerschmied and Clausen 2014). Interestingly, it was observed that 
the spacing (periodicity) of UNC-45 molecules in the so-called ‘UNC-45 filaments’ 
may closely match the spacing of neighboring myosin heads in the thick filaments 
under certain conditions (Gazda et al. 2013). Put together, these experimental ob-
servations provide strong evidence for the requirement for UCS proteins not only in 
the folding of myosin heads but also in myofibrillar assembly (Myhre et al. 2014) 
and regulation of myosin-dependent processes. UCS proteins thus appear to be ac-
tive participants in sarcomere assembly (Myhre et al. 2014). The regulation of the 
level of UNC-45 protein in muscle cells is important (Hoppe et al. 2004; Janiesch 
et al. 2007; Landsverk et al. 2007). Overexpression of UNC-45 in muscle cells re-
sulted in increased myosin degradation and thus reduced or disorganized myofibrils 
(Janiesch et al. 2007; Landsverk et al. 2007). The chaperoning activity of UNC-45 
on myosin seems to be dependent on regulation by the ubiquitin/proteasome sys-
tem. A novel E3/E4-multiubiquitylation complex comprising of CDC-48, UFD-2 
and CHN-1 proteins has been shown to link the turnover of both UNC-45 and myo-
sin to functional muscle formation (Hoppe et al. 2004; Janiesch et al. 2007). Similar 
effects were observed in yeasts (Lord et al. 2008). From these studies, it is clear that, 
apart from its involvement in myosin folding, myofibrillogenesis and functional 
muscle formation, UNC-45 is important in muscle repair and perhaps aging (Hoppe 
et al. 2004; Janiesch et al. 2007; Landsverk et al. 2007; Lord et al. 2008).

UNC-45 Proteins in Invertebrates

The unc-45 gene was originally identified in C. elegans through the recessive, ts 
mutant allele, e286 (Epstein and Thomson 1974). C. elegans possesses only one 
copy of the unc-45 gene. The e286 mutant worms are paralyzed, with disorganized 
thick filaments in their muscles when grown at 25 °C, but at the permissive tem-
perature of 15 °C, the worms display phenotypes essentially similar to the wild-
type (Epstein and Thomson 1974). These phenotypes can be reversed by temper-
ature shifts in developing embryos and larvae but not in adult worms, implying 
that UNC-45 possesses a function essential for proper myofilament arrays to form 
(Epstein and Thomson 1974). Detailed genetic analysis revealed three additional 
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recessive ts mutations and two lethal mutations in the unc-45 gene (Venolia and 
Waterston 1990; Barral et al. 1998). All of the ts alleles, which show similar ef-
fects on myofibril formation, contain missense substitutions in the UCS domain 
of the UNC-45 protein (Barral et al. 1998). The lethal alleles each contains a stop 
codon located within the central region of the protein (Fig. 7.1) preventing further 
translation of the unc-45 gene product (Barral et al. 1998). Genetic analysis con-
firmed functional relationships between the protein products of unc-45 and of the 
unc-54 and myo-3 genes, which code for myosin heavy chain A and B respectively 
that form homodimeric myosins in the body wall muscle of C. elegans (Waterston 
1988). The unc-45 ts mutants directly affect myosin B, the major isoform, by gener-
ating an incorrectly folded myosin B which drastically reduces the number of intact 
thick filaments and therefore incapable of forming proper myofilament assemblies 
(Waterston et al. 1980; Waterston 1988). Null mutations in the unc-54 gene gener-
ate defects in muscle structure and functions similar to that of the unc-45 ts alleles, 
implying that the two genes may be epistatic (Waterston 1988). In the normal C. ele-
gans thick filament, the two myosin isoforms are differentially assembled such that 
myosin B flanks a central myosin A zone (Schachat et al. 1977; Miller et al. 1983). 
However, in worms harboring the unc-45 ts mutant genes, this differential assembly 
is lost and instead, there is a scrambling of the myosins (Barral et al. 1998), which 
might be due to improper folding of the myosins and consequent decreases in their 
concentrations (Hoppe et al. 2004; Janiesch et al. 2007; Landsverk et al. 2007). 
The lethal unc-45 alleles cause arrest of development at the two-fold embryonic 
stage resulting in inability to produce functional body wall muscle (Venolia and 
Waterston 1990). Interestingly, mutant worms lacking the essential myo-3 encoded 
myosin heavy chain A, the minor isoform of myosins found in C. elegans body 
wall muscle, also manifest severely impaired thick filament assembly with little 
or no body movement (Waterston 1989). This observation suggests the necessity 
for myosin A in the formation of the nematode thick filament; moreover, myosin 
B cannot substitute for myosin A to reverse the phenotype (Waterston 1989). CFP 
tagged UNC-45 could be detected in all bands of the nematode muscle ultrastruc-
ture and this fusion UNC-45 protein stably binds to myosin B containing bands 
but nematode Hsp90 seems to function in the maintenance of muscle structures 
as a transiently accompanying diffusible factor with unstable association with the 
I-band and the M-line (Gaiser et al. 2011). In addition, decreased pharyngeal pump-
ing in worms containing the unc-45 ts mutant genes suggests that myosin C and 
D, which are exclusively found in the pharyngeal muscles of C. elegans (Ardizzi 
and Epstein 1987), may be affected (Venolia and Waterston 1990). Localization 
by both antibodies and GFP tagging showed that UNC-45 protein is expressed in 
all C. elegans muscle cells at the adult stage (Venolia et al. 1999; Ao and Pilgrim 
2000). In the developing body wall muscle of C. elegans larvae, UNC-45 is found 
in the cytosol, whereas in the mature adult muscle, it is localized to the A bands of 
the sarcomere, apparently chiefly with myosin B (Ao and Pilgrim 2000). C. elegans 
UNC-45 also colocalizes in the cleavage furrow with the conventional cytoskeletal 
myosin II (NMY-2), a protein that plays an essential role during embryonic cytoki-
nesis (Guo and Kemphues 1996). C. elegans germline and embryo have abundant 
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UNC-45 protein and RNA interference studies reveal that the UNC-45 protein (1) 
is maternally contributed, hence rescue can occur to some extent and, (2) that it 
plays a role in cytokinesis in addition to muscle development (Kachur et al. 2004). 
The  interaction between NMY-2 and maternally supplied UNC-45 has been further 
proven to be necessary for embryonic polarity establishment and germline cellular-
ization (Kachur et al. 2008).

In D. melanogaster embryos, high levels of dunc-45 ( D. melanogaster homolog 
of unc-45 gene) RNA were detected in mesodermal precursors to muscle; with ac-
cumulation in other tissues as well (Yu et al. 2003). This suggests that dunc-45 gene 
product (DUNC-45) may be important in multiple cell types. Similarly to C. elegans, 
D. melanogaster possesses only one copy of the dunc-45 gene whose protein prod-
uct, DUNC-45, has been shown to possess classical chaperone activity (Melkani 
et al. 2010). DUNC-45 is constitutively expressed during development in D. me-
lanogaster and peaks at pupation, when adult tissues are being formed. DUNC-45 
associates with nonmuscle myosin in embryonic blastoderm of 2-h-old embryos 
and then DUNC-45 enriches mostly in striated muscles of 14-h-old embryos, which 
is similar to muscle myosin (Lee et al. 2011b). Mutations in the dunc-45 gene lead-
ing to DUNC-45 deficiency cause embryonic as well as late larval stage lethality, 
and reduced body size and defects in motility appear to be the results of embryonic 
body wall muscle dysfunction and defective myosin  accumulation (Yu et al. 2003; 
Lee et al. 2011b). The unc-45 knockdown experiment via RNA specifically targeted 
to Drosophila heart revealed that adult heart had been severely affected owing to 
reduced muscle contractility, decreased cardiac myosin accumulation, disassembled 
myofibrils, and myofibrillar disarray while there were just mild cardiac abnormali-
ties in third instar larvae and young pupal heart (Melkani et al. 2013). Severe cardiac 
problems develop during metamorphosis as unc-45 knockdown after metamorpho-
sis led to less serious phenotypes, which suggests that DUNC-45 is indispensible 
for myosin accumulation and folding during remodeling of the forming adult Dro-
sophila heart (Melkani et al. 2011). It is also reported that co-expression of UNC-
45 with expanded polyQ-72 (Huntington’s disease-causing poly-glutamine repeats 
which lead to protein unfolding in cardiac cells) in Drosophila heart could reverse 
polyQ-72 induced cardiac dysfunction such as protein aggregation and myofibril 
disassembly (Melkani et al. 2013). Thus, DUNC-45 is important for myosin to be 
fully functional through all stages of Drosophila’s  lifespan.

UNC-45 Proteins in Vertebrates

Vertebrates have two copies of unc-45-like genes encoding distinct isoforms of 
UNC-45 (Price et al. 2002). The genes are designated as UNC45A and UNC45B 
in human, and UNC45a and UNC45b in mouse respectively. In mouse, UNC45a 
encodes an isoform that is expressed in multiple adult organs including uterus, kid-
ney, lung and liver, hence the designation general cell (GC) UNC-45 (Price et al. 
2002). The second isoform encoded by UNC45b is found almost exclusively in 
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heart and skeletal muscles, and was therefore designated as striated muscle (SM) 
UNC-45 (Price et al. 2002). The two isoforms share 50–55 % sequence identity in 
both  human and mouse. There is > 90 % sequence identity among similar isoforms 
between these species. When compared with C. elegans UNC-45, both isoforms 
show 30–40 % identity with the worm protein. In eight-day old mouse embryo, 
UNC-45b is predominantly expressed in the contractile heart and is hardly found 
in other organs; whereas UNC-45a is diffusely expressed and later concentrates in 
regions of intense development such as the branchial arches and forelimb bud (Price 
et al. 2002).

Studies on Danio rerio (zebrafish) confirmed that UNC-45a has important func-
tion in pharyngeal arch and aortic arch development and UNC-45a is involved in the 
generation of arteriovenous malformation (AVM) (Anderson et al. 2008). Knock-
down of UNC-45b in zebrafish by morpholino-oligonucleotide caused myofibril 
disassembly in the sarcomeres of the trunk muscle and the ventral displacement of 
jaw cartilages, thus demonstrating that the protein is required for skeletal, cranial 
and cardiac muscle contraction (Wohlgemuth et al. 2007). Therefore, UNC-45b is 
necessary for zebrafish motility and it is also essential for morphogenesis and func-
tion of the developing heart and jaw. Overexpression of D. rerio UNC-45b mim-
icked results of similar experiments in C. elegans as transgenic zebrafish embryos 
had defective myofilament assembly in skeletal muscles (Bernick et al. 2010). The 
defect by UNC-45b overexpression was shown to depend on the UCS domain but 
not the TPR domain since deletion of the UCS domain revoked myofibril disorga-
nization by UNC-45b overexpression and deletion of the TPR domain had no effect 
(Bernick et al. 2010). Further studies on zebrafish revealed that the central region 
of UNC-45b mediated Z line association and interacted with Apo2a (the cytidine 
deaminase Apobec 2a) (Etard et al. 2008, 2010). The interaction between UNC-45b 
and Apo2a is necessary for integrity of the myosepta and myofiber attachment in 
zebrafish, which is Hsp90-independent (Etard et al. 2010). The apo2 mutant em-
bryos share similar dystrophic muscle phenotypes with unc45b mutants but not with 
hsp90α mutants as hsp90α mutant had normal myosepta structure and a beating 
heart (Etard et al. 2010). Missense mutation of Xenopus tropicalis UNC-45b caused 
skeletal muscle myofibril disruption, paralysis and heart beat problem, suggest-
ing that UNC-45b participates in the Z-body maturation (Geach and Zimmerman 
2010). A major implication of these studies is that loss of function of UNC-45 may 
lead to defective muscle formation and thus myopathies (Etard et al. 2008, 2010; 
Geach and Zimmerman 2010).

In C2C12 myogenic cells, only UNC-45a mRNA is detected in proliferating 
myoblasts, with the level decreasing as the cells progress to form myotubes (Price 
et al. 2002). In contrast, UNC-45b mRNA is detected only after the cells start fus-
ing, peaking in young myotubes and dropping off as the myotubes age (Price et al. 
2002). These observations in both mouse embryo and C2C12 myoblasts implicate 
stage-specific expression and functions of the UNC-45 isoforms in embryogenesis 
and muscle differentiation. The UNC-45a isoform may be involved in cell divi-
sion and related cytoskeletal formation while the UNC-45b isoform may be re-
lated to striated muscle differentiation and myofibril formation. In fact, in C2C12 
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knock-down experiments using anti-sense oligonucleotides, UNC-45a antisense se-
verely reduced myoblast proliferation and fusion while UNC-45b antisense results 
in significant loss of sarcomere organization (Price et al. 2002). Reduction of UNC-
45b mRNA did not affect the level of skeletal myosin heavy chain, whereas lower-
ing of UNC-45a levels by antisense did (Price et al. 2002). Low levels of UNC-45a 
result in reduction of cell proliferation and differentiation which decreases the ex-
pression of sarcomeric myosin. The expression of UNC-45b, however, starts at the 
fusion stage; therefore it may not affect myosin synthesis but rather its organization 
into thick filaments. Thus the differential expression of the two UNC-45 isoforms 
separates myosin synthesis from its organization into myofilaments. Interestingly, 
UNC-45a has been reported to have higher apparent affinity and greater folding ca-
pability of smooth muscle myosin motor domain, compared to UNC-45b (Liu et al. 
2008). In addition, UNC-45A prefers to bind with Hsp90β in vitro and it was shown 
that UNC-45A is essential for Hsp90β but not Hsp90α to assume normal cellular 
distribution in HeLa cell via siRNA knockdown experiments (Chadli et al. 2008).

Two isoforms of UNC-45A were detected in several breast carcinomas: a 
929-amino-acid protein isoform and a 944-amino-acid protein isoform, which dif-
fer by an N-terminal proline-rich 15-amino-acid sequence (Guo et al. 2011). The 
protein level of the 929-amino-acid protein was found to be 3-fold higher due the 
944-amino acid protein being degraded at a 5-fold higher rate that the former by 
the ubiquitin-proteosome system (Guo et al. 2011). Immunoprecipitation experi-
ments showed that both UNC-45A isoforms could interact with non-muscle myosin 
IIA, non-muscle myosin IIB, and Hsp90β, suggesting that both UNC-45A isoforms 
are capable to play functional roles in cell motility (Guo et al. 2011). Further ex-
perimental evidence that proved that the two isoforms of UNC-45 are functionally 
divergent was obtained from studies using zebrafish (Comyn and Pilgrim 2012). 
The authors found out that the singly homologous zygotic mutant unc45b-/- and 
the doubly homologous mutant unc45b-/-; unc45a-/- displayed identical defects in 
cardiac and skeletal muscle and jaw formation Comyn and Pilgrim 2012). They 
therefore concluded that unc-45a did not appear to play an important role in muscle 
development and that the two gene paralogs are functionally divergent.

To elucidate the importance of muscle-specific UNC-45b’s function in vivo, stud-
ies were carried out on three UNC-45b recessive loss-of-function lines in C3H and 
C57BL/6 inbred mouse strains (Chen et al. 2012). These mutations caused arrest of 
cardiac morphogenesis at the formation of right heart structures and failure of con-
tractile function (Chen et al. 2012). A novel outcome of these experiments was the 
finding that UNC-45b was essential for sufficient accumulation and function of the 
cysteine-zinc finger protein GATA4 (an important transcription factor during devel-
opment) in mouse embryonic cardiac morphogenesis (Chen et al. 2012). Pull-down 
experiments confirmed a direct physical interaction between UNC-45b and GATA4 
(Chen et al. 2012). Therefore, the heart-specific UNC-45b isoform functions as a 
molecular chaperone mediating contractile function of the sarcomere and gene ex-
pression in cardiac development. Recently, UNC-45B has been reported to be in-
volved in lens development and pathogenesis of autosomal dominant juvenile cata-
ract in humans (Hansen et al. 2014). It is hypothesized that developmental cataract 
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might be induced by defective non-muscle myosin organization during maturation 
of the lens fiber cells, which is caused by UNC-45B mutation (Hansen et al. 2014). 
At the molecular level, these phenotypes could be due to defective direct or indirect 
myosin-UNC-45 interactions (Kaiser et al. 2012; Fratev et al. 2013).

UCS Proteins in Yeasts and Fungi

UCS domain proteins have been identified in S. cerevisiae (She4p) (Jansen et al. 
1996; Wendland et al. 1996), P. anserina (CRO1) (Berteaux-Lecellier et al. 1998), 
and S. pombe (Rng3p) (Balasubramanian et al. 1998). Sequence similarity among 
the three fungal proteins and UNC-45 is restricted to the C-terminal UCS domain. 
Despite the lack of TPR motifs, the N-terminal sequence of fungal UCS proteins 
may contain sequences capable of recruiting chaperones (Young et al. 2003). How-
ever, all three TPR-less UCS proteins are linked by their common association with 
cellular processes involving myosins. Although sequence similarity among the fun-
gal UCS proteins is low (Lord and Pollard 2004), the ts mutations in S. pombe, like 
C. elegans are in conserved residues (Fig. 7.1).

The she4p gene was identified and named differently in two independent screens 
in S. cerevisiae (Jansen et al. 1996; Wendland et al. 1996). The first screen was for 
the expression of the HO endonuclease in mother cells yielding the She4p-encoding 
gene (SHE: Swi5p-dependent HO expression) (Jansen et al. 1996), and the other 
for defects in endocytosis identifying the dim1 gene ( dim: defective internalization 
of membrane) (Wendland et al. 1996). Both null and ts mutants of the she4p gene 
caused defects in endocytosis and loss of actin polarization in the cell. Two-hybrid 
and biochemical experiments showed that She4p interacts, via its UCS domain, 
with the motor domains of conventional type II myosin (Myo1p) as well as uncon-
ventional types 1 (Myo3p/Myo5p) and V (Myo2p/Myo4p) myosins in an actin-
dependent manner for proper endocytosis and cytokinesis to occur (Toi et al. 2003; 
Wesche et al. 2003). She4p was also reported to be important for myosin stability 
and interactions with actin (Lord et al. 2008). In addition, She4p interacts with 
Hsp90 in yeast two-hybrid assays (Millson et al. 2005). The She4p protein is com-
posed of 789 amino acids and shares about 33 % similarities with other fungal UCS 
proteins (Lord and Pollard 2004).

The rng3 gene was identified in a large-scale screen for genes whose products 
function in cytokinesis (Balasubramanian et al. 1998). The gene encodes a protein 
of 746 amino acid residues. Actin ring formation was found defective in S. pombe 
cells harboring mutants of both rng3 ( rng3–65) and rng5 ( rng5-E1) which encodes 
for Myo2 (a type II myosin heavy chain), suggesting a functional interaction be-
tween the protein productions of the two genes. Null mutants in rng3 resemble 
deletion mutants in myo2 while ts rng3 mutants show strong adverse interactions 
with Myo2-E1 mutant myosin (Wong et al. 2000). Rng3p colocalizes with myo2-
E1 mutant myosin at the cell division site in an F-actin-dependent manner. More 
importantly, Rng3p has been shown to be necessary for the formation of progenitor 
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‘spots’ that form the actomyosin ring assembly in interphase S. pombe cells (Wong 
et al. 2002). Maintenance of the myosin-containing spots however, is independent 
of F-actin. While the actomyosin ring has a rapid turnover, the interphase spot does 
not, showing that this progenitor structure in the interphase is necessary to ensure 
proper assembly of the actomyosin ring and successful cell division. Recombinant 
full-length Rng3p or its UCS domain alone are necessary and sufficient to activate 
the actin-based motility of myosin in vitro and double its actin-activated Mg2+-ATP 
activity (Lord and Pollard 2004; Lord et al. 2008). Although Rng3p is specifically 
necessary to maintain the activity of intrinsically unstable Myo2, it may possess the 
capability of responding to changes in the stability of other myosins (Stark et al. 
2013). Rng3p was also found to associate with polysomes and bind to mRNAs en-
coding all types of myosin heavy chains, which suggest that Rng3p may be involved 
in myosin folding cotranslationally (Amorim and Mata 2009).Whether Rng3p and 
other fungal UCS proteins require Hsp90 for their myosin-dependent functions is 
uncertain. However, in vivo, Swo1p (Hsp90 homolog in S. pombe) and Rng3p have 
been shown to be both required for Myo2 assembly in the contractile ring (Mishra 
et al. 2005). These observations suggest that some functional relationship exists 
between the S. pombe UCS protein and Hsp90.

The CRO1 protein of the filamentous fungus, P. anserina, is a 702-residue pro-
tein that is required for sexual sporulation (Berteaux-Lecellier et al. 1998). GFP-
tagging of the CRO1 protein reveals that it is a cytosolic protein expressed mainly 
at the beginning of the dikaryotic stage and at the time of ascospore maturation. 
The primary defect of null mutant allele of the gene, cro1-1 is the inability to form 
septa between the daughter nuclei after mitotic division. The mutant also results in 
abortive meiosis of resultant polyploidy nuclei and lack of progression from the 
syncytial (vegetative) state to the cellular (sexual) state (Berteaux-Lecellier et al. 
1998). Unlike the wild type fungal filaments, disorganization of the actin prevents 
microtubule disassembly.

UNC-45 and Cancers

Recently, more and more results have been emerging to link UNC-45 to different 
cancers. The possible non-myosin function of UNC-45 was first described in pro-
gesterone receptor (PR) chaperoning pathway (Chadli et al. 2006). UNC-45A was 
identified as a new factor to regulate Hsp90-dependent PR chaperoning in a yeast 
two-hybrid screen for additional PR binding factors (Chadli et al. 2006). UNC-45A 
can interact with PRs in vivo and in vitro. It was shown that UNC-45A inhibits the 
activation of Hsp90 by the cochaperone Aha1 and blocks progression of PR chap-
eroning to its hormone binding state in the simplified cell-free system, which limit 
Hsp90-dependent PR chaperoning (Chadli et al. 2006). Since PR has been impli-
cated in breast cancer for a long time, and not only tumor cell proliferation but also 
tumor metastasis depend on myosin’s function, researchers began to explore the 
relationship between cancer and UNC-45. Ovarian cancer was discovered to have 
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correlation with UNC-45A levels (Bazzaro et al. 2007). Severe carcinoma exhib-
ited increased expression level of UNC-45A compared to normal ovarian surface 
epithelium and benign cystadenoma (Bazzaro et al. 2007). High-stage carcinoma 
had UNC-45A expressed in greater amount compared with low-stage serous car-
cinoma (Bazzaro et al. 2007). There were also enhanced UNC-45A transcripts and 
protein levels in ovarian cell lines in comparison with those in immortalized ovar-
ian surface epithelia cells (Bazzaro et al. 2007). Ovarian cancer cell proliferation 
was elevated by the ectopic expression of UNC-45A but was decreased by siRNA 
knockdown of UNC-45A without changing myosin II levels (Bazzaro et al. 2007). 
Similarly, knockdown of UNC-45A attenuated the spreading of ovarian cancer cells 
and overexpression of UNC-45A increased the spreading ability (Bazzaro et al. 
2007). UNC-45A was next discovered to be able to confer transferred cells resis-
tance to histone deacetylase inhibitors (HDACIs) treatment in a large-scale gain-of-
function genetic screen in order to identify potential biomarkers of therapy response 
(Epping et al. 2009). UNC-45A also inhibits the signaling transduction pathway of 
the retinoic acid receptor α, which hints that HDACIs employ retinoic acid pathway 
at least partly for antitumor effect (Epping et al. 2009). It was shown that retinoic 
acid-induced proliferation arrest could be relieved by UNC-45A expression and 
UNC-45A expression could also inhibit retinoic acid-induced differentiation of hu-
man neuroblastoma cells (Epping et al. 2009). In addition, the expression of UNC-
45A further suppressed the induced expression of endogenous retinoic acid receptor 
target genes (Epping et al. 2009). Human breast carcinoma and cell lines derived 
from breast carcinoma metastases also had enhanced UNC-45A mRNA and protein 
expression levels (Guo et al. 2011). RNAi knockdown of endogenously overex-
pressed UNC-45A caused significantly reduced cell proliferation and invasion in 
the most metastatic cell line (Guo et al. 2011).

Conclusions and Future Work

The discovery of C. elegans UNC-45 and other UCS-domain proteins has led to the 
new research area of myosin-targeted chaperones. The complexity of myosin motor 
domain in terms of its structure and the multiplicity of its conformational states sug-
gest that it is a target for molecular chaperones. Evidences presented above strongly 
confirm that the UCS proteins function as chaperones for myosins. In addition to as-
sisting myosins to fold properly, UCS proteins participate in myosin assembly, and 
modulate its contractile function and turnover. While research needs to continue to 
unravel the importance of UCS-myosin interactions in muscle formation and func-
tion, the involvement of these interactions in muscle repair and aging and disease 
states such as myopathies and cancer need to be pursued.
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Abstract Co-chaperonins function together with chaperonins to mediate ATP-
dependant protein folding in a variety of cellular compartments. GroEL and its co-
chaperonin GroES are the only essential chaperones in Escherichia coli and are 
the archetypal members of this family of protein folding machines. The unique 
mechanism used by GroEL and GroES to drive protein folding is embedded in 
the complex architecture of double-ringed complexes, forming two central cham-
bers that undergo structural rearrangements as part of the folding mechanism. 
GroES forms a lid over the chamber, and in doing so dislodges bound substrate 
into the chamber, thereby allowing non-native proteins to fold in isolation. GroES 
also modulates allosteric transitions of GroEL. A significant number of bacteria 
and eukaryotes house multiple chaperonin and co-chaperonin proteins, many of 
which have acquired additional intracellular and extracellular biological functions. 
In some instances co-chaperonins display contrasting functions to those of chapero-
nins. Human Hsp60 continues to play a key role in the pathogenesis of many human 
diseases, in particular autoimmune diseases and cancer. A greater understanding of 
the fascinating roles of both intracellular and extracellular Hsp10, in addition to its 
role as a co-chaperonin, on cellular processes will accelerate the development of 
techniques to treat diseases associated with the chaperonin family.

Keywords Chaperonins · Co-chaperonins · GroEL · GroES · Hsp60 · Hsp10

Introduction

Chaperonins are ubiquitous protein folding machines characterised by a large multi-
subunit ring structure. They prevent aggregation by binding non-native proteins, 
and facilitate folding and unfolding of proteins. They form part of the Hsp60 family 
of heat shock proteins and are related by homology to the GroEL proteins of E. coli 
(Hemmingsen et al. 1988; Hartl and Hayer-Hartl 2002). The E. coli chaperonin 
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 GroEL and its co-chaperonin GroES are the quintessential members of this fam-
ily of protein folding machines (Hartl and Hayer-Hartl 2002; Hartl 1996; Horwich 
et al. 2007). Hemmingsen first used the term ‘chaperonin’ (Cpn) in 1988 to repre-
sent this family of molecular chaperones (Hemmingsen et al. 1988). The Hsp60 
family of chaperones is one of the most abundant classes of molecular chaperone 
present in the plastids, mitochondria, and cytoplasm of all eukaryotes and eubacte-
ria. GroEL, the only essential molecular chaperone in E. coli, is indispensable for 
viability at all temperatures (Fayet et al. 1989; Ang and Georgopoulos 1989) and S. 
cerevisiae is non-viable without CCT subunits (Stoldt et al. 1996). Mitochondrial 
Hsp60 inactivation results in embryonic lethality in mice (Christensen et al. 2010).

The terms GroEL and GroES were initially applied strictly to the two proteins 
found in E. coli and have been extended to include homologues from other bacte-
rial species. The GroEL protein functions as a typical molecular chaperone as it 
binds and folds proteins, whilst GroES exhibits no autonomous role as a chaperone 
but modulates the activity of GroEL and is referred to as a co-chaperone. The term 
chaperonin is applied to bacterial proteins that are homologous to the E. coli GroEL 
and are also referred to as Cpn60, whilst co-chaperonins refer to homologues of E. 
coli GroES, also known as Cpn10. Whilst the mitochondrial homologues are called 
Hsp60 and Hsp10, the archeal chaperonins are referred to as thermosomes (Trent 
et al. 1991). In the eukaryotic group, chaperonins found in the cytosol were first 
called TCP-1 and are now also called CCT (chaperonin containing TCP-1) (Kubota 
et al. 1994), TRiC (TCP containing ring complex) (Frydman et al. 1992) and c-cpn 
(Gao et al. 1992). The human HSP60/HSP10 proteins have been renamed HSPD/E 
(Kampinga et al. 2009). The chloroplast chaperonin is referred to as Cpn60 protein, 
whilst two types of co-chaperonins Cpn10 and Cpn20 are present (Koumoto et al. 
2001). Prior to its recognition as chloroplast Cpn60, it was known as Rubisco bind-
ing protein (Barraclough and Ellis 1980).

The chaperonins share a common subunit organisation and structure. They are 
a family of ATPases consisting of twin heptameric rings stacked back-to-back to 
create a characteristic cylindrical structure and function by assisting in the folding 
of nascent and misfolded proteins (Hartl and Martin 1995; Houry et al. 1999). Each 
ring creates a large cavity for unfolded proteins to bind and undergo productive fold-
ing to the native state in a highly cooperative and ATP-dependent manner (Bukau 
and Horwich 1998; Hartl and Hayer-Hartl 2002). Co-chaperonins form a single 
heptameric ring of 10 kDa subunits and are present in all bacterial and eukaryotic 
organisms (Hartl 1996). The E. coli GroEL/GroES complex consists of two stacked 
heptameric rings of GroEL capped by a single heptameric ring of GroES that forms 
the lid over the folding cage (Fig. 8.1). The functional cycle requires the binding 
of chaperonin 10 to one or both chaperonin rings which forms a lid-like structure 
on top of the cyclinder when ATP is bound that causes the chamber to enlarge to 
allow for protein folding (Chandrasekhar et al. 1986; Saibil 1996). A vital part of 
the structure of each subunit is a flexible mobile loop that mediates binding to the 
chaperonin (Landry et al. 1996). The flexibility and the structure of the complex is 
conserved amongst co-chaperonins and sequence variations impose differences in 
binding affinity (Richardson et al. 2001). Protein substrates first bind to the apical 
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domain and are then dislodged and driven into the cavity by the binding of the co-
chaperonin to the same area (Hartl and Hayer-Hartl 2002). The folding process is 
driven by the binding and hydrolysis of ATP which triggers a complex set of alloste-
ric signals both within and between the stacked rings (Gray and Fersht 1991; Todd 
et al. 1993). GroEL is critical for the correct folding of many proteins in the cell, 
under both normal and stress conditions. The folding of nascent polypeptides often 
requires the cooperation of both the Hsp70 and Hsp60 families and these families 
are also responsible for most of the general folding events in the cell (Hartl et al. 
1992; Fink 1999). While CCT is not upregulated during heat shock (Horwich et al. 
2007), GroEL and mitochondrial Hsp60 are heat inducible. In addition to ensuring 
the correct folding of proteins, chaperonins play a role in the assembly of protein 
complexes (Seo et al. 2010) and trafficking of proteins (Xu et al. 2011).

The Gp31 protein from bacteriophage T4, a functional co-chaperonin that pro-
motes the assembly of the T4 major capsid protein, can functionally substitute for 
GroES resulting in an increase in size and hydrophilicity of the enclosed chamber 
(van der Vies et al. 1994; Hunt et al. 1997). Another co-chaperonin from bacterio-
phage RB49 called CocO is distantly related to GroES (Ang et al. 2001). Both of 
these bacteriophage co-chaperonins utilize host encoded GroEL to assemble capsid 
proteins and both proteins could functionally replace GroES in E. coli (Keppel et al. 
2002). Interestingly, the first viral-encoded chaperonin was identified in the genome 
of Pseudomonas aeruginosa bacteriophage EL (Hertveldt et al. 2005), and later 
demonstrated to have functional properties similar to GroEL except that it does not 
require a co-chaperonin for activity (Kurochkina et al. 2012). A wide range of newly 
identified functions have been attributed to eukaryotic Hsp60, including roles in 
carcinogenesis, immunity and cell signalling (reviewed by (Calderwood et al. 2007; 

Fig. 8.1  Structure of the GroEL/GroES complex. The GroEL/GroES complex comprises of two 
heptameric rings of GroEL stacked back-to-back with the GroES ‘lid’ bound to the cis ring to 
form a barrel-shaped complex, showing the side (a) and the top (b) views of the complex. Alpha 
helices are shown in red and β-sheets in yellow. The images were generated using PyMol (DeLano 
Scientific) from coordinates in PDB: 1AON
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Chandra et al. 2007). The roles played by both intracellular and extracellular forms 
of human HSP10 (HSPE) in pregnancy, cancer and autoimmune diseases continue 
to receive attention (Jia et al. 2011; Corrao et al. 2010).

Whilst the E. coli chaperonins are encoded by only two genes, groEL and groES, 
both Cpn60 and Cpn10 found in green algae and plants are encoded by numerous 
genes (Boston et al. 1996; Hill and Hemmingsen 2001; Schroda 2004). The com-
plexity of chloroplast chaperonins has been viewed by (Vitlin Gruber et al. 2013a). 
It also appears that approximately 30 % of bacteria encode more than one groEL 
gene (Hill and Hemmingsen 2001). The biological significance of several chapero-
nin genes has yet to be revealed (Lund 2009), however the literature has expanded 
in recent years in this area of research. In general, it appears as though major sub-
units play housekeeping roles and minor subunits have more specialised functions 
and fold specific proteins (Peng et al. 2011).

The chaperonins can be further sub-divided into two distantly related groups. 
Group I chaperonins are found in eubacteria, mitochondria and chloroplasts, of 
which GroEL from E. coli is the best studied and understood (Leroux 2001). They 
form homooligomeric complexes consisting of two stacked heptameric rings togeth-
er with the heptameric Hsp10 co-chaperonin that forms the lid for the folding cage 
(Braig et al. 1994). Group II chaperonins are present in archaebacteria and in the 
eukaryotic cytosol (Horwich et al. 1993; Frydman 2001). Although both subgroups 
form ring-like structures with cavities for sequestered protein folding, Group II 
chaperonins form heterooligomeric complexes (Spiess et al. 2004; Archibald et al. 
1999). The Group II chaperonins consist of two eight or nine-membered rings con-
sisting of one to three subunit types in the archeal thermosome rings (Phipps et al. 
1991), while TRiC/CCT rings consist of eight subunit types (Frydman et al. 1992; 
Spiess et al. 2004). An important difference between the two groups is the lack of a 
GroES homologue in the Group II chaperonins (Horwich and Saibil 1998). Group 
I chaperonins utilize an independently expressed co-chaperonin that functions as a 
lid to aid the encapsulation of unfolded protein, whilst Group II chaperonins have 
a built-in lid in the form of a particular α-helical protrusion and do not require 
additional protein subunits to function (Vabulas et al. 2010; Meyer et al. 2003). 
However, the activity of CCT is regulated by a number of co-chaperones, including 
prefoldin, phosducin-like proteins and BAG3 (Vainberg et al. 1998; Martin-Benito 
et al. 2002; Stirling et al. 2006; Fontanella et al. 2010). In 2010, a third group was 
proposed in bacteria and are conserved in the genomes of 11 bacteria (Techtmann 
and Robb 2010). These novel chaperonins are capable of refolding denatured pro-
teins in a GroES-independant manner. Group III chaperoinins are highly divergent 
and distantly related to Group I and Group II and they might represent an ancient 
horizontal gene transfer event from archaea to bacteria, and this may revise the cur-
rent paradigm for chaperonin classification (Techtmann and Robb 2010).

Over the past 25 years many researchers have demonstrated the abilities of the 
E. coli GroEL and GroES machine to bind and refold a wide range of aggregation 
prone proteins both in vivo and in vitro. Early in vitro experiments demonstrating 
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the abilities of E. coli GroEL and GroES to refold denatured proteins were carried 
out using heat denatured Rubisco enzyme (Goloubinoff et al. 1989a); and following 
this seminal paper the GroEL-GroES cycle has been scrutinised in vitro. Chapero-
nins continue to also play an important role in recombinant protein production and 
this has been well documented in the literature. E. coli is a frequently used host 
and the folding of proteins in the cytoplasm is assisted primarily by Hsp70 and 
Hsp60 (Vabulas et al. 2010). They aid in functional expression and retain solubil-
ity by assisting the refolding of aggregated target proteins. The chaperonin GroEL 
and its co-chaperonin GroES have been used extensively for this purpose and are 
often co-expressed with the protein of interest. Some of these proteins include 
malate dehydrogenase (Hartman et al. 1993; Ranson et al. 1997), citrate synthase 
(Buchner et al. 1991), rhodanese (Martin et al. 1991), carbamoylase (Sareen et al. 
2001) and aconitase (Chaudhuri et al. 2001). The presence of E. coli GroEL and 
GroES significantly improved the yields of soluble protein in most instances; how-
ever large amounts of the chaperonins are often required, exceeding endogenous 
concentrations. Extensive optimisation of the reaction conditions is also vital and 
the requirements of each chaperonin are variable. A greater understanding of the 
effects of over-expressing chaperonins on cell growth, and conditions for optimum 
recombinant protein production, need to be investigated (Gupta et al. 2006). Despite 
these drawbacks, the E. coli chaperonins have been used successfully for the pro-
duction of a wide range of recombinant proteins. More recently the co-expression 
of GroEL/ES appreciably enhanced the expression of human tumor necrosis fac-
tor, CD 137 ligand (Wang et al. 2012). The solubility of Plasmodium falciparum 
1-deoxy-D-xylulose-5-phosphate reductoisomerase was significantly increased by 
the co-production of GroEL/ES (Goble et al. 2013).

To date, the structure and mechanism of chaperonin and co-chaperonin functions 
has centred on the GroEL and GroES system of E. coli (Hartl and Hayer-Hartl 2002; 
Hartl 1996; Horwich et al. 2007). This system has received the most attention and 
serves as a model for chaperonin and co-chaperonin interactions. The GroEL and 
GroES folding machine will be discussed in the following section with emphasis 
on the role of GroES. Group I chaperonins will be the focus of this chapter as the 
functional activity of Group II chaperonins is not assisted by co-chaperonins. The 
biological impact of chaperonins extends beyond protein folding as they are the 
dominant immunogens present during human bacterial infections, and there is con-
siderable interest in their role in cancer and autoimmune diseases (Kaufmann 1992). 
Data on the extensive roles of both extracellular and intracellular Hsp10 has left no 
doubt that the functions of this protein extends beyond its role as a co-chaperonin, 
and these roles have been reviewed by (Corrao et al. 2010). Research on bacterial 
chaperonins has expanded in recent years as more bacterial genomes have been se-
quenced. Our understanding of co-chaperonins in other organisms and organelles is 
gaining momentum and recent findings on bacterial and eukaryotic co-chaperonins 
will be addressed.
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Activities of the E. coli GroEL/GroES Folding Machine

One of the most efficient chaperone systems is the well characterised E. coli chap-
eronin machine composed of GroEL and its co-chaperonin GroES. Three differ-
ent functions have been assigned to this folding machine, binding to non-native 
proteins preventing aggregation (Buchner et al. 1991), facilitating protein folding 
by encapsulating the protein in a sequestered environment (Weissman et al. 1995), 
and finally unfolding of kinetically trapped intermediates so that they can refold 
(Todd et al. 1993; Sparrer and Buchner 1997; Sparrer et al. 1997; Shtilerman et al. 
1999). The groE genes of E. coli were the first chaperonin genes to be discovered. 
These genes were first identified when temperature sensitive mutant strains of E. 
coli could not support the growth of bacteriophage λ (Georgopoulos et al. 1972), 
afterwards it was determined that the two genes are encoded on the same operon 
groE. The importance of these GroEL and GroES proteins is emphasised by the fact 
that they are the only chaperones that are essential for the viability of E. coli at all 
temperatures (Fayet et al. 1989). Additionally, host GroEL and GroES play a role 
in both phage infection and defence strategies of the host (Ang et al. 2000), as well 
as protecting viral proteins at high temperatures (Chen et al. 2013). E. coli GroEL/
ES was previously known to play a role in the regulation of sigma-32 by enhanc-
ing proteolysis (Guisbert et al. 2004). Recently an additional proteolytic role was 
demonstrated whereby interaction with the cold shock RNA chaperone (CspC) lead 
to proteolysis (Lenz and Ron 2014).

It is estimated that under normal cellular growth conditions 10–15 % of all cyto-
plasmic proteins rely on GroEL in order to fold correctly, and this increases to 30 % 
under conditions of stress (Ewalt et al. 1997). Many of the cytoplasmic proteins 
that interact with GroEL have been identified (Houry et al. 1999) and GroEL acts 
downstream of the E. coli molecular chaperones, DnaK (prokaryotic Hsp70) and 
trigger factor, in the folding of 10 % of cytosolic proteins (Houry et al. 1999; Ewalt 
et al. 1997). The mechanism of action is different to that of Hsp70 as the protein is 
sequestered from its environment. In a proteomic study of E. coli proteins, ~ 250 
different proteins interact with GroEL, of these ~ 85 proteins are dependent on Gro-
EL for folding and 13 of these are essential proteins (Kerner et al. 2005). These 85 
proteins were scrutinised further and ~ 60 % were found to be absolutely dependent 
on GroEL and GroES for folding and an additional 8 proteins were classified as ob-
ligate substrates (Fujiwara et al. 2010). Most of the substrates are characterised by a 
size range of 20–50 kDa and complex α/β or α + β topologies, and tend to populate 
kinetically trapped folding intermediates (Kerner et al. 2005).

Structure of GroEL and GroES

Several crystal structures of GroEL are available (Braig et al. 1994), including Gro-
EL complexed with ATP (Boisvert et al. 1996), GroEL bound to GroES and ADP 
(Xu et al. 1997) and a GroEL-peptide complex (Chen and Sigler 1999), as well 
as NMR (nuclear magnetic resonance) spectroscopy (Fiaux et al. 2002; Nishida 
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et al. 2006) and cryo-electron microscopy structures (Ranson et al. 2006; Chen et al. 
2006). Co-chaperonin structures alone have been reported for GroES (Boudker 
et al. 1997; Hunt et al. 1996; Seale et al. 1996).

The ability of GroEL and GroES to enhance protein folding is embedded in the 
unique quaternary structures of these proteins (Fig. 8.1a). The arrangement of the 
GroEL subunits results in an oligomeric structure consisting of fourteen subunits 
arranged in two inverted rings, while the GroES subunits are arranged into a single 
ring of seven subunits, and both structures display seven-fold rotationally symmet-
ric ring-shaped oligomers (Fig. 8.1b). The GroEL subunits are composed mainly 
of α-helices and the arrangement of the subunits into two stacked GroEL rings cre-
ate a central channel that is split into two functionally separate cavities at the ring 
interface (Braig et al. 1994; Braig et al. 1993). Each subunit is divided into three 
distinct domains (Fig. 8.2): an ATP-binding equatorial domain that mediates inter-
actions between subunits of each ring, a substrate-binding apical domain including 
co-chaperone binding sites, and an intermediate domain that connects both domains 
and transmits conformational changes generated by nucleotide binding between the 
equatorial and apical domains (Braig et al. 1994; Fenton et al. 1994). The apical 
domains are positioned on the outside of each ring, the intermediate domains are in 
the middle and the equatorial domains are positioned at the interface of both rings. 

Fig. 8.2  Binding of GroES induces a large conformational change in GroEL. Each subunit of 
GroEL is divided into three distinct domains: an apical domain, an equatorial domain and an 
intermediate domain that connects both domains. Unbound GroEL (a) undergoes large rigid body 
movements of the apical domain upon binding of GroES (b). Apical domain is twisted 90° relative 
to the open ring not bound to GroES. Alpha helices are shown in red and β-sheets in yellow. The 
images were generated using PyMol (DeLano Scientific) from coordinates in PDB: 1AON
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Coalescence of the disordered and flexible C-terminal segments of the subunits in 
each ring blocks the central channel at the equatorial domain causing discontinuity 
between the cavities turning them into two separate chambers for folding (Chen 
et al. 1994). Specific hydrophilic amino acid residues in the C-terminal region were 
identified as being vital in maintaining an appropriate environment for protein fold-
ing within the central cavity of GroEL (Machida et al. 2009).

GroES is composed of seven identical 10 kDa subunits that form a lid-like struc-
ture (Hunt et al. 1996; Mande et al. 1996). These subunits form an irregular β-barrel 
structure formed by five β-strands with anti-parallel pairing of the last β-strand of 
one subunit with the first β-strand of the following subunit (Landry et al. 1993). 
Each subunit includes two loop regions, one facing upwards that forms the roof 
of the lid and one extending downwards from the bottom of the lid that consti-
tutes a highly flexible mobile loop 16 amino acids in length (Fig. 8.3; Landry et al. 
1993). Binding of GroES to GroEL is mediated by the seven flexible loops which 
are induced to form a β-hairpin structure upon formation of the GroEL/GroES/
ATP complex (Fig. 8.3; Richardson et al. 2001). Mutations in the mobile loop dis-
rupted GroES binding to GroEL (Zeilstra-Ryalls et al. 1994). The contribution of 
the mobile loop was studied using a synthetic peptide resembling the loop, which 
lacked structure until induced to form the β-hairpin structure when bound to GroEL 

Fig. 8.3  Structure of GroES. Side view of GroES heptameric structure, as it occurs bound to 
GroEL and ATP, showing the flexible loops that interact with GroEL pointing downwards (a). The 
backbone structure of the GroES monomer interacting with the top of the apical domain of GroEL 
(b). Alpha helices are shown in red and β-sheets in yellow. The images were generated using 
PyMol (DeLano Scientific) from coordinates in PDB: 1AON
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(Landry et al. 1996). The functional contribution of the flexibility of the mobile 
loop to chaperonin function was investigated by restricting the flexibility by the for-
mation of disulphide bonds within the loop, and the results revealed that they play 
an important role in inducing substrate release into the cavity (Nojima et al. 2012).

The GroEL ring that is bound to GroES is termed the cis ring and opposite ring 
free of GroES is termed the trans ring (Fig. 8.1a). The GroEL rings are subject to 
intra-ring cooperativity and inter-ring allostery (Rye et al. 1997). The two GroEL 
rings are staggered such that each subunit contacts two subunits on the other ring that 
facilitates negative cooperativity between rings (Braig et al. 1994; Roseman et al. 
2001). A review of the unfolding and refolding of GroEL and GroES in the presence 
of ligands and different solvents has highlighted differences in behaviour between 
these two proteins (Ryabova et al. 2013). The crystal structure of the bullet-shaped 
GroEL-GroES-ADP complex revealed that the apical domains are twisted 90° rela-
tive to the open ring not bound to GroES (Fig. 8.2; Roseman et al. 1996; Xu et al. 
1997). The transmission of conformational changes between the apical and equato-
rial domains of GroEL via the intermediate domain are essential as mutations in this 
domain compromised the folding capacities of GroEL/GroES (Kawata et al. 1999). 
Movement of the apical domains shifts the hydrophobic substrate binding site from a 
position facing the cavity to an elevated and rotated position to facilitate the binding 
of the mobile loop of GroES to cap the folding camber (Fig. 8.2). Mutational map-
ping revealed that there is an overlap between substrate and GroES binding to the hy-
drophobic binding site (Fenton et al. 1994). Another study suggested that rotation of 
the hydrophobic binding site weakens substrate binding (Ranson et al. 2001). How-
ever, mapping the trajectories of domain movements of the GroEL-ATP complex 
showed that the apical domains are linked by salt bridges that allows the binding sites 
to separate from each other in an extended conformation, at the same time maintain-
ing the binding surface facing the cavity, providing a potential binding site for GroES 
which triggers a final rotation that provides the “power stroke” to eject substrate in 
the chamber (Clare et al. 2012). The effects of interactions between the cavity wall of 
GroEL and rhodanese was investigated with the result that these interactions slowed 
down the folding rate of rhodanese (Sirur and Best 2013).

The Role of GroES in the Reaction Cycle

GroES functions as a co-chaperonin of GroEL to mediate the folding of unfolded 
or partially unfolded proteins. GroEL captures substrates at a site in the apical do-
main that exposes hydrophobic amino acid residues to facilitate substrate binding 
towards the ring centre (Fenton et al. 1994). GroES binds at the apical domain of 
ATP-bound GroEL, at a site that overlaps largely with the substrate binding site, and 
in doing so displaces the substrate into the binding cavity (Fenton et al. 1994). The 
distortion of the GroEL ring caused by the binding of GroES causes the hydropho-
bic residues that bind non-native protein to become inaccessible creating a hydro-
philic lined cavity (Xu et al. 1997). The result is the eviction of the protein into the 
cage for folding, also referred to as the Anfinsen cage (Ellis and Hartl 1996). GroES 
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then forms a lid over the central cavity entrapping the protein. GroES binding is 
faster than ATP-induced release of the substrate and this provides a mechanism 
for the entrapment of proteins in the cis cavity (Burston et al. 1995). The complete 
GroEL/GroES folding cycle is shown in Fig. 8.4.

The transition between the open conformation, that is receptive to protein bind-
ing, and the closed state, in which the protein is isolated, is induced by ATP binding 
and hydrolysis (Horovitz and Willison 2005). ATP binds with positive cooperativity 
within rings but with negative cooperativity between rings (Yifrach and Horovitz 
1995). Allosteric transitions support the ATP-dependant control of the affinity of 
GroEL for its substrate and the subsequent folding (Saibil et al. 1993; Roseman 
et al. 1996; Yifrach and Horovitz 1995). ATP binding initiates bending and twisting 
of subunit domains that distorts the ring structure. ATP binds to a ring with positive 
cooperativity, and movements of the interlinked subunit domains are concerted. 
In contrast, there is negative cooperativity between the rings, so that they act in 
alternation (Rye et al. 1997; Horovitz et al. 2001). Understanding the pathways of 
allosteric communication in GroEL has been the subject of intense research, and 
this was viewed more recently by (Saibil et al. 2013).

Once the substrate is encapsulated in the chamber, the slow rate of ATP hydro-
lysis dictates the length of time for folding to take place, however ATP hydrolysis 
is not required for protein folding but is required to complete the reaction cycle 

Fig. 8.4  The GroEL/GroES folding cycle. The binding of substrate to one GroEL ring is followed 
by the binding of ATP and GroES to the cis ring. The substrate is released into the cavity closed by 
GroES and allowed to fold. ATP is hydrolysed and the complex is ready to dissociate. The binding 
of ATP to the trans ring triggers release of substrate and dissociation of GroES from the cis ring 
and allows GroES to bind releasing substrate into the cavity
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(Fenton and Horwich 2003; Frydman 2001; Hartl and Hayer-Hartl 2002, 2009). 
GroEL exhibits weak ATPase activity that is lowered in the presence of GroES 
(Chandrasekhar et al. 1986; Goloubinoff et al. 1989b). GroEL provides energy in the 
form of ATP as the energy released during hydrolysis assists in the folding of non-
native proteins (Xu et al. 1997). Transformational changes in the trans ring caused 
by binding of ATP, substrate and GroES to the cis ring results in the trans ring not 
being able to bind substrate (Tyagi et al. 2009). ATP hydrolysis of the GroES-bound 
ring is required for the binding of ATP to the trans ring, negative cooperativity is dis-
played between the two GroEL rings which favours dissociation of GroES, ADP and 
substrate from the cis ring (Rye et al. 1997). If the substrate is not folded correctly it 
can rebind to another or the same GroEL for successive cycles of folding (Rye et al. 
1997). GroES can now bind to the trans ring and this ring then becomes the new cis 
ring in the subsequent round of substrate folding events. Thus both rings alternate 
to become the cis ring during folding cycles and this has led to the term “two-stroke 
engine” for the GroEL/GroES folding machine (Lorimer 1996; Xu and Sigler 1998).

In addition to its role as a lid for the folding chamber in the chaperonin complex, 
GroES controls the cooperativity by directing conformational changes in GroEL 
that are orchestrated by the seven mobile loops binding to each of the seven GroEL 
subunits, followed by release of substrate into the cage (Gray and Fersht 1991; Todd 
et al. 1994; Yifrach and Horovitz 1995). GroES also plays a key role in controlling 
the competence and specificity of protein folding by GroEL (Richardson et al. 2001).

Based on the GroEL-GroES-ADP complex, the binding of GroES causes large 
rigid body movements of the apical domains of GroES that results in doubling of the 
volume of the cis ring cavity compared to the trans ring (Fig. 8.2; Xu et al. 1997). 
This increased volume is capable of binding a native protein of 70 kDa (Houry 
et al. 1999). Most of the E. coli proteins that require GroEL-GroES for folding are 
~ 60 kDa and larger proteins that cannot be accommodated within the folding cavity 
can be folded by binding to the uncapped trans ring of GroEL (Sigler et al. 1998). 
As a result of the limited number of GroEL-GroES dependent substrates, it has 
been suggested that the complex may actively rescue proteins from kinetic folding 
traps thereby facilitating their refolding (Hartl and Hayer-Hartl 2009; Jewett and 
Shea 2010; Chakraborty et al. 2010). Without GroES and ATP, the most dependent 
or stringent GroEL substrates do not fold and remain tightly associated with the 
GroES as they need to transit through cis in order to fold (Rye et al. 1997). Binding 
of GroES also causes a dramatic change in the walls of the cavity as the hydropho-
bic binding sites are rotated towards the interfaces of adjacent subunits and GroES 
resulting in a hydrophilic wall; and the intermediate domain twists downwards cap-
ping the nucleotide binding site (Xu et al. 1997).

Roles of Bacterial Chaperonins

Due to their importance in protein homeostasis, chaperonins are essential and uni-
versally distributed in all bacteria. Bacterial chaperonins are required for the correct 
assembly of the cell division apparatus (Ogino et al. 2004). In contrast to E. coli 
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which possesses a single operon-encoded groEL gene with a groES gene, nearly 
30 % of all bacterial genomes contain multiple chaperonin genes (Lund 2009). The 
mycobacteria were the first bacteria revealed to have multiple chaperonins (Lund 
2001; Kong et al. 1993). M. tuberculosis encodes two chaperonin genes, cpn60.1 
in an operon with the co-chaperonin gene cpn10 and cpn60.2 in a different position 
on the chromosome (Kong et al. 1993), while M. smegmatis has 3 copies of cpn60 
(Fan et al. 2012). In bacteria with multiple groEL genes, such as mycobacteria, 
the essential copy is unexpectedly often not the operon-encoded gene and this has 
resulted in much interest and speculation about the functions of these additional 
chaperonins (Hu et al. 2008; Ojha et al. 2005). It is possible that one copy preserves 
the essential chaperone function, while the others diverge to take on altered roles 
(Lund 2001). Biophysical studies of the chaperonins from M. tuberculosis and M. 
smegmatis provide support of novel functions for Cpn60.1 as Cpn60.2 proteins as-
semble into oligomers and are able to replace GroEL in E. coli when co-expressed 
with GroES or the cognate Cpn10; while neither Cpn60.1 nor Cpn60.3 found in M. 
smegmatis could functionally replace GroEL (Fan et al. 2012). Based on the fact 
that Cpn60.1 appears to chaperone a discrete set of key enzymes involved in the 
synthesis of the complex cell wall and differences in protein sequence, this novel 
mycobacterial chaperonin may provide a unique target for drug development [re-
viewed by (Colaco and MacDougall 2014)].

One of the five GroEL paralogs in Sinorhizobium meliloti is required for NodD 
protein folding (Ogawa and Long 1995), whilst Bradyrhizobium japonicum possess 
at least five groESL operons that can partially compensate for the lack of one or 
other genes (Fischer et al. 1993). These duplicated proteins have evolved specific 
roles in different bacteria but the mechanism involved in functional divergence has 
not been elucidated (Wang et al. 2013). Myxococcus xanthus DK1622 displayed 
functional divergence with respect to substrate specificity and this was as a re-
sult of differences in the apical and C-terminal regions of the two GroEL proteins 
(Wang et al. 2013). Interestingly, monomeric Cpn60 from Thermus thermophilus 
was able to support protein folding independently of both ATP and a co-chaperonin 
(Taguchi et al. 1994). The crystal structures of the T. thermophilus Cpn60/Cpn10 
complex alone (Shimamura et al. 2003) and with bound proteins has been reported 
(Shimamura et al. 2004). Despite a destabilised structure, Cpn60 proteins from M. 
tuberculosis also displayed activity in the absence of ATP or co-chaperonin (Qamra 
and Mande 2004).

Cpn60s are dominant immunogens present during human bacterial infections. 
Moreover, Cpn60s of M. tuberculosis are potent inducers of host inflammatory re-
sponses and behave as antigens and cytokines (Qamra et al. 2005). The host immune 
response to exogenous chaperonins may be both protective and damaging (Ranford 
and Henderson 2002). It has been hypothesised that due to sequence conservation, 
the host immune response mounted against bacterial co-chaperonins may result in 
cross-reactivity to human Cpn60 causing an autoimmune reaction (van Eden et al. 
1998). There is convincing evidence for the case in the development of  atherosclerosis 
(Wick 2006). The roles of chaperonins in disease, including models and potential 
treatments are addressed in a review by (Ranford and Henderson 2002).
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Specific Functions of Bacterial Co-chaperonins

In addition to co-chaperonin activity, a number of diverse roles played by bacterial 
co-chaperonins are emerging, in particular during host-pathogen interactions. The 
possible reasons for numerous chaperonins in bacteria were reviewed by Lund in 
2009 and the evolution of so many different functions were highlighted by Henderson 
and Martin (2011; Henderson and Martin 2011; Lund 2009). Most bacterial Cpn10 
proteins are stimulators of the immune system and the response varies between dif-
ferent species, with human and E. coli Cpn10 proteins being poor immunogens and 
M. tuberculosis and M. leprae being strong immunogens (Cavanagh and Morton 
1994). These proteins also play a role in apoptosis, cytokine secretion and cellular 
growth and development (Cavanagh 1996). Cpn10 of M. tuberculosis, a secreted 
protein with cell signalling functions, is an important virulence factor during infec-
tion and it plays a key role in the pathology of spinal tuberculosis by inhibiting the 
growth of osteoblasts (Meghji et al. 1997; Roberts et al. 2003). Structures have been 
reported for M. leprae, and M. tuberculosis cpn10 proteins and immunodominant 
epitopes have been mapped to the mobile loop (Mande et al. 1996; Roberts et al. 
1999). Further structural analysis of M. tuberculosis Cpn10, in the presence of di-
valent cations, showed the existence of a heptamer (Taneja and Mande 2001, 2002). 
The crystal structure of T. thermophilus HB8 Cpn10 showed disordered loops in 
five subunits (Numoto et al. 2005). Comparison of M. tuberculosis Cpn10 to that of 
T. thermophilus HB8 Cpn10 revealed a similar overall structure, however the dome 
loops and mobile loops are different (Fig. 8.5). The Cpn10 from Aquifex aeolicus 
has a 25-residue C-terminal extension present in each monomer that is absent from 

Fig. 8.5  The overall structures of M. tuberculosis Cpn10 (a) and T. thermophilus Cpn10 (b) con-
form to the GroES-fold. Differences are evident in the mobile loops and a partially helical structure 
is present in the T. thermophilus Cpn10 monomer. Breaks are evident in the structures due to a 
lack of electron density in the highly flexible mobile loops. Alpha helices are shown in red and 
β-sheets in yellow. The images were generated using PyMol (DeLano Scientific) from coordinates 
in PDB: 1HX5 and WNR
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any other known Cpn10 protein that is not essential for function, but plays a role in 
preventing aggregation at high temperatures (Luke et al. 2005; Chen et al. 2008).

Roles of Eukaryotic Group I Chaperonins

In eukaryotes, Hsp60 is found in the cytosol and the mitochondria and also in chlo-
roplasts of plants. It interacts with its co-chaperonin Hsp10 or Cpn10 to promote 
protein folding in the cell. Most mitochondria and chloroplasts in higher plants ap-
pear to possess multiple chaperonin subunits (Hill and Hemmingsen 2001). Chap-
eronins in the eukaryotic cytosol are frequently situated near the ribosome and are 
found in complexes with other chaperones such as Hsc70 (Thulasiraman et al. 1999). 
In recent years a number of novel functions and interacting molecules have been 
assigned to Hsp60 (Czarnecka et al. 2006). Some of these are associated with car-
cinogenesis as its role in the survival and proliferation of tumor cells has increased 
(Czarnecka et al. 2006; Cappello et al. 2008).

The mitochondrial Hsp60 protein is essential for the folding of proteins imported 
into the mitochondria and prevention of denaturation during stress (Cheng et al. 
1989; Levy-Rimler et al. 2001). They are also characterised by a host of additional 
functions, including extracellular functions. Mutations of human Hsp60 are linked 
to severe genetic diseases (Bross et al. 2007; Hansen et al. 2007; Magen et al. 2008). 
It also plays a role in the production of pro-inflammatory cytokines (Chun et al. 
2010). In addition, it plays both pro-apoptotic and anti-apoptotic roles, depending 
on localisation (Xanthoudakis et al. 1999; Knowlton and Gupta 2003). The mito-
chondrial Hsp60 in eukaryotic cells is composed of a double-ring structure capped 
by one ring of Hsp10 (Azem et al. 1995; Coluzza et al. 2006). In contrast, human 
Hsp60 exists basically in a single-ring to double-ring equilibrium and Hsp10 can 
bind to both single and double-ring Hsp60 in the presence of ATP (Azem et al. 
1995). The mitochondrial chaperonin complex that is composed of a single ring of 
seven subunits and a ring of Hsp10 subunits cannot exploit binding of ATP to the 
trans ring as a mechanism for releasing cis GroES (Nielsen and Cowan 1998). This 
complex may have evolved an intrinsically lower affinity for the co-chaperonin but 
the presence of a high affinity mobile loop on Hsp10 may offset the low affinity 
(Nielsen and Cowan 1998). Despite the fact that mitochondrial Hsp60 can function-
ally replace GroEL, it is incapable of interacting with GroES (Nielsen et al. 1999). 
The elements that dictate the specificity of mitochondrial Hsp60 for Hsp10 appear 
to lie in the apical domain (Parnas et al. 2012). Analysis of in vivo substrates of 
yeast mitochondrial chaperonins revealed divergent chaperonin requirements, indi-
cating that Hsp60 and Hsp10 do not always operate as a functional unit (Dubaquie 
et al. 1998). Yeast mitochondrial Hsp60 can bind to single-stranded DNA in vitro 
and play a role in the structure and transmission of nucleoids (Kaufman et al. 2003). 
A number of parasites affecting human health have demonstrated an up-regulation 
of Hsp60, which is possibly linked to diverse environmental conditions encountered 
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during its transition from a mammalian to an insect vector (Maresca and Carratu 
1992). Induction of Hsp60 was found to occur during the entire course of infection 
of Trypanosoma brucei, a protozoan parasite responsible for causing sleeping sick-
ness in humans (Radwanska et al. 2000).

The chloroplast type I chaperonin complex (Cpn60) is structurally similar to 
GroEL and also forms two stacked heptameric rings (Tsuprun et al. 1991), however 
these are composed of two different subunit types, Cpn60α and Cpn60β (Martel 
et al. 1990) which are ~ 50 % identical to each other (Hill and Hemmingsen 2001). 
Arabidopsis thaliana encodes several Cpn60α and Cpn60β families and both are 
required for plastid division (Suzuki et al. 2009). A unique chaperonin subunit pres-
ent in A. thaliana confers substrate specificity, while the dominant subunits retain 
housekeeping functions (Peng et al. 2011).

Specific Functions of Eukaryotic Group I Co-chaperonins

A single copy of the Cpn10 co-chaperonin is present in the mitochondria of yeast 
and mammals, in contrast to chloroplasts that have two different co-chaperonin 
homologs (Rospert et al. 1993; Hansen et al. 2003). The chloroplast co-chaperonins 
are varied with cpn10 encoding the conventional 10 kDa protein that is similar 
in structure and function to GroES, as well as cpn20 encoding tandem fusions of 
Cpn10 domains that form tetrameric ring structures that function with GroEL and 
Cpn60 (Bertsch et al. 1992; Koumoto et al. 2001; Sharkia et al. 2003). Interestingly, 
the green alga Chlamydomonas reinhardtii has three co-chaperonins, Cpn10, Cpn20 
and Cpn23 that are individually non-functional (Tsai et al. 2012). In studies using 
recombinant co-chaperonins of A. thaliana and C. reinhardtii hetero-oligomeric 
ring complexes formed by combinations of Cpn10, Cpn20 and Cpn23 were able to 
serve as co-chaperonins in order to perhaps modify the chaperonin folding cage for 
specific client proteins (Tsai et al. 2012).

Whilst our understanding of the roles of human Hsp10 in disease continues to 
receive research attention, little is known about the roles of its homologues in viru-
lence and pathogenicity of protozoan parasites affecting human health; and they 
may interact with the human chaperone system. The first protozoan CPN10 pro-
tein characterised was from Leishmania donovani and was shown to interact with 
CPN60.2 with increased concentrations detected during the amastigote stage of the 
lifecycle (Zamora-Veyl et al. 2005). Cpn20 proteins were known to exist only in 
chloroplasts, however sequencing of the malarial genome revealed a single Cpn20 
protein which correlates with the algal origin of the parasite (Sato and Wilson 2005; 
Janouskovec et al. 2010). Since the Plasmodium falciparum genome encodes only 
one cpn20 gene, it functions as a homo-oligomeric co-chaperonin that can function-
ally replace GroES (Vitlin Gruber et al. 2013b). Characterisation of HSP10 from 
Strongyloides ratti, an intestinal nematode infecting humans, revealed a strong im-
munogenic response and the inability to bind to S. ratti HSP 60 provided evidence 
of a role in host-parasite interactions (Tazir et al. 2009).
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The structure of human mitochondrial Hsp10 has been solved and mutations in 
the first and last β-strands altered both the oligomeric and folded states (Guidry 
et al. 2003). In contrast to human mitochondrial Hsp60, Hsp10 stimulates the pro-
duction of anti-inflammatory cytokines and exerts immunosuppressive activity 
(Johnson et al. 2005). One of the first extracellular heat shock proteins to be isolated 
was a circulating immunosuppressive protein, termed early pregnancy factor (EPF), 
which was later identified as HSP10 (HSPE) after the isolation and demonstration 
of its role as a co-chaperonin for Hsp60 (Cavanagh and Morton 1994; Morton et al. 
1977). The isolation of EPF was also the first evidence that heat shock proteins 
could function as cell signalling agonists (Morton et al. 1977). EFP appeared in the 
maternal serum within 24 h after fertilisation in some mammalians and has been 
found to exhibit growth factor qualities and anti-inflammatory properties essen-
tial for protecting the embryo from the mother’s own immune system (Athanasas-
Platsis et al. 2004; Morton et al. 1977; Quinn et al. 1990). The relationship between 
Hsp10 and EPF is discussed in a review by (Corrao et al. 2010). Recombinant hu-
man Hsp10 has been used for the treatment of rheumatoid arthritis (Vanags et al. 
2006) and multiple sclerosis (Broadley et al. 2009). Extracellular Hsp10 influences 
endothelial cell differentiation (Dobocan et al. 2009). There is growing evidence to 
suggest that extracellular Hsp10 plays an active role in cell signalling (David et al. 
2013). A number of reviews have been written on Hsp60 chaperonopathies, diseases 
that arise from abnormal chaperonins (Cappello et al. 2008; Cappello et al. 2013; 
Cappello et al. 2011; Cappello et al. 2014; Macario and Conway de Macario 2005, 
2007).

Conclusion

Continued research on the influence of the cellular environment on the GroEL/ES 
folding machine and factors affecting the rate of protein folding will enhance our 
understanding of this system. The evolution of moonlighting functions of bacte-
rial chaperonins and co-chaperonins needs to be addressed. The structural states of 
Hsp10, including mixed oligomeric or fragmented, appears to influence the func-
tion as well as location. Hsp10 often functions as an antagonist to Hsp60 and pos-
sibly other molecular chaperones. Further knowledge of the extracellular functions 
of Hsp10, including secretion pathways and cell signalling, will definitely be of 
benefit in the development of treatments for cancer and auto-immune diseases re-
lated to this protein.
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Abstract In mammalian cells, the rough endoplasmic reticulum or ER plays a cen-
tral role in the biogenesis of most extracellular plus many organellar proteins and in 
cellular calcium homeostasis. Therefore, this organelle comprises molecular chaper-
ones that are involved in import, folding/assembly, export, and degradation of poly-
peptides in millimolar concentrations. In addition, there are calcium channels/pumps 
and signal transduction components present in the ER membrane that affect and are 
affected by these processes. The ER lumenal Hsp70, termed immunoglobulin-heavy 
chain binding protein or BiP, is the central player in all these activities and involves 
up to seven different co-chaperones, i.e. ER-membrane integrated as well as ER-
lumenal Hsp40s, which are termed ERj or ERdj, and two nucleotide exchange factors.

Keywords Human endoplasmic reticulum · Cellular calcium hoemostasis · Protein 
transport · Protein folding · Protein degradation

Introduction

In all nucleated human cells the endoplasmic reticulum or ER forms a vast and dy-
namic membrane network (Palade 1975; English and Voeltz 2013). The rough ER 
is studded with 80S ribosomes. These ribosomes are engaged in the biosynthesis of 
most secretory and many organellar proteins by cotranslationally inserting nascent 
polypeptides into the membrane and lumen of the ER, thus defining one major func-
tion of the rough ER. The peripheral ER contacts the plasma membrane, the tubular 
ER contacts mitochondria (Kornmann et al. 2009; Hayashi et al. 2009; Bakowski 
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et al. 2012). These contacts play important roles in cellular calcium homeostasis, 
thus defining another major function of the mammalian ER. In addition, the ER 
membrane forms a continuum with the outer nuclear envelope membrane.

Protein translocation into the ER is the first step in the biogenesis of many 
proteins of eukaryotic cells (such as proteins of the ER, ERGIC, Golgi apparatus, 
endosome, lysosome, nucleus, peroxisome, plasma membrane) as well as of most 
extracellular proteins (Fig. 9.1, “transport”) (Blobel and Dobberstein 1975a, b). 
Typically, protein translocation into the ER involves amino-terminal signal peptides 
in the precursor polypeptides and a complex machinery of transport components, 
most notably the heterotrimeric Sec61 complex in the ER-membrane and the ER-
lumenal Hsp70-type molecular chaperone BiP and its co-chaperones plus nucleo-
tide exchange factors or NEFs.

Protein transport into the ER is followed by folding and assembly of the newly 
imported polypeptides (Fig. 9.1, “folding”). Typically, this folding and assembly of 
proteins involve some of the above-mentioned components, such as the calcium-
dependent chaperone BiP and its co-chaperones plus NEFs (Haas and Wabl 1983; 
Bole et al. 1986; Weitzmann et al. 2007; Zahedi et al. 2009; Bulleid 2012). Except for 
resident proteins of the ER, the native proteins are delivered to their functional loca-
tion by vesicular transport (Schekman 2004, 2005; Sambrook 1990; Pelham 1990).

In cases of mis-folding or mis-assembly of polypeptides in the ER membrane or 
lumen, the polypeptides are exported to the cytosol and degraded by the  proteasome 
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(Fig. 9.1, “ERAD”) (Smith et al. 2011; Bagola et al. 2011; Thibault and Ng 2012; 
Olzmann et al. 2012). Export of mis-folded polypeptides from the ER lumen to the 
cytosol can also involve some of the above-mentioned components, such as the 
Sec61 complex and BiP and its co-chaperones (Pilon et al. 1997; Plemper et al. 
1997; Schäfer and Wolf 2009).

When protein mis-folding or mis-assembly prevail, a complex signal transduc-
tion pathway is activated and leads to an increase of the folding and degradation 
capacity of the ER and to a decrease of global protein synthesis (Fig. 9.1, “UPR”) 
(Gardner et al. 2013; Ron and Harding 2012; Ma and Hendershot 2001; Schröder 
and Kaufman 2005). In mammals, UPR involves the three ER membrane proteins 
PERK, ATF6 and IRE1, respectively. These proteins comprise lumenal domains, 
which are not structurally related to J-domains, that interact with BiP and cytosolic 
domains that attenuate global translation (PERK) or induce selective transcription 
(ATF6, IRE1) in the absence of BiP.

When the protein mis-folding problem persists, however, the programmed cell 
death pathway or apoptosis is activated in the respective cell to protect the organ-
ism (Fig. 9.1, “apoptosis) (Madeo and Kroemer 2009; Tabas and Ron 2011). This 
switch involves efflux of calcium ions (Ca2 +) from the ER. Indirect evidence from 
various laboratories has first suggested that the Sec61 complex may transiently con-
tribute to the ER Ca2 +leak after completion of protein translocation (Lomax et al. 
2002; van Coppenolle et al. 2004; Flourakis et al. 2006; Giunti et al. 2007; Ong 
et al. 2007; Lang et al. 2011). Recently, this concept was confirmed by the obser-
vations that the open Sec61 complex is indeed Ca2 +permeable and that silencing 
the SEC61A1 gene in HeLa cells prevents the Ca2 +leakage linked to completion of 
protein translocation (Lang et al. 2011; Erdmann et al. 2011; Schäuble et al. 2012). 
Under physiological conditions, BiP and its co-chaperones are involved in limiting 
Sec61 complex-mediated Ca2 +leakage or passive Ca2 +efflux. Therefore, it is tempt-
ing to speculate that the intrinsic Ca2 +permeability of the Sec61 complex and its 
regulation by BiP play an important role at the interface between protein biogenesis 
and Ca2 +homeostasis in mammalian cells (summarized in Fig. 9.1). Since the more 
than thousand-fold Ca2 +gradient between ER lumen and cytosol allows Ca2 +to play 
its central role as a second messenger in cellular signaling (Berridge 2002; Rizzuto 
and Pozzan 2006), it is the function of the sarcoplasmic endoplasmic reticulum 
calcium ATPase (SERCA) to counteract both the receptor-mediated Ca2 +release and 
the Ca2 +leakage from the ER in order to maintain the Ca2 +gradient of the resting 
cell (Wuytack et al. 2002).

The Chaperone Network of the ER

Both the yeast and the mammalian ER contain molecular chaperones and folding 
catalysts in millimolar concentrations (Van et al. 1989; Bies et al. 1999; Weitzmann 
et al. 2007). Many of these molecular chaperones belong to the classical Hsp40, 
Hsp70, and Hsp90 protein families (Table 9.1, Fig. 9.2). However, the ER also 
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Function Protein (synonym) Related human 
disease

OMIM Animal 
model

First 
reference

Hsp70-type 
chaperone

BiP (Grp78, 
HspA5)

Haemolytic 
uraemic 
syndrome

235400 Embryonic 
lethality or 
surfactant 
deficiency

Haas and 
Wabl (1983)

Hsp40-type 
co-chaper-
ones

ERj1 (Htj1, 
DNAJC1)

Brightman 
et al. (1995)

ERj2 (Sec63, 
ERdj2)

Polycystic liver 
disease colorec-
tal cancer

174050 Embryonic 
lethality

Skowronek 
et al. (1999)

ERj3 (ERdj3, 
DnaJB11, HEDJ, 
Dj9)

Bies et al. 
(1999)

ERj4 (ERdj4, 
DnaJB9, MDG1)

Postnatal 
lethality 
(surfactant 
deficiency)

Shen et al. 
(2002)

ERj5 (ERdj5, 
DnaJC10, JPDI)

No 
phenotype

Hosoda 
et al. (2003); 
Cunnea et al. 
(2003)

ERj6 (p58IPK, 
DnaJC3, ERdj6)

Diabetic 
mouse

Rutkowski 
et al. (2007)

ERj7 (Gng10, 
DnaJC25, ERdj7)

Zahedi et al. 
(2009)

Nucleotide
exchange 
factors

Grp170 (ORP150, 
HYOU1)

Embryonic 
lethality

Lin et al. 
(1993)

Sil1 (BAP) Marinesco-
Sjögren 
syndrome

248800 Woozy 
mouse

Chung et al. 
(2002)

Additional
co-chaper-
ones

Sig-1R (sigma-1 
receptor)

Hayashi and 
Su 2007

HspA5BP1 (GBP) Oh-hashi 
et al. (2003)

Additional
chaperones

Grp94 (CaBP4, 
ERp99, gp96, 
endoplasmin)

Embryonic 
lethality

Shiu et al. 
(1977)

Calnexin (IP90, 
p88)

Postnatal 
lethality

Degen and 
Williams 
(1991)

Calreticulin 
(CaBP3, ERp60)

Embryonic 
lethality

Burns et al. 
(1992)

Table 9.1  BiP and its interaction partners in the mammalian ER
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Fig. 9.2  Interaction partners of BiP that are involved in protein biogenesis and calcium homeo-
stasis. The proteins that are involved in protein transport, folding, ERAD, and UPR are indicated, 
all other proteins are involved in protein folding or calcium homeostasis ( red asterisk). Membrane 
proteins are depicted in green; ER-lumenal Hsp40s are represented as squares, all other proteins 
as circles

 

Function Protein (synonym) Related human 
disease

OMIM Animal 
model

First 
reference

UPR signal 
transducers

IRE1α/β (ERN1/2) Tirasophon 
et al. (1998)

IRE2 Wang et al. 
(1998)

ATF6α/β Yoshida et al. 
(1998)

PERK (EIF2AK3, 
PEK)

Wolcott-Ralli-
son syndrome
breast cancer

226980 Diabetic 
mouse

Shi et al. 
(1998); 
Harding et al. 
(1999)

Sec proteins Sec61α1 Diabetic 
mouse

Görlich et al. 
(1992)

Sec61β Hartmann 
et al. (1994)

Sec61γ Glioblastoma
Sec62 (TLOC1) Prostate/lung/

thyroid cancer
Mayer et al. 
(2000); Tyed-
mers et al. 
(2000)

Table 9.1 (continued) 
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comprises a special class of molecular chaperones or lectins that are dedicated to 
the folding of glycoproteins. The mammalian ER, contains a soluble (calreticulin 
or CRT) as well as a membrane integrated (calnexin or CNX) lectin (Degen and 
Williams 1991; Burns et al. 1992). The folding catalysts of the ER deal with either 
the formation of disulfide bonds (protein disulfide isomerases or PDI) or the isom-
erization of proline-containing peptide bonds (peptidyprolyl-cis/trans-isomerases 
or PPIase). The PPIases belong to either the cyclosporin A- or the FK506-sensitive 
protein family (cylophilin or FK506-binding protein). All these chaperones and 
folding catalysts have been observed to be present in larger complexes in various 
combinations (Tatu and Helenius 1997; Meunier et al. 2002).

The Hsp70/Hsp40 Network of the ER

Just like the bacterial cytosol or the mitochondrial matrix, the ER contains the typi-
cal Hsp70 triad, comprising the Hsp70 itself (BiP in mammals) as well as a Hsp40-
type co-chaperone, which stimulates the ATPase activity of BiP, and a NEF, which 
catalyzes the exchange of ADP for ATP (Tables 9.1 and 9.2, Fig. 9.3). These pro-
teins have also been shown to be able to perform the classical Hsp70 reaction cycle, 
thereby mediating the folding and assembly of newly-synthesized and –imported 
polypeptides. Similarly to the two above-mentioned cellular compartments, there 
are two Hsp70-type chaperones in both the yeast as well as the mammalian ER 
(Haas and Wabl 1983; Bole et al. 1986; Munro and Pelham 1986; Weitzmann et al. 
2007; Mimura et al. 2007; Luo et al. 2006). One of these, however, may also be 
referred to as a Hsp110 protein family member (Grp170 in mammals) and serves 
as a NEF for BiP (Lin et al. 1993; Kitao et al. 2004; Weitzmann et al. 2006). There 
also seems to be a bona fide functional homolog to bacterial GrpE in the ER lumen 
(BAP or Sil1 in mammals) (Chung et al. 2002; Zhao et al. 2005, 2010), i.e. there is 
redundancy at the level of the NEFs, which may explain the non-lethal phenotype 
of loss of Sil1 function that is associated with the neurodegenerative disease, Mari-
nesco-Sjögren syndrome (Table 9.1, see below). The structures of the two cytosolic 
paralogs of the two NEFs were recently solved and revealed distinct interacting 
surfaces with the top of the nucleotide-binding domain (NBD) of BiP (Shomura 
et al. 2005; Polier et al. 2008); thus, the NEF binding sites on Hsp70 are different 
from the J-domain binding site, which resides at the NBD bottom. Based on these 
structural data, the two NEFs may even be able to bind simultaneously to BiP.

There may be up to nine different Hsp40 type molecular chaperones present in 
the human ER, although not necessarily simultaneously in the same cell (Tables 9.1 
and 9.2, Fig. 9.3). To date, seven of these have been characterized in some detail 
and were termed ERj1 through ERj7 (or ERdj). The two additional candidates for 
ERj proteins are DnaJC14 or HDJ3 and DnaJC16, the latter also containing two 
thioredoxin domains. The Hsp40-type co-chaperones in the ER can be divided into 
membrane proteins with a lumenal J-domain and into lumenal proteins (Fig. 9.3). 
Furthermore, they can be classified according to the domains they have in  common 
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with the bacterial DnaJ protein (i.e. besides the actual J-domain) (Hennessy et al. 
2005). Type I Hsp40s contain four domains: an amino-terminal J-domain, a glycine-
phenylalanine (G/F) rich domain, a Zn-finger- or cysteine repeat-domain, and a 
carboxy-terminal substrate binding domain. Type II Hsp40s contain three domains: 
an amino-terminal J-domain, a glycine-phenylalanine (G/F) rich domain, and a 
carboxy-terminal substrate binding domain. Type III Hsp40s contain only the J-
domain and, in general, have more specialized functions compared to type I and II 
Hsp40s. Thus, only the type I and II ER-lumenal Hsp40s, ERj3 (Bies et al. 1999, 
2004; Yu et al. 2000; Shen and Hendershot 2005; Jin et al. 2008, 2009) and ERj4 
(Shen et al. 2002 Kurisu et al. 2003; Dong et al. 2008; Lai et al. 2012; Fritz et al. 
2014), have the ability to bind substrate polypeptides and deliver them to BiP, that 
is, to facilitate polypeptide folding, analogous to the paradigm of Hsp40, the DnaJ 
in E. coli. However, the four thioredoxin domains within ERj5 (Cunnea et al. 2003; 
Hosoda et al. 2003; Dong et al. 2008; Ushioda et al. 2008; Ladiges et al. 2005; 
Hagiwara et al. 2011; Oka et al. 2013) and the tetratricopeptide repeat (TPR) do-
mains in ERj6 (p58IPK) (Kang et al. 2006; Rutkowski et al. 2007; Petrova et al. 2008; 

Fig. 9.3  Topology and domain organisation of BiP and its co-chaperones and nucleotide exchange 
factors. C, carboxy-terminal substrate binding domain, Cys cysteine-repeat domain, GF glycine-
phenylalanine rich domain, NBD nucleotide binding domain, SBD substrate binding domain, 
TPR tetratricopeptide repeat, TRX thioredoxin domain. We note that ERj1 and Sec63 both com-
prise large cytosolic domains that are structurally un-related. In the case of ERj1, this domain is 
involved in ribosome binding; (Blau et al. 2005; Dudek et al. 2005) (Fig. 9.6), the cytoslic domain 
of Sec63 is structurally related to certain helicases (Pena et al. 2009) and is involved in interaction 
with Sec62 (Müller et al. 2010) (Fig. 9.5)
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Dong et al. 2008; Svard et al. 2011) may also play a role in substrate binding. Thus, 
ERj3 through ERj6 are involved in protein folding under physiological as well as 
stress conditions and in ERAD (Table 9.2, Fig. 9.2). This is consistent with the fact 
that these four BiP co-chaperones are over-produced together with BiP under stress 
conditions, i.e. when there is an increased demand for chaperone and degradation 
activity towards mis-folded polypeptides (Table 9.2). Therfore, it is not surprising 
that these members of the resident ER Hsp70-cycle have been found in large com-
plexes with each other, with other chaperones and folding catalysts, and with other 
resident ER proteins that are involved in N- or O-glycosylation (UDP-glucose-gly-
coprotein-glycosyltransferase or UGGT, SDF2L1) and calcium homeostasis (calu-
menin, reticulocalbin), respectively (Fig. 9.2).

Table 9.2  Properties of BiP and its co-chaperones and NEFs. We note that the given concentra-
tions refer to a suspension of rough microsomes, which was isolated from canine pancreas and 
adjusted to a concentration of 1 equivalent/µl. In the ER lumen, the concentrations are approxi-
mately thousand-fold higher. The data were taken from Weitzmann et al. 2007; Zahedi et al. 2009). 
GST glutathione-S-transferase
Protein UPR 

controlled
Cellular 
function(s)

Concentration 
in suspension 
of RM (µM)

Recombi-
nant pro-
tein (amino 
acid 
residues)

Rate constants for inter-
action with BiP in the 
presence of ATP
ka (M

−1s−1) kd (s
−1)

BiP + ERAD, 
folding, 
Sec61-gating, 
transport, 
UPR

5.00 BiP-
Hexahis 
(20-655)

 –  –

ERj1 − Unknown 0.36 GST-J-
domain 
(44-140)

6.00 × 103 2.60 × 10−3

ERj2 − Transport 1.98 GST-J-
domain 
(91-189)

0.81 × 103 2.60 ×  10−3

ERj3 + ERAD, 
folding

0.29 GST-ERj3 
(18-336)

1.25 × 103 3.60 × 10−3

ERj4 +++ ERAD, 
folding

Not detectable GST-ERj4 
(23-222)

ERj5 + ERAD, 
folding

2.00 GST-ERj5 
(26-793)

6.20 × 103 2.80 × 10−3

ERj6 + ERAD, 
folding

Not 
determined

GST-ERj6 
(32-504)

64.4 3.97 × 10−3

ERj7 + Unknown 2.30 GST-J-
domain 
(39-149)

5.07 × 103 5.70 × 10−3

Grp170 + Folding, NEF 0.60  – Not 
determined

Sil1 − NEF 0.005 GST-39-461 Not 
detectable
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In Fig. 9.4, we have modelled the equlibrium concentrations of free BiP and 
complexes of BiP with its co-chaperones for canine pancreatic microsomes, based 
on the determined concentrations of the various proteins and the rate constants for 
their interacttion with BiP (Table 9.2). The complexes are formed transiently in or-
der to stimulate the ATPase activity of BiP, thus creating the form of BiP with high 
substrate affinity. Typically, the ER lumenal concentrations of BiP are in the mil-
limolar range and similar to the total concentration of ERjs (Weitzmann et al. 2007). 
The model illustrates that under normal conditions there is enough BiP available for 
interaction with all ERjs and that under conditions of UPR induction, where BiP and 
ERj3 through ERj6 are over-produced, BiP becomes limiting for ERj2, thus, selec-
tively preventing import of additional precursor polypeptides. This can be deduced 

Fig. 9.4  Equilibrium concentrations for (free) BiP and reaction products BiP-ERjX (X = 1,2,3,5,7) 
as a function of the initial concentration of BiP as calculated numerically with the reaction equa-
tions, shown below, and using the experimentally determined rate constants ka and kd and initial 
concentrations [ERjX] in rough microsomes from canine pancreas (Table 9.2). The time evolution 
of the concentrations is then given by a coupled set of ordinary differential equations: 
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where [BiP], [ERjX], and [BiP–ERjX] denote the concentrations of BiP, ERjX (X = 1,2,…,7), and 
[BiP–ERjX], respectively. Due to the lack of data we set [ERj6] and [BiP-ERj6] constant to zero. 
Using the measured values for the initial concentrations [ERjX](t = 0) and the rate constants ka and 
kd from Table 9.1 we solved the above differential equations numerically for various initial con-
centrations [BiP](t = 0) and zero initial concentrations of the reaction products [BiP-ERjX](t = 0). 
In Fig. 9.1 we show the results of the stationary (equilibrium) concentrations of BiP and the reac-
tion products, [BiP]eq and [BiP-ERjX]eq, respectively, as a function of the initial BiP concentration 
[BiP](t = 0)—which is equal to the total BiP concentration [BiP]total, since [BiP–ERjX](t = 0) is zero 
for X = 1,…7
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from the observation that complex formation between BiP and ERj2 requires much 
higher concentrations of BiP as compared to complex formation between BiP and 
e.g. ERj5 or ERj7.

The Putative Role of BiP and its Co-chaperones in Protein 
Transport into the ER as an Example of Chaperone/
Co-chaperone Action in the Mammalian ER

The structure of the Sec61 complex suggests a potential mechanism for BiP-me-
diated gating, i.e. opening and closing, of the Sec61 channel (Figs. 9.1 and 9.5) 
(Pfeffer et al. 2012, 2014; Zimmermann et al. 2011). We suggest that the  ribosome 

Fig. 9.5  Protein-protein interactions that are involved in gating of the Sec61-complex in the 
human ER membrane. The shown interactions of BiP with Sec61α (Schäuble et al. 2012), Sec62 
with Sec61α (Linxweiler et al. 2013) and Sec62 with Sec63 (Müller et al. 2010) as well as their 
sensitivities to mutations were previously described. The BiP-Sec63 interaction was described 
by Tyedmers et al. (2000) and the effect of the R197E mutation by Awad et al. (2008). So far, the 
latter interaction as well as the Sec62-Sec63 interaction were found to be relevant only for protein 
transport into the ER, i.e. gating of the Sec61 complex from the closed to the open conformation; 
in contrast, the BiP co-chaperone for gating to the closed state is still elusive. Interactions are indi-
cated by arrows, the transmembrane helices that form the lateral gate are shown in light blue, the 
cytosolic and ER luminal loops, which form the binding sites for ribosomes and BiP, respectively, 
are indicated. NBD nucleotide binding domain, SBD substrate binding domain
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in cotranslational transport and the Sec62/Sec63 complex in posttranslational 
transport can prime the closed Sec61 complex for opening (Lang et al. 2012). The 
 current view on opening of the Sec61 complex in protein translocation, i.e. channel 
gating from the closed to the open conformation, is that signal peptides of nascent 
presecretory polypeptides intercalate between the Sec61α transmembrane (tm) heli-
ces 2 and 7, opening the lateral gate of the Sec61 complex that these two tm helices 
form (van den Berg et al. 2004; Gumbart and Schulten 2007). It has been proposed 
that the minihelix within loop 7 plays a role in gating of the Sec61 complex from 
closed to open and that BiP binding to this minihelix may be required for gating 
from the closed state to the open state in the case of some precursor polypeptides, 
while others may be able to trigger gating on their own (Schäuble et al. 2012). Here, 
BiP binds the native Sec61α as a substrate and facilitates its conformational change. 
At this point of translocation, the nascent precursor polypeptide chain can be fully 
inserted into the Sec61 complex and initiate translocation. Next, BiP binds to the 
precursor polypeptide in transit and acts as a molecular ratchet, thus mediating com-
pletion of translocation (Nicchitta and Blobel 1993; Tyedmers et al. 2003; Shaffer 
et al. 2005). Here, BiP binds the non-native precursor polypeptide as a substrate and 
prevents it from sliding back into the cytosol. Subsequently, i.e. in the absence of 
a precursor polypeptide in transit, binding of BiP to loop 7 can facilitate closing of 
the Sec61 channel to limit ion efflux from the ER (Schäuble et al. 2012). We find 
this view attractive, because loop 7 connects tm helices 7 and 8, and is thus close 
enough to the lateral gate to influence gate movements. Interestingly, mutation of 
tyrosine 344 to histidine within the minihelix of loop 7 leads to diabetes in mice 
(Lloyd et al. 2010).

There is no doubt that the physical and mechanistic link between the Sec61- 
and the BiP-reaction cycles is most efficiently provided by a membrane integrated 
Hsp40 with a lumenal J-domain. Indeed in yeast, Sec63p has been shown to provide 
the lumenal J-domain that allows Kar2p (BiP in yeast) to play its roles in insertion of 
precursors into the Sec61 complex as well as in completion of translocation (Lyman 
and Schekman 1995, 1997). Since in pancreatic microsomes Sec63 or ERj2 was 
found in association with the Sec61 complex and to be present in  approximately 
stoichiometric amounts as compared to heterotrimeric Sec61 complexes, we expect 
mammalian Sec63 to play a similar role, i.e. recruit BiP to the Sec61 complex and 
stimulate ATPase activity of BiP for conversion to the high substrate  affinity (Mayer 
et al. 2000; Tyedmers et al. 2000; Pena et al. 2009; Lang et al. 2012). However, it 
remains open, whether or not a single BiP molecule can first bind loop 7 of Sec61α 
and, subsequently, the incoming precursor polypeptide within one functional cycle 
(Schlecht et al. 2011). Interestingly, it has been shown that human ERj1 can com-
plement the otherwise lethal deletion of Sec63p in yeast (Kroczynska et al. 2004). 
Therefore, ERj1 may play a similar role as Sec63 in the mammalian ER, thereby 
providing at least partial redundancy for this essential function that may explain 
the non-lethal phenotype of loss of Sec63 function,  associated with polycystic liver 
disease (Table 9.1, see below). ERj1 was observed in association with translat-
ing ribosomes (Fig. 9.6; Dudek et al. 2002, 2005; Blau et al. 2005; Benedix et al. 
2010). Therefore, we propose that in the mammalian ER two different membrane 
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proteins provide J-domains in the neighborhood of translating ribosomes and Sec61 
 complexes and allow BiP to play its roles in protein import. In addition, ERj1 ap-
pears to have regulatory roles that are related to transcription as well as to transla-
tion. The cytosolic domain of ERj1 has the ability to allosterically inhibit translation 
at the stage of initiation when it is not bound to BiP (Fig. 9.6). Thus, ERj1 would be 
ideally suited to allow initiation of synthesis of precursor polypeptides on ER bound 
ribosomes only when BiP is available on the other side of the membrane. Further-
more, ERj1 has all the features of a membrane-tethered transcription factor that can 
be activated by regulated intra-membrane proteolysis (Zupicich et al. 2001). The 
cytosolic domain has actually been shown to be able to enter the nucleus (Zupicich 
et al. 2001, Dudek et al. 2005). Last but not least, it was observed that a resident ER 
protein with a lumenal J-domain is also involved in sealing of the Sec61 complex 
in the mammalian system (Schäuble et al. 2012). At present, we only can exclude 
ERj1 as the co-chaperone for this BiP activity (Lang et al. 2011).

Regulatory Mechanisms

It has been known for some time that the genes of many of the protein transport 
components of the mammalian ER are under control of the unfolded protein re-
sponse (see Table 9.2 for examples). In addition, various miRNAs apparently target 

Fig. 9.6  ERj1’s ribosomal contacts, overall position and conformational changes. Cryo-EM map 
of the dog pancreas 80S ribosome at a resolution of 23 Å. Left side: Yellow indicates the small 
(40S) ribosomal subunit, blue indicates the large (60S) subunit (Blau et al. 2005; Dudek et al. 
2005). Top, side view; bottom, rotated 90° backwards, exposing the membrane attachment side 
of the ribosome. Right side: Cryo-EM map of the 80S ribosome- ERj1C complex at a resolution 
of 20 Å. ERj1C refers to the cytoslic domain of ERj1. Orange and green indicate the densities for 
ERj1C and the expansion segment 27 or ES27, respectively
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some of these same genes and there may be splice variants for some of these genes 
according to the respective data bases. But there apparently also is regulation on the 
protein level. In the case of mammalian BiP, ADP ribosylation was shown to be a 
mechanism for reversible inactivation of BiP when the concentration of unfolded 
polypeptides is low (Chambers et al. 2012). Various modifications have been ob-
served for mammalian as well as yeast protein transport components, most notably 
phosphorylation. Phosphorylation of mammalian proteins ERj1 and Sec63 by CK2 
was reported, but the functional consequences of these phosphorylations was not 
addressed (Götz et al. 2009; Ampofo et al. 2013). A first hint for the importance of 
CK2-dependent phosphorylation of components of the transport machinery may 
come from studies in yeast (Wang and Johnsson 2005). The essential Sec63p is 
phosphorylated by the protein kinase CK2 and non-phosphorylatable Sec63p causes 
a protein translocation defect. Taken together, these findings suggest a general role 
of phosphorylation for a network of transport factors in regulation of protein trans-
location across the ER-membrane.

Medical Aspects

Shiga toxigenic Escherichia coli (STEC) strains cause morbidity and mortality in 
developing countries (Paton et al. 2006). Some of these pathogens produce AB5 
toxin or subtilase AB and are responsible for gastrointestinal diseases, including the 
life-threatening haemolytic uraemic syndrome (HUS) (OMIM 235400). During an 
infection, the bacterial cytotoxin enters human cells by endocytosis and retrograde 
transport to the ER. In the ER, BiP is the major target of the catalytic subunit, which 
inactivates BiP by limited proteolysis. Eventually, all BiP functions are lost, and the 
affected cells die.

Autosomal dominant polycystic liver disease (PLD) (OMIM 174050) is a rare 
human inherited disease that is characterized by the progressive development of 
multiple biliary epithelial liver cysts (Davila et al. 2004). It usually remains asymp-
tomatic at young ages and manifests between the ages of 40 and 60 years. Liver 
function is usually preserved. A loss of Sec63 function has been postulated in sever-
al genetic mutations. Although no mechanism has been firmly established for PLD, 
the disease can be explained by a two-hit mechanism: patients with one inherited 
mutant allele and one wild-type allele may lose the wild-type allele in some liver 
cells through somatic mutation. A plausible scenario is that Sec63 is essential for 
the ER import of a subset of non-essential secretory or plasma membrane proteins 
that are involved in the control of biliary cell growth or cell polarity. Thus, without 
functional Sec63, these proteins do not reach the correct location at the cell surface. 
This view was confirmed by recent results and it was concluded that the secondary 
lack of polycystins 1 and 2 results in disrupted cell adhesion and, therefore, cyst 
formation (Fedeles et al. 2011; Lang et al. 2012).

Marinesco-Sjögren syndrome (MSS) (OMIM 248800) is a rare autosomal reces-
sively inherited neurodegenerative disease (Anttonen et al. 2005; Senderek et al. 
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2005). The hallmarks of MSS are cerebellar ataxia, cataracts, developmental and 
mental retardation, and progressive myopathy (Roos et al. 2014). The cause of the 
disease in the majority of MSS patients has been characterized as a mutation in the 
SIL1 gene that results in mutated or truncated Sil1. Sil1 is a nucleotide exchange 
factor for BiP, and its role is to provide BiP with ATP (Weitzmann et al. 2006). Thus, 
the loss of Sil1 function results in a reduction of functional BiP. Several possible 
consequences are: (i) some precursor proteins may not be transported into the ER, 
causing precursor polypeptides to accumulate in the cytosol; (ii) some proteins that 
are successfully transported into the ER may not be folded correctly, leading to 
accumulation of mis-folded polypeptides in the ER; (iii) some essential secretory 
or plasma membrane proteins may not reach their functional location, leading to 
secondary loss of functions; or (iv) Sec61 channel gating to the closed state may be 
compromised, thus, leading to apoptosis.

Wolcott-Rallison syndrome (WRS) (OMIM 226980) is a rare autosomal re-
cessive disorder characterized by permanent neonatal and early infant insulin de-
pendent diabetes associated with various multisystemic clinical manifestations 
(Brickwood et al. 2003). The cause of the disease has been characterized as a muta-
tion in the PERK gene that results in a mutated or truncated PERK protein. Based 
on the analysis of some of the mutant proteins, a loss of PERK function is expected 
in all of these cases. PERK seems to be essential in postnatal pancreatic β cells and 
may play a role in pancreatic development in utero. Because PERK is only one of 
four kinases that are known to phosphorylate eIF2A, it was argued that PERK may 
also have an important metabolic function and that the latter may be the essential 
function in β cells.

Due to poor vascularization and the resulting hypoxia and glucose starvation, 
tumor cells are prone to ER stress and UPR (Macario and Conway de Macario 
2007; Aridor 2007). In cultured cells, BiP is one of the proteins involved in protect-
ing cancer cells against ER stress-induced apoptosis (Fu et al. 2007). In addition to 
this general link between BiP and cancer, some of the above-mentioned BiP inter-
acting proteins have been connected to certain tumors. Sec63 is an ER-membrane 
resident Hsp40 that, together with BiP, plays a role in gating of the Sec61 complex 
(Lang et al. 2012; Schäuble et al. 2012). The SEC63 gene was found among the 
most frequently mutated genes in cancers that had deficient DNA mismatch repair, 
such as hereditary nonpolyposis colorectal cancer (HNPCC)-associated malignan-
cies and sporadic cancers with frequent microsatellite instability (Mori et al. 2002; 
Schulmann et al. 2005). These genetic alterations may be associated with a more or 
less pronounced loss of Sec63 function. This alone may contribute to tumorigenesis 
or it may result in a non-physiological Sec62-Sec63-ratio. This hypothesis is sup-
ported by a study on the gene expression signatures of sporadic colorectal cancers; 
they recognized the over-expression of SEC62 as part of a 43-gene cDNA panel 
that was used for predicting the long-term outcome of colorectal cancer patients 
(Eschrich et al. 2005). Sec62 forms a complex with Sec63 and Sec61 and is also 
involved in Sec61 channel gating (Linxweiler et al. 2013). Gene amplification at 
chromosome 3q25-q26 commonly occurs in prostate- as well as several other can-
cers. Mapping the 3q25-q26 amplification and identifying candidate genes with 
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quantitative real-time PCR revealed that the SEC62 gene had the highest known 
amplification  frequency (50 %) in prostate cancer and was found to be up-regulated 
at the mRNA and protein level in all tumors analyzed (Jung et al. 2006). Recently, 
this was also observed for cancers of the lung and thyroid (Greiner et al. 2011a, 
2011b; Linxweiler et al. 2012, 2013) and SEC62 ( TLOC1) was characterized as a 
cancer driver gene (Hagenstrand et al. 2013). Thus, SEC62 over-expression appears 
to be associated with a proliferative advantage for various cancer cells, which ap-
pears to be due to the role of Sec62 in cellular calcium homeostasis. In summary, a 
Sec62-Sec63 imbalance is likely to contribute to the development of various human 
malignancies.

A common theme seems to emerge from some of the described patho-physio-
logical situations in mice and men (summarized in Table 9.1): Mammalian cells, 
which are highly active in protein secretion, may be particularly sensitive towards 
problems in Sec61 channel closure and, therefore, constantly on the verge to apop-
tosis, e.g. seen in the β-cells of the mouse with the Sec61αY344H mutation. On the 
other hand, the secretory active cells may be particularly sensitive to imbalances in 
the Sec62 to Sec63 ratio, which result in over-efficient Sec61 channel closure and, 
thus, a proliferative advantage that can lead to cancer, e.g. seen after over-epression 
of SEC62 in prostate or lung cancer. However, it remains to be seen to what extent 
the other diseases that are listed in Table 9.1 fit into this scheme.
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Abstract Mitochondrial chaperones mediate and affect critical organellar pro-
cesses, essential for cellular function. These chaperone systems have both pro-
karyotic and eukaryotic features. While some of the mitochondrial co-chaperones 
have clear homologues in prokaryotes, some are unique to eukaryotes and have 
no homologues in the chaperone machinery of other cellular compartments. The 
mitochondrial co-chaperones are required for protein import into the organelle and 
in enforcing the structure of the main chaperones. In addition to novel types of 
interaction with their senior partners, unexpected and essential interactions between 
the co-chaperones themselves have recently been described.

Keywords Co-chaperones · Mitochondria · Protein translocation · Evolution

Introduction

The mitochondrion is an endosymbiotically derived double membrane organelle 
of prokaryotic origin, characteristic of eukaryotic organisms. The organelle still 
retains many prokaryotic features, such as 70S ribosomes, the machinery to syn-
thesize FeS clusters and its own circular chromosomal DNA. The mitochondrion is 
enveloped by two membranes, the outer and the inner membrane. All mitochondrial 
co-chaperones identified to date are localized in the lumen of the inner membrane, 
the mitochondrial matrix. While comparative analyses of mitochondrial chaperones 
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with their bacterial homologues have yielded rich understanding of the processes of 
protein folding and FeS cluster assembly, the co-chaperones regulating protein im-
port are unique to mitochondria and must have evolved some time after the original 
endosymbiont began to assume the form of an organelle. Much of the understanding 
of mitochondrial function comes from studies in yeast Saccharomyces cerevisiae, 
and their co-chaperone complement will be examined in this chapter.

The Mitochondrial Homologue of DnaK and its 
Co-Chaperones

The major mitochondrial Hsp70 chaperone (called Ssc1 in yeast) is regulated by 
5 co-chaperones of the J protein family. These co-chaperones define the spectrum 
of processes Ssc1 mediates, such as protein folding, import and degradation. Pro-
tein folding is a conserved process, mediated in the mitochondrial matrix in an 
analogous way to the process in the bacterial cytoplasm, and two co-chaperones 
regulating the process in mitochondria (Mdj1 and Mge1/Yge1) are mitochondrial 
equivalents of the bacterial co-chaperones DnaJ and GrpE. Mdj1, a DnaJ homo-
logue, is the only type I J protein in mitochondria (Rowley et al. 1994). Mge1, a 
GrpE homologue is the only bacterial-type nucleotide exchange factor in eukary-
otes (Bolliger et al. 1994).

The mitochondrial Ssc1/Mdj1/Mge1 chaperone system shares biochemical, as 
well as functional properties with the bacterial DnaK/DnaJ/GrpE (Fig. 10.1). Like 
DnaJ, Mdj1 binds to and prevents the aggregation of unfolded firefly luciferase 
in in vitro assays (Prip-Buus et al. 1996). The unfolded substrate is delivered to 
the major chaperone and a typical J/Hsp70 interaction follows: Mdj1, through its J 
domain stimulates the ATPase activity of Ssc1, coupling it with substrate delivery 
(Kubo et al. 1999). Firefly luciferase folding is facilitated by Ssc1, but the substrate 
is efficiently released only in the presence of Mge1, which affects ADP release 
from the chaperone. Mge1 dimer is sensitive to reactive oxygen species, and may 
act as an oxidative state sensor (Marada et al. 2013). Nucleotide release factors in 
other eukaryotic compartments are not of bacterial origin, and the presence of this 
bacterial-type co-chaperone further underlines the prokaryotic nature of the mito-
chondrial chaperone system.

Mdj1 can both deliver substrate to DnaK, and stimulate the ATPase activity of 
DnaK in vitro, resulting in a productive folding interaction (Deloche et al. 1997b). 
It rapidly binds to ATP bound form of Ssc1, and disassociates more slowly. The rate 
of Mdj1 release from Ssc1 is significantly increased in the presence of a protein 
substrate (Mapa et al. 2010). If expressed in bacterial cells, Mge1 can replace GrpE. 
Also functional in bacterial cells is a hybrid J protein composed of the glycine-rich 
and zinc finger domains of DnaJ fused to the J domain of Mdj1 (Deloche et al. 
1997a). Despite this apparent similarity between the co-chaperones of mitochon-
dria and bacteria, the two chaperone machines are not completely equivalent. Ssc1 
can not, even in the presence of Mdj1, complement the loss of DnaK in vivo, and  
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full-length Mdj1 can not complement the loss of DnaJ (Deloche et al. 1997a). The 
glycine rich region of Mdj1 can not fully complement the function of the same re-
gion of DnaJ (Cajo et al. 2006).

Folding of proteins within the mitochondrial matrix is a major function of 
Ssc1(Liu et al. 2001) and is regulated by Mdj1. Analysis of mutant forms of Mdj1 
has revealed that folding of mitochondrial proteins following their import into the 
organelle largely depends on the co-chaperone, but that it only interacts with fully 
translocated substrates and does not play a role in protein import itself (Rowley 
et al. 1994; Horst et al. 1997). Increased levels of misfolded proteins and protein ag-
gregates were observed in organello upon heat shock of mitochondria in yeast cells 

Fig. 10.1  Co-chaperones in Escherichia coli and mitochondria. The two bacterial Hsp70 chaper-
one systems, mediating protein folding and FeS cluster assembly, are shown in the panel on the 
left. The J domain (J) and zinc finger domain (Zn) of DnaJ are shown. Hsc20, a type III J protein 
has only the J domain. DnaK also requires the action of GrpE to efficiently complete its ATP 
hydrolysis cycles. In mitochondria ( right panel), two Hsp70 isoforms derived from a DnaK-like 
ancestor, mediate protein folding and FeS cluster assembly. Both require the assistance of the 
Mge1 co-chaperone. Ssq1 acts exclusively in FeS cluster assembly, while Ssc1 also mediated 
the translocation of proteins into the matrix and folding of protein substrates (derived either from 
the mitochondrial 70S ribosomes or from the protein import machinery). In all three processes, 
multiple rounds of ATP hydrolysis are required to handle a single protein substrate molecule. 
Ssc1 can function as the motor for protein import only with the assistance of the co-chaperones of 
the PAM complex (Pam18, Pam16), the TIM23 complex (Tim44) and Mge1. The mitochondrial 
co-chaperone Zim17 is required to enforce the structure of Ssc1 and Ssq1. Note: Fig. 10.1 and its 
legend have been adapted with kind permission from Springer Science + Business Media: Net-
working of Chaperones by Co-chaperones; Chap. 9: The evolution and function of co-chaperones 
in mitochondria; 2007; pp. 99–108; Dejan Bursać, and Trevor Lithgow; Fig. 1
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genetically depleted of Mdj1, confirming its importance in this process (Prip-Buus 
et al. 1996). Protein folding in mitochondria is not solely dependent on Ssc1; some 
substrates are handed over to the conserved chaperonin system, Hsp60/Hsp10 in 
yeast (homologues of bacterial GroES and GroEL, respectively), which completes 
the folding reactions (Heyrovska et al. 1998; Manning-Krieg et al. 1991).

Ssc1 also assists the folding of proteins translated from the mitochondrial 
70S ribosomes. Mdj1 and Ssc1 were found associated with the nascent chain of 
Var1 emerging from the mitochondrial ribosomes and are proposed to protect the 
emerging protein from aggregation in the protein-dense mitochondrial matrix. In 
the absence of functional Mdj1, Var1 readily aggregates and does not assume its 
biologically active form, suggesting that the co-chaperone is also essential for its 
folding (Westermann et al. 1996).

Yeast cells genetically depleted of Mdj1 either completely ( rhoo) or partially 
( rho-) lose mitochondrial DNA, though the details of how this occurs remain to 
be understood. Partial loss of mtDNA seems likely due, at least in part, to inef-
ficient assembly of fidelity regulating components with the DNA polymerase, and 
the polymerase itself, in the absence of the co-chaperone (Duchniewicz et al. 1999). 
Binding of Mdj1 to DNA, and localization to the nucleoid are critical for the main-
tenance of mtDNA. Disruption of the zinc finger domain, or the peptide binding 
cleft of Mdj1 do not affect this process, but the loss of the C-terminal domain or J 
domain function result in loss of mtDNA (Ciesielski et al. 2013). In bacteria, DnaJ 
mediates disassembly of the DNA replication machinery during λ phage DNA rep-
lication, but Mdj1 has not been shown to exert such direct effects on the mtDNA 
replication components.

Mitochondrial Protein Import Motor with a Highly 
Advanced Hsp70 Machine at its Core

Protein translocation across membranes is an essential cellular process, in some 
compartments mediated by Hsp70/J protein partnerships (Walsh et al. 2004). Nearly 
all mitochondrial proteins are encoded by the nuclear genome and synthesized on 
cytosolic ribosomes, making protein import crucial for the biogenesis and function 
of the organelle.

Depending on their final localization, mitochondrial precursor proteins must 
cross either the outer or both mitochondrial membranes via dedicated protein com-
plexes, TOM and SAM (Pfanner et al. 2004) in the outer membrane, and TIM22 and 
TIM23 in the inner membrane (Truscott et al. 2003a). Most matrix-targeted precur-
sor proteins carry an N-terminal targeting signal known as the presequence (Pfanner 
and Geissler 2001; Pfanner 2000). These precursor proteins are synthesized on 80S 
ribosomes in the cytosol (Lithgow 2000), recognized by the receptors of the TOM 
complex (Tom20, Tom22 and Tom70) and translocated across the outer membrane 
via the import pore (Tom40) (Hill et al. 1998). The presequence then interacts with 
the components of the TIM23 complex (Tim23 and Tim50) and traverses the inner 
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membrane import pore (Tim23) (Koehler 2004; Jensen and Dunn 2002). Further 
translocation of the precursor is driven by the action of the presequence-associated 
import motor, the PAM complex. In yeast, Ssc1 is a central component of the PAM 
complex, which is a highly specialized and extensively studied Hsp70/J protein 
machine.

Two mechanisms that explain PAM driven protein import have been proposed: 
the “Brownian ratchet” and the “power stroke” models (Mayer 2004). Both ac-
cept precursor binding by Ssc1 to be a central feature of the process, but differ in 
accounts of the mechanism that pulls the precursor into the matrix. The Brownian 
ratchet model proposes that a precursor slides back and forth through the Tim23 
channel, with binding of Ssc1 preventing the retrograde movement resulting in the 
net movement toward the matrix (Liu et al. 2003). The power stroke model stipu-
lates a more active role for Ssc1: the chaperone exerts the force to pull the precur-
sor through the pore (Voos et al. 1996). Recently, a new model of action of Ssc1 in 
protein import was proposed, the entropic pulling, which proposes that the increase 
in entropy favours dissociation of Ssc1-precursor complex from the site of import 
and prevents its back-sliding toward the pore (De Los Rios et al. 2006). This model 
seems to explain contradictory observations that lead to the formulation of two 
previous incompatible models.

The protein import function of the DnaK homologue Ssc1 is a novel, eukaryotic 
adaptation, mediated by unique proteins of the mitochondrial inner membrane. The 
essential integral membrane protein Pam18/Tim14, is a type III J protein which 
stimulates the ATPase activity of Ssc1, enabling tight interaction between the chap-
erone and the precursor, necessary for the successful import reaction (D’Silva et al. 
2003; Truscott et al. 2003b; Mokranjac et al. 2003). It consists of an intermembrane 
space domain, followed by a transmembrane domain (embedded in the mitochon-
drial inner membrane), a conserved “arm” region, and the C-terminal J domain 
located in the mitochondrial matrix (Pais et al. 2011). In addition to stimulating 
the ATPase activity of Ssc1, J domain of Pam18 interacts with the J-like domain of 
a peripheral membrane co-chaperone protein Pam16/Tim16 (D’Silva et al. 2008, 
2005; Mokranjac et al. 2003, 2006). This domain of Pam16 has both sequence and 
structural homology to helices one through three of the canonical fold, but does not 
contain the catalytic HPD motif (D’Silva et al. 2005; Walsh et al. 2004; Mokranjac 
et al. 2006). It does not stimulate the ATPase activity of Ssc1, and the addition of 
the HPD to the J-like domain at the end of helix II does not result in a functional J 
domain (Li et al. 2004).

Pam18 and Pam16 are structurally unstable as monomers (“marginally stable”), 
and the formation of the heterodimer is thermodynamically favored and increases 
their stability (Iosefson et al. 2007; Mokranjac et al. 2003, 2006). The three di-
mensional structure of the Pam18/Pam16 complex and mutagenesis approaches 
have defined crucial regions of these proteins involved in the heterodimer forma-
tion (Mokranjac et al. 2006). The J and J-like domains of Pam18 and Pam16 have 
a nearly identical fold, comprising three alpha helices and two connecting loops. 
When in complex, they are tightly packed in a pseudo-symmetrical arrangement. 
Their interaction is mediated by highly conserved residues in helices I, II and III 
which form the surface of the interface (Mokranjac et al. 2006).
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Disruption of heterodimer formation was observed when residues in the con-
served “arm” region, and the J-domain of Pam18, and C-terminal region containing 
the J-like domain of Pam16 were mutated or deleted. In all cases, these disruptions 
were either lethal or severely affected the rates of protein import and cell growth 
(D’Silva et al. 2005, 2008; Hayashi et al. 2011; Pais et al. 2011). While expression 
of the C-terminal domain of Pam16 alone can complement the depletion of the 
wild-type protein, this region can be substituted by the J domain of Pam18, but 
under those circumstances the N-terminal domain of Pam16 becomes indispens-
able (D’Silva et al. 2008; Mokranjac et al. 2006, 2007). These findings demonstrate 
that the interaction of the J and J-like domains of Pam18 and Pam16 is functionally 
indispensable for the protein import process. Interestingly, this type of interaction 
between co-chaperones has not been observed in any other Hsp70 system.

In in vitro assays, the Pam18/Pam16 heterodimer stimulates the ATPase activity 
of Ssc1 to a significantly lesser degree than Pam18 alone (Li et al. 2004; Mokranjac 
et al. 2006; Chacinska et al. 2005). This finding led to the proposal that Pam16 acts 
as regulator of Pam18, preventing it from interacting with Ssc1 in the absence of the 
substrate, i.e. preventing the unnecessary activity of the protein import motor. Reg-
ulation of the Pam18 activity, under this model, is mediated by the changes in the 
conformation of the heterodimer, specifically the J/J-like domain interface, which 
alternates between the Ssc1 stimulating form and the inactive form (Endo et al. 
2011; Mokranjac and Neupert 2010; van der Laan et al. 2010). However, it remains 
unclear whether the reduction in the ATPase stimulating activity of the heterodimer 
plays an important role in vivo. Mutations in the Pam18 J domain that reduce its 
ATPase stimulating activity were deleterious when the “arm” region (critical for 
binding to Pam16) was also disrupted. ATPase activity enhancing mutations in the 
J domain alleviated the effects of mutations that destabilize the heterodimer forma-
tion (Pais et al. 2011). It is possible that in vivo, the heterodimer can stimulate Ssc1 
sufficiently for the ATP hydrolysis to occur, especially considering the relatively 
high effective concentration of these proteins at the import site.

In yeast, a duplicate gene ( MDJ2) encodes a paralogue of Pam18 (Westermann 
and Neupert 1997; Mokranjac et al. 2005). It is not clear if there is any functional 
advantage gained from this isoform of Pam18, arisen in the common ancestor of 
Saccharomycotina (Hayashi et al. 2011). There are informative differences in the 
way the two isoforms of Pam18 perform act. Although the Mdj2 isoform interacts 
with Pam16, the latter does not antagonize, but rather enhances the Mdj2 mediated 
stimulation of ATP hydrolysis by Ssc1 (Mokranjac et al. 2005). Furthermore, while 
Mdj2 can act in the protein import motor in place of Pam18, it cannot fully substi-
tute its function under anaerobic conditions in vivo (Hayashi et al. 2011).

Pam18 is associated with the TIM23 complex during the protein import reac-
tion. The key role of Pam16 is to mediate this interaction (Kozany et al. 2004; 
Li et al. 2004). When the Pam18/Pam16 interaction is disrupted by site directed 
mutagenesis targeting either protein, Pam18’s binding to the TIM23 complex is re-
duced (D’Silva et al. 2008). The same effect is observed when Pam16’s N-terminal 
domain was deleted, suggesting that Pam16 binds to the TIM23 complex via this 
domain (Mokranjac et al. 2007). The two N-terminal domains of Pam18 are also 
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involved in interaction of the heterodimer with this complex. Disruption of either 
the intermembrane space or the transmembrane domains of Pam18 weaken this 
association (Hayashi et al. 2011; Mokranjac et al. 2007; Chacinska et al. 2005; 
D’Silva et al. 2008). The intermembrane space domain likely binds directly to the 
C-terminal region of Tim17, a component of the TIM23 complex (Chacinska et al. 
2005; Schilke et al. 2012). Simultaneous disruption of the Pam16 and Pam18 medi-
ated interactions of the heterodimer with the TIM23 complex is lethal to yeast cells 
(Schilke et al. 2012).

Two further mitochondrial matrix proteins regulate the interaction of the Pam18/
Pam16 heterodimer with the TIM23 complex, Tim44 and Pam17. The peripheral 
membrane located protein Tim44 was the first co-chaperone component of the pro-
tein import machinery to be identified (Maarse et al. 1992; Scherer et al. 1992; 
Weiss et al. 1999). It has a matrix-exposed segment with limited similarity to a J 
domain, mostly in the second helix of the canonical fold. This segment of the pro-
tein does not contain the catalytic HPD motif, but is essential for Tim44 function 
(Merlin et al. 1999; Rassow et al. 1999, 1994). The three-dimensional structure of 
the C-terminal domain of Tim44 revealed a large hydrophobic pocket that was pro-
posed to mediate binding to the mitochondrial inner membrane. Subsequent in vitro 
studies have demonstrated that the N-terminal helices of this domain, rather that the 
hydrophobic pocket, act as a critical lipid-binding site of Tim44 (Josyula et al. 2006; 
Marom et al. 2009; Cui et al. 2011).

Tim44 plays a dual role in the initial stages of import mediated by the PAM 
complex: sensing and binding the precursor in the Tim23 channel, and recruiting 
Ssc1 and Pam18/16 to the TIM23 complex (D’Silva et al. 2004; Marom et al. 2011). 
Tim44 can bind Ssc1 at sites both in the ATPase and peptide-binding domains, but 
does not stimulate its ATPase activity, nor interact with Ssc1 in a substrate-like 
manner (Krimmer et al. 2000; Moro et al. 2002; Strub et al. 2002). In its ADP 
bound form, Ssc1 binds to Tim44 with greater affinity than in ATP bound form 
(Slutsky-Leiderman et al. 2007). During the protein import reaction, the complex 
formed between the ADP-bound form of Ssc1 and the imported precursor dissoci-
ates from Tim44 and is released into the matrix (D’Silva et al. 2004). The nucleo-
tide exchange factor Mge1 then mediates subsequent dissociation of the precursor 
from Ssc1, (Laloraya et al. 1995, 1994; Westermann et al. 1995; Voos et al. 1994; 
Schneider et al. 1996) with this entire cycle repeated until the precursor molecule 
is imported fully into the matrix. Disruption of the N-terminal domain of Tim44 re-
duces its binding affinity for Ssc1, and affects the release of Ssc1 from Tim44 upon 
substrate binding (Schiller et al. 2008).

Several lines of evidence point to the direct interaction of Tim44 with Pam16. 
Pam16 and Tim44 can be cross-linked in vivo (Mokranjac et al. 2007; Kozany et al. 
2004). Association of Pam18/Pam16 heterodimers with TIM23 complexes is sig-
nificantly reduced when Tim44, or its N-terminal region is disrupted (Schilke et al. 
2012; D’Silva et al. 2008; Kozany et al. 2004; Hutu et al. 2008). Point mutations in 
this region of Tim44 can suppress deleterious effects of mutations in the N-terminal 
region of Pam16 (D’Silva et al. 2008). By interacting with the precursor proteins, 
Ssc1 and the Pam18/Pam16 complex, the Tim44 co-chaperone plays a critical scaf-
folding and regulatory role in the mitochondrial protein import machinery.
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Pam17 is an integral membrane protein with no homology to known Hsp70 co-
chaperones (van der Laan et al. 2005). Disruption of the Pam17 function by genetic 
depletion or mutagenesis results in the decrease in the formation of the Pam18/
Pam16 heterodimer and its association with the TIM23 machinery (Hutu et al. 
2008; Popov-Celeketic et al. 2008; Schilke et al. 2012). Pam17 likely plays a role 
in regulating the dynamics of this machinery during protein import, and does not 
interact with the mitochondrial chaperones (Chacinska et al. 2010; Schiller 2009; 
Lytovchenko et al. 2013).

The PAM components Ssc1, Mge1, Tim44, Pam16 and Pam18 appear to be found 
in all eukaryotic organisms, and are highly conserved (Chen et al. 2013; Clements 
et al. 2009; Dolezal et al. 2005; Rada et al. 2011; Sinha et al. 2010). Two proteins 
found in extant alphaproteobacteria, TimA and TimB, have significant structural 
similarities to Tim44 and Pam18, respectively. The J-domain of the bacterial TimB 
can fully replace the J domain of yeast Pam18 upon single amino acid mutation 
enabling the interaction with Pam16’s J- like domain (Clements et al. 2009). These 
proteins, with LivH (amino acid translocon) and DnaK are proposed to be the pro-
karyotic progenitors of the mitochondrial protein import machinery (Clements et al. 
2009). The J and J-like domains of Pam18 and Pam16 are interchangeable between 
human and yeast proteins in their ability to form a functional heterodimer and stim-
ulate Ssc1 (Elsner et al. 2009). Similarly, highly conserved proteins are present in 
plants, and in parasitic organisms with highly divergent mitochondria (Rada et al. 
2011; Dolezal et al. 2005; Chen et al. 2013). These findings strongly indicate the 
importance of the function of mitochondrial co-chaperones in essential cellular pro-
cesses and the conservation of interactions between these components.

The number of components involved, and the unique nature of their interactions, 
makes the PAM complex the most complicated Hsp70 machine known to date. Its 
further study is likely to lead to greater understanding of the molecular and bio-
chemical properties of Hsp70 systems in general.

Molecular Chaperones and FeS Cluster Assembly

Iron-sulfur (FeS) cluster proteins are essential cellular components found in virtu-
ally all organisms studied so far (Balk and Lill 2004). In mitochondria, they are 
involved in redox chemistry as components of respiratory chain (NADH dehydro-
genase, succinate dehydrogenase, Rieske protein) and metabolic conversions (acon-
itase, a key enzyme in the citric acid cycle). Machinery devoted to the assembly 
of FeS clusters is highly conserved from prokaryotes to humans (Muhlenhoff and 
Lill 2000); in bacteria and mitochondria alike, a dedicated Hsp70/J protein system 
mediates this essential process (Craig and Marszalek 2002).

In Escherichia coli, the Isc operon encodes proteins essential for FeS cluster as-
sembly, such as IscU (Agar et al. 2000) as well as the Hsp70 protein Hsc66 (Seaton 
and Vickery 1994) and the type III J protein Hsc20 (Kawula and Lelivelt 1994). 
These two proteins interact with IscU and are important in FeS assembly in bacteria 
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(Fig. 10.1), but their disruption leads to only moderate growth defects, possibly due 
to the existence of an alternative assembly pathway (Takahashi and Tokumoto 2002; 
Frazzon and Dean 2003; Tokumoto and Takahashi 2001). Hsc66 and Hsc20 have 
mitochondrial orthologs: in yeast these are the Hsp70 Ssq1 (Knight et al. 1998) and 
the type III J protein Jac1 (Voisine et al. 2001).

Loss of function of either Ssq1 or Jac1 results in similarly severe phenotypic 
consequences. Biological activity and the steady state levels of FeS proteins such as 
aconitase drop dramatically, accompanied by iron uptake and accumulation in mi-
tochondria. Additionally, maturation of yeast frataxin and ferredoxin are impaired 
and the function of the respiratory chain function is heavily compromised (Voisine 
et al. 2001, 2000; Lutz et al. 2001; Schilke et al. 1999;Kim et al. 2001). Some of 
these effects are secondary consequences, rather than direct effects: with iron up-
take regulated at the transcriptional level, it may be dependent on FeS assembly, 
rather than cellular levels of iron.

The precise role of Ssq1 and Jac1 in the assembly of FeS clusters is not yet clear. 
Based on iron exchange and labeling studies, these chaperones were proposed to act 
after the assembly of FeS clusters was complete, (Muhlenhoff et al. 2003) to assist 
only their incorporation into holo-proteins, but their involvement in the assembly 
of the clusters themselves cannot be ruled out. Part of the confusion stems from the 
fact that the only well-studied substrate of the chaperone system is the IscU homo-
log, the scaffold protein that accepts the nascent FeS cluster before its transfer into 
other apo-proteins (Frazzon and Dean 2003). Whether IscU homologues should 
be considered a substrate or an assembly factor is not entirely clear. Jac1 binds to 
the mitochondrial IscU protein and targets it to Ssq1 in vitro, coupling its deliv-
ery with ATPase activity stimulation (Andrew et al. 2006). Interaction of the IscU 
with both Ssc1 and Jac1 is dependent on conserved residues in IscU, (Dutkiewicz 
et al. 2004) and the IscU is fully folded when delivered to Ssq1. The IscU binding 
pocket of Jac1 has been identified by structural and mutagenesis studies. It is lo-
cated in the C-terminal domain of Jac1 and contains eight residues. Three residues 
are hydrophobic, and are essential for the Jac1/IscU interaction, which is critical for 
the function of Jac1 in vivo (Andrew et al. 2006; Majewska et al. 2013; Ciesielski 
et al. 2012). This binding site and the corresponding binding site on IscU are highly 
conserved in eukaryotic and prokaryotic proteins (Fuzery et al.2008, 2011). Ssq1 
seems to mediate disassembly of the IscU/FeS cluster complex, enabling loading of 
the FeS cluster into the newly imported apo-enzymes (Dutkiewicz et al. 2006). This 
might be just one of the many functions Ssq1 and Jac1 perform in this complex pro-
cess. They have also been proposed to enforce the structure of other components of 
the assembly machinery, as well as preventing the aggregation of the apo-enzymes 
themselves.

Given the conserved nature of the process of FeS cluster assembly between bac-
teria and mitochondria, the evolutionary origin of Ssq1 is rather surprising. Phylo-
genetic analysis reveals that it is more closely related to Ssc1 than it is to Hsc66, and 
that it arose from a gene duplication event in a subset of fungal lineages (Huynen 
et al. 2001; Schilke et al. 2006). Consistent with this evolutionary scenario, bio-
chemical differences between Hsc66 and Ssq1 are significant: Hsc66 only weakly 
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interacts with nucleotide and does not need a nucleotide exchange factor, but Ssq1, 
like Ssc1, interacts strongly with nucleotides and requires Mge1 as a nucleotide ex-
change factor (Dutkiewicz et al. 2003). This sharing of a nucleotide exchange factor 
between two Hsp70s in the same cellular compartment is unique to mitochondria 
(Schmidt et al. 2001). Disruption of Ssq1 is less detrimental to cells than depletion 
of Jac1, and it can be partially complemented by over-expression of Ssc1 (Schilke 
et al. 1996). Ssq1 is absent from most eukaryotic organisms, and is likely a special-
ized isoform of Ssc1 devoted to FeS cluster assembly. The J domain of Jac1 in yeast 
is shorter than that in organisms that do not have Ssq1 (Pukszta et al. 2010). When 
expressed in yeast, these Jac1 proteins can complement the loss of Ssq1 function 
to a greater degree than yeast Jac1, suggesting that they recruit Ssc1 to perform the 
FeS cluster assembly role. Consistent with these findings is the observation that 
Ssc1 can interact with Jac1 in vitro, but to a lesser extent than Ssq1 (Schilke et al. 
2006). These observations strongly suggest that Hsp70 function is essential for FeS 
cluster assembly.

Zim17, a Unique Regulator of Hsp70

Hsp70 chaperones require various co-chaperone regulators to carry out their cel-
lular role. Since the discovery of bacterial Hsp70 system, until recently, the only 
known regulators of mitochondrial Hsp70 were members of the J protein family or 
the nucleotide exchange factors. The first Hsp70 co-chaperone identified that does 
not belong to either group was the Hsp70/Hsp90 organizing protein Hop. Recently, 
a novel protein essential for function of Hsp70s has been described in mitochondria 
(Burri et al. 2004). The 17 kD peripheral membrane protein, Zim17/Tim15/Hep1, 
has an essential zinc finger domain homologous to that of bacterial DnaJ. Loss of 
Zim17 function leads to aggregation of Ssc1 and Ssq1, disruption of mitochondrial 
protein import, loss of function of FeS cluster proteins and aberrant mitochondrial 
morphology (Sanjuan Szklarz et al. 2005; Lewrenz et al. 2013). Decrease in FeS 
cluster biosynthesis due to Zim17 disruption also results in the increased rate of 
nuclear genome recombination and alterations in ribosome biogenesis (Diaz de la 
Loza Mdel et al. 2011).

Since Pam18 is a type III J protein, Zim17 was hypothesized to be the substrate-
binding domain of a “fractured” co-chaperone, with the coordinated action of the 
two proteins resembling that of a type I J protein (Burri et al. 2004). Initially, it was 
suggest Zim17 might play a role in protein import by binding precursors emerging 
from the TIM23 pore and mediating their interaction with Ssc1 (Burri et al. 2004; 
Yamamoto et al. 2005). Subsequent studies have established that aggregation of 
Hsp70s (and to some extent Pam16) is the first effect of Zim17 depletion, and that 
other disruptions of mitochondrial processes result from the loss of Hsp70 func-
tion (Sichting et al. 2005; Sanjuan Szklarz et al. 2005). Most recent work, utilizing 
temperature sensitive mutants of Zim17, revealed that Zim17 might play a more 
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direct role in mitochondrial protein import in addition to stabilizing Ssc1, but the 
mechanisms of this process are yet to be elucidated (Lewrenz et al. 2013).

Function of Zim17 is dependent on the binding of Zn2+ to the core domain fol-
lowing import into the mitochondrial matrix (where Zn2+ concentration is relatively 
high) (Fraga et al. 2013). The core domain of Zim17 contains conserved basic resi-
dues and an aspartic acid residue in proximity of a flexible loop and the zinc finger 
domains. Mutations in these residues lead to the loss of Zim17 function, cell viabil-
ity and aggregation of Ssc1 (Momose et al. 2007).

During its ATP hydrolysis cycle, Hsp70 can either be nucleotide-free or have 
either ATP or ADP bound to the ATPase domain. Nucleotide-bound forms of Hsp70 
are not prone to aggregation, while nucleotide-free Hsp70 appears to aggregate. 
Zim17 forms a complex with nucleotide-free Ssc1, and is released upon nucleotide 
binding, and prevents formation of non-functional Ssc1 oligomers (Sichting et al. 
2005; Blamowska et al. 2010). The peptide binding domain of Ssc1 can fold rapidly 
upon import into mitochondria in the absence of Zim17, but the ATPase and linker 
domains show a strong dependence on Zim17 for folding. Zim17 binds to these re-
gions of the major chaperone and disruption of this interaction leads to an increase 
in Ssc1 aggregation (Blamowska et al. 2010, 2012). To some extent, Mdj1 might be 
able to minimize aggregation of Ssc1 (but not Ssq1) and compensate for the loss of 
Zim17, since over-expression of Mdj1 minimizes the otherwise lethal consequences 
of down-regulating the gene encoding Zim17 (Burri et al. 2004). Similarly, co-
expression of Mge1 and Ssc1 in Escherichia coli cells prevents aggregation of Ssc1 
(Momose et al. 2007). These observations suggest that the interaction of Hsp70 
with its co-chaperones might promote folding and prevent aggregation of the major 
chaperone.

Homologues of Zim17 are present in all eukaryotic organisms, and are found in 
chloroplasts as well as mitochondria (Willmund et al. 2008). No homologues have 
yet been identified in bacteria, and are absent from other eukaryotic compartments. 
Ssc1 and Ssq1 are unusual amongst Hsp70s in their tendency to aggregate at elevat-
ed temperatures and requirement of the Zim17 co-chaperone for optimal function. 
These observations strongly suggest that stabilization of nucleotide-free form of 
Hsp70, like nucleotide exchange, might not be essential for all Hsp70 chaperones.

Concluding Remarks

Mitochondria belie their bacterial ancestry in their Hsp70 (DnaK/DnaJ/GrpE) and 
Hsp60 (GroEL/GroES) complement of chaperone systems. These chaperones con-
tinue to mediate the protein folding pathways that were already established in bac-
teria at a time before the α proteobacterial endosymbiont ancestor of mitochondria 
was taken up by the first eukaryote.

The need to drive protein import, for substrate polypeptides now made exter-
nally in the cytosol, placed a demand on mitochondria that has been met with a 
series of novel co-chaperones. The uniquely eukaryotic proteins Pam16, Pam18 and 
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Tim44 enabled the existing Hsp70 (Ssc1) to be recruited as a protein import motor. 
That this motor is truly ubiquitous in eukaryotes is made certain from the finding 
of Pam18 in the anaerobic protists Giardia intestinalis and Trichomonas vaginalis 
(Dolezal et al. 2005).

In the course of evolution, the progenitor DnaK-type chaperone has been modi-
fied to perform novel functions: protein import and FeS cluster assembly. In some 
organisms such as Saccharomyces cerevisiae, two isoforms of the DnaK ancestor 
have specialized to perform one of these novel tasks, Ssc1 mediating protein import 
and Ssq1 mediating FeS cluster assembly. It is intriguing that a novel co-chaperone, 
Zim17, has arisen to stabilize mitochondrial (and chloroplast) Hsp70 chaperones. It 
is not clear why the Hsp70s in organelles of endosybiotic origin require their struc-
ture to be enforced in a manner so distinct from their counterparts prokaryotes, and 
in other eukaryotic organelles.
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Abstract Protein homeostasis relies on a balance between protein folding and pro-
tein degradation. Molecular chaperones like Hsp70 and Hsp90 fulfil well-defined 
roles in protein folding and conformational stability via ATP dependent reaction 
cycles. These folding cycles are controlled by associations with a cohort of non-cli-
ent protein co-chaperones, such as Hop, p23 and Aha1. Pro-folding co-chaperones 
facilitate the transit of the client protein through the chaperone mediated folding 
process. However, chaperones are also involved in ubiquitin-mediated proteasomal 
degradation of client proteins. Similar to folding complexes, the ability of chaper-
ones to mediate protein degradation is regulated by co-chaperones, such as the C 
terminal Hsp70 binding protein (CHIP). CHIP binds to Hsp70 and Hsp90 chap-
erones through its tetratricopeptide repeat (TPR) domain and functions as an E3 
ubiquitin ligase using a modified RING finger domain (U-box). This unique com-
bination of domains effectively allows CHIP to network chaperone complexes to 
the ubiquitin-proteasome system. This chapter reviews the current understanding 
of CHIP as a co-chaperone that switches Hsp70/Hsp90 chaperone complexes from 
protein folding to protein degradation.

Keywords CHIP · STUB1 · Ubiquitin · Proteasome

Introduction to Ubiquitin Modification and Proteasomal 
Degradation of Proteins

The ubiquitin proteasome system is a highly conserved mechanism through which 
eukaryotic cells facilitate the controlled enzymatic degradation of unwanted pro-
teins (Amm et al. 2014; Ciechanover 1998). The ubiquitin and proteasome sys-
tems work in concert to regulate protein levels in eukaryotic cells (Roos-Mattjus 
and Sistonen 2004; Wolf et al. 2004; Lecker et al. 2006). The proteasome not 
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only regulates the degradation of incorrectly folded proteins, but is also important 
for the degradation of proteins whose expression needs to be temporally regu-
lated (such as cell cycle kinases) (Wagner et al. 2011). The proteasome is a large 
(> 2 MDa), multiprotein complex that comprises the major non-lysosomal deg-
radation machinery for cytosolic and nuclear proteins (Fig. 11.1). The structure 
resembles a barrel-like assembly with a central proteolytic cavity through which 
substrate proteins are degraded (Bedford et al. 2010; Tanaka 2009). The protea-
some can be divided into two components, namely the 20S core proteasome and 
the 19S regulatory components. A single 20S core proteasome associates with two 
19S regulatory particles to form the active 26S proteasome (Murata et al. 2009; 
Walz et al. 1998). The location of the proteolytic sites within the central cavity 
of the 20S proteasome allows protein degradation to be compartmentalised (da 
Fonseca and Morris 2008; Heinemeyer et al. 2004). The core proteasome particle 
contains stacked ring structures built from 7 copies of either an alpha or beta 
subunit (Fig. 11.1). The inner two heptameric beta rings form the central cata-
lytic component of the proteasome. This central unit is bounded on either side 
by an equivalent outer ring structure made up of 7 copies of the structural alpha 
subunit (Tanaka 2009; Unverdorben et al. 2014; da Fonseca and Morris 2008). 
Whereas the beta subunit complex contains the catalytic protease sites, the outer 
ring of alpha subunits serves as a ‘gate’ to restrict unregulated entry of proteins 
into the catalytic cavity (da Fonseca and Morris 2008). The alpha subunit rings 
also act as the docking sites for interaction with the regulatory 19S particle of the 

Fig. 11.1  Structure of the 20S proteasome. The proteasome forms a barrel shaped structure in 
which the proteolytic residues are deep within the central channel through which substrates to be 
degraded must pass. The 20S subunit is formed of two heptameric ring structures composed of 
beta subunits, which is bounded by single rings of a similar heptameric ring structure composed of 
alpha subunits. a Surface rendering of a side view and b cartoon representation of the top view of 
the 20S core catalytic particle of the proteasome. The alpha and beta subunits are shown in shades 
of purple and blue respectively. The image was generated using Pymol (DeLano Scientific). PDB 
code: 1FNT
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proteasome. The 19S regulatory subunit is a protein complex that functions to acti-
vate the 20S particle for protein degradation (Unverdorben et al. 2014). The size of 
the central pore of the proteasome ranges between 50–13 Å and entry is restricted 
by the alpha subunit gate. The 19S proteasome is required to open the gate in the 
20S proteasome, thereby permitting entry of substrate proteins into the catalytic 
sites within the proteasome core (da Fonseca and Morris 2008; Sledz et al. 2013; 
Unverdorben et al. 2014). Polyubiquitinated proteins targeted for degradation 
need to be deubiquitinated and delivered to the proteolytic active site of the pro-
teasome that is buried within the 20S core particle. The substrate is thought to 
be partially unfolded during translocation into the cavity. Within the proteasome 
core, substrate peptide bonds are hydrolysed by nucleophilic attack dependent on 
catalytic threonine residues that extend into the cavity from the beta subunits. The 
resultant peptides released from the proteasome range between 4 and 25 residues 
(Babbitt et al. 2005; Ortega et al. 2005; Goldberg et al. 1997).

Degradation of proteins by the proteasome is preceded by the conjugation of 
ubiquitin to the substrate via a series of sequential enzyme catalysed reactions 
(Fig. 11.2) (Hershko and Ciechanover 1998). Ubiquitin is a small, abundant pro-
tein (~ 8 kDa) found in all eukaryotic cells which, when added to proteins in a 
polyubiquitin chain, functions as the degradation signal (Smith 1988; Johnson 
et al. 1992; Johnson et al. 1995). Ubiquitin is initially activated by conjugation to 
an ubiquitin activating enzyme (E1) in an ATP dependent manner via a thioester 
linkage (Lee and Schindelin 2008). Ubiquitin is subsequently transferred via an 
ubiquitin conjugating enzyme (E2) intermediate to the substrate protein targeted 
for degradation (Olsen and Lima 2013). This reaction is catalysed by an ubiq-
uitin ligase enzyme (E3) and results in the formation of a peptide bond between 
a glycine residue in the C-terminus of ubiquitin and lysine residues within the 
substrate protein (Scheffner et al. 1995; Wilkinson 2000). There are a range of 
different E2 and E3 isoforms that may combine for different substrate proteins, 
suggesting a diverse and discriminatory recognition system for ubiquitin con-
jugation (Spratt et al. 2012). This process may be repeated a number of times, 
often involving the conjugation of subsequent ubiquitin molecules to lysines 
within ubiquitin itself, leading to the formation of covalently linked polyubiq-
uitin chains. A fourth enzyme may also be involved in this cascade. Known as 
E4, this protein acts as an ubiquitin chain elongation enzyme to catalyse the as-
sembly of polyubiquitin chains on protein substrates (Koegl et al. 1999). While 
monoubiquitination may induce changes in activity or subcellular localisation 
of proteins, the conjugation of a polyubiquitin chain to a substrate protein is 
required for degradation by the proteasome (Johnson et al. 1992). Ubiquitin con-
tains 7 lysines residues (K6, K11, K27, K29, K33, K48, and K63), in addition 
to its N-terminus, which act as potential sites of conjugation. The lysine residue 
involved in the bond can also impact on the outcome of ubiquitination (Hershko 
and Ciechanover 1998). K48 linked ubiquitin chains, where the covalent linkage 
of the ubiquitin chain is via the K48 residue of ubiquitin, is the canonical signal 
for proteasomal degradation (Jacobson et al. 2009). K48 linkage is regulated 
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by members of the Ubc4, Ubc5 and Ubc7 E2 ubiquitin conjugating enzymes. 
In contrast, K63 ubiquitination may have a regulatory function (Jacobson et al. 
2009) and is catalysed by the Ubc13 E2 in complex with other Ubc proteins 
(e.g. Uev1a) (Hofmann and Pickart 1999; Sun and Chen 2004). Most often, the 
selectivity of protein degradation is controlled by the E3 ligase. These E3 ligases 
integrate with the cellular molecular chaperone system, which is used as the 
recognition system of the misfolded substrate during this process. In this way, 
the numerous different E3 isoforms, each of which may be specific for certain 
protein substrates, are able to utilise the innate ability of chaperones to cap-
ture a range of misfolded substrates, to target specific proteins for degradation 
(Kriegenburg et al. 2012; Esser et al. 2004).

Fig. 11.2  Degradation of proteins via the ubiquitin-proteasome system. Conjugation of polyu-
biquitin chains to substrate proteins is catalysed as part of an ATP dependent enzyme catalysed 
cascade that precedes protein recognition and degradation by the proteasome. ( 1) The process is 
initiated by the activation of ubiquitin via conjugation to an ubiquitin activating enzyme (E1) via 
a thioester bond. ( 2) The ubiquitin moiety is subsequently transferred to ubiquitin conjugating 
enzyme (E2), which ( 3) subsequently forms a complex with a specific ubiquitin ligase (E3) and a 
substrate protein. ( 4) The E3 ligase transfers the ubiquitin to lysine residues within the substrate 
protein. This cycle is repeated multiple times to generate substrate proteins linked to polyubiquitin 
chains. ( 5) Polyubiquitination, particularly via K48 linkages, is the signal for transfer of substrate 
proteins to the proteasome. ( 6) At the proteasome, ubiquitinated substrates interact with the 19S 
regulatory particle which deubiquitinates them and passes them into the central cavity of the core 
20S proteasome. Here in the active site, proteins are degraded and peptides released. Ubiquitin 
molecules can subsequently be recycled. 19S: regulatory particle, 20S: core particle
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Molecular Chaperones and the Ubiquitin-Proteasome 
System

A molecular chaperone is a protein that participates in the conformational regula-
tion and folding of a range of substrate proteins, known as client proteins. Chaper-
ones function under physiological conditions to maintain protein homeostasis, and 
are also vital during or after stressful conditions to prevent or reverse the potential-
ly disastrous consequences of protein aggregation for the cell (Agashe and Hartl 
2000; Landry and Gierasch 1994; Hartl 1996; Welch and Brown 1996; Fedorov 
and Baldwin 1997; Ellis 1997). Many molecular chaperones are members of the 
heat shock protein family (HSP). In particular, the Hsp70 and Hsp90 chaperones, 
as part of multiprotein complexes, regulate both de novo and stress-related protein 
folding and stability. Hsp70 and Hsp90 are ATP-dependent chaperones who par-
ticipate in protein folding cycles that involve multiple phases of client binding and 
release (Wegele et al. 2004). The activities of both chaperone complexes is depen-
dent on interactions with a number of protein cofactors, known as co-chaperones. 
A co-chaperone is defined as a non-client accessory protein that lacks intrinsic 
chaperone activity, but functions to modulate the activity of a known chaperone 
(Caplan 2003). Co-chaperones act at every stage of the chaperone folding cycle 
and control progression of the client protein through these cycles by a range of 
mechanisms, including regulation of ATPase activity, direct protein-protein inter-
actions and posttranslational modifications. Co-chaperones may be selective for 
one particular family of chaperones, or may interact with multiple chaperone fami-
lies (Li et al. 2012).

The Hsp70-Hsp40 chaperone complex is one of the main foldase complexes in 
the cell, participating in both de novo and stress-related protein folding (Landry 
and Gierasch 1994; Cheetham et al. 1994; Strickland et al. 1997; Hiromura et al. 
1998). Hsp40 co-chaperones deliver client proteins to Hsp70 and regulate the affin-
ity of Hsp70 for these client proteins by stimulating the ATPase activity of Hsp70 
(Cheetham et al. 1994). The stimulation of Hsp70 ATPase converts Hsp70 into the 
high affinity substrate binding form and leads to binding of the client protein by 
Hsp70 and prevention of misfolding or aggregation. This form of Hsp70 is ADP 
bound and is stabilised by another co-chaperone, known as Hsc70/Hsp70 interact-
ing protein (Hip). Client proteins are subsequently released from Hsp70 via nucleo-
tide exchange, which returns the Hsp70 to the ATP bound form, which has low 
affinity for the substrate. This stage is catalysed by the GrpE (in prokaryotes) or 
BAG1/HspBP1 (in eukaryotes) co-chaperones (Hohfeld 1998; Chang et al. 2010; 
Mao et al. 2006; Kabani et al. 2002).

A subset of client proteins will be passed from the Hsp70 chaperone complex 
to the Hsp90 chaperone complex. Hsp90 is also an ATP-dependent chaperone, but 
its function primarily relates to the maintenance of protein stability of labile client 
proteins prior to their activation (Prodromou et al. 1997; Panaretou et al. 1998) 
The Hsp90 complex is also able to stabilise a number of mutated client proteins, 
thereby preventing their degradation (Whitesell et al. 1998). Hsp90 is constitutively 
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dimerised at the C-terminus and exists in an open conformation (resembling a V 
shape) when inactive (Ali et al. 2006). Once bound by Hsp90, the client protein 
then transitions through the Hsp90 cycle, a process which involves the sequential 
interaction with a range of co-chaperones (McLaughlin et al. 2002; Li et al. 2012). 
The early stages of Hsp90 mediated folding involve the transfer of client proteins 
between Hsp70 and Hsp90, catalysed by the co-chaperone Hop (Frydman and Ho-
hfeld 1997; Brinker et al. 2002; Siligardi et al. 2004). Hop is a member of the TPR 
(tetratricopeptide repeat) domain containing co-chaperones that is able to simulta-
neously bind to both Hsp70 and Hsp90 (Prodromou et al. 1999). The TPR domain is 
a protein-protein interaction module that is found in a wide range of proteins (Allan 
and Ratajczak 2011). TPR domains are comprised of multiple copies of a TPR mo-
tif, which gives rise to a particular alpha helical structure. The TPR motif is loosely 
defined by a 34 residue degenerate consensus sequence (Tpr-Leu-Gly-Tyr-Ala-
Phe-Ala-Pro). Therefore, while the primary sequence varies substantially between 
different TPR domains, the overall structure is conserved. Most TPR domains are 
comprised of three TPR motifs, each of which contributes 6 alpha helices, which 
pack together to form an alpha helical amphipathic groove. This groove is the site of 
interaction with the target peptide (Brinker et al. 2002). TPR containing chaperones 
bind to the C terminal EEVD motifs contained in both Hsp70 and Hsp90 (Odunuga 
et al. 2003; Blatch and Lassle 1999; Van Der Spuy et al. 2000). Hop binds to the 
complex as a monomer via one EEVD motif in the Hsp90 dimer, while the other 
EEVD motif may be bound by a peptidyl prolyl isomerase (PPIase) leading to the 
formation of the asymmetric intermediate complex. The binding of ATP and the late 
co-chaperones p23 stimulate conformational change in Hsp90 to the closed con-
formation, with a concomitant dissociation of Hop from the complex (Prodromou 
et al. 2000). ATP hydrolysis by Hsp90 is subsequently stimulated by Aha1, which 
returns Hsp90 to the open conformation and results in release of the client protein 
(Lotz et al. 2003). Co-chaperones like Hop, p23 and Aha1 are considered general 
co-chaperones, as they constitute the core co-chaperones required for the transition 
of general client proteins through the cycle. In addition, there exist a range of other 
co-chaperones that may associate with Hsp90 complex for specific functions, such 
as regulation of specific classes of client proteins (like Cdc37) or post-translational 
modification (e.g. PP5) (Li et al. 2012).

The term chaperone is associated with protein folding. However, chaperones 
also participate in the degradation of proteins via the proteasome (Kriegenburg 
et al. 2012; Esser et al. 2004; Kettern et al. 2010; Kastle and Grune 2012). This role 
for chaperones is opposing, yet complementary, to their role in promoting protein 
folding and is consistent with a role as regulators of global protein homeostasis 
(Hohfeld et al. 2001; Imai et al. 2003). Molecular chaperones are thought to be able 
to identify and capture misfolded protein substrates in order for them to be directed 
to the proteasome (Bercovich et al. 1997; Kriegenburg et al. 2012; Meimaridou 
et al. 2009). The involvement of chaperones, particularly Hsp70 and Hsp90, in pro-
teasomal mediated protein degradation is also regulated by co-chaperones, includ-
ing the Hsp70/Hsp90 co-chaperone, carboxyl terminus of Hsp70-interacting protein 
(CHIP) (Murata et al. 2001; McDonough and Patterson 2003).
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The Carboxyl Terminus of Hsp70-Interacting Protein 
(CHIP)

The carboxyl terminus of Hsp70-interacting protein (CHIP; also known as STIP1 
homology and U-box containing protein 1 or STUB1) has dual functions, one 
as a co-chaperone of Hsp70 and Hsp90, and the other as an E3 ubiquitin ligase 
to regulate proteasomal degradation of chaperone client proteins (McDonough 
and Patterson 2003; Ballinger et al. 1999). In this way, CHIP is a major link 
between chaperone mediated folding and protein degradation. CHIP is distin-
guished from the other Hsp90 co-chaperones in that it is primarily involved in 
tuning the chaperone complexes towards protein degradation, rather than sup-
porting protein folding (Demand et al. 2001). The CHIP gene is conserved in 
a range of eukaryotes, being demonstrated or predicted to exist in the genomes 
of the human, monkey, mouse, zebrafish, fruit fly, frog, and even the genome 
and transcriptome of the recently sequenced Coelacanth ( Latimeria sp.) (Tastan 
Bishop et al. 2014). CHIP knockout mice were viable and displayed normal de-
velopment, suggesting that CHIP is not an essential gene (Morishima et al. 2008; 
Dai et al. 2003). However, there was increased peripartum mortality of CHIP null 
mice compared to wild type mice. This was attributed to wasting of the thymus, 
which is an indicator of reduced ability to cope with stress. The link between 
peripartum death of CHIP null mice and stress was subsequently supported by 
the fact that CHIP-/- mice were temperature sensitive and that induction of stress 
in these animals induced apoptosis in multiple organs after challenge (Dai et al. 
2003). CHIP overexpression activated the stress response by specifically induc-
ing trimerization and nuclear translocation of HSF-1 and activation of HSE con-
taining stress responsive promoters, like Hsp70 (Dai et al. 2003). This suggests 
that the role of CHIP is not exclusively linked to protein degradation, but also 
involves regulation of the stress response.

Notwithstanding its role in activation of the stress response, CHIP appears to 
be a master regulator of protein degradation via chaperones, although it is by no 
means the only co-chaperone associated with protein degradation. The Hsp40 
isoform, Hsj1 (DNAJB2) (Chapple et al. 2004; Westhoff et al. 2005; Gao et al. 
2011) and the nucleotide exchange factor, BAG-1, both have defined roles in 
proteasome-mediated protein degradation (Luders et al. 2000; Alberti et al. 2002; 
Alberti et al. 2003; Elliott et al. 2007). In addition, there are other E3 ubiquitin 
ligase proteins (e.g. Ubr1, Cul5, Parkin, Mdm2) that may associate with Hsp90 
and/or Hsp70 chaperone complexes to target client proteins for ubiquitination and 
degradation (Nillegoda et al. 2010; Eisele and Wolf 2008; Ehrlich et al. 2009). 
These proteins are able to induce ubiquitination in the absence of CHIP, although 
there is also evidence that inhibition of these E3 ligases can affect protein folding 
and degradation even in the presence of CHIP. It is clear that functional redun-
dancy exists between the E3 ligases and is possible that multiple members will 
collaborate as a complex to control degradation of specific proteins (Morishima 
et al. 2008).
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Structure of CHIP

CHIP is a 35 kDa protein, expressed as a single isoform containing an N termi-
nal TPR domain together with a U-box domain linked via a long helical region 
(Ballinger et al. 1999). The crystal structure of murine CHIP was determined in 
2005 by Pearl and colleagues (Zhang et al. 2005b). This structure demonstrates 
that CHIP is dimerised at the C-terminus via the U-box domains (Fig. 11.3). The 
murine CHIP homodimer from this study was shown to be asymmetrical, with the 
two monomers of the dimer adopting different structures. The structural difference 

Fig. 11.3  Domain architecture and structure of CHIP. a Domain structure of CHIP showing the 
N-terminal TPR domain (composed of 3 TPR motifs) and the C terminal U-box separated by 
the helical hairpin region. b The asymmetric dimer structure observed in the crystal structure 
of murine CHIP. The U-box domain (green) is the point of dimerization. The structure of the 
TPR (cyan; helices 1–6) and U-box domains are largely conserved between the two protomers. 
The helical hairpin (magenta, helices 7–8) region differs substantially. The C-terminal MEEVD 
peptide from Hsp90 in shown in stick format and coloured grey. The image was generated using 
Pymol (DeLano Scientific). PDB code: 2C2L
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in the two monomers is predominantly in the structure of a long helical region 
that links the TPR and U-box domains. This region, termed the helical hairpin, is 
formed from two continuous antiparallel alpha helices in an extended conformation 
in one protomer. In contrast, in the other monomer, the helical hairpin adopts a bent 
conformation and the seventh helix is split into two helices (as opposed to being 
a single continuous helix) (Fig. 11.3). C-terminal to the helical hairpin domain is 
the U-box domain, which is composed of beta hairpins separated by alpha helices. 
Interestingly, the structure of the helical hairpin and U-box region of D. rerio CHIP 
present a symmetrical dimer that differs from the asymmetric dimer observed in 
the crystal structure of the full length mouse CHIP (Xu et al. 2006). This discrep-
ancy may be a consequence of the absence of the TPR domains in this structure, 
or may reflect the fact that crystal structures are static and may capture only one 
form of a dynamic structure. Consistent with this, recent studies demonstrate that 
the full length human CHIP homodimer appears highly flexible in solution (Graf 
et al. 2010). Specific changes in the CHIP conformation were noted upon interac-
tion with either chaperones or E2 enzymes. Binding of Hsp70/Hsp90 chaperones 
or chaperone-derived peptides to CHIP promoted stabilisation of the TPR domains, 
while distinct changes were observed upon interaction with E2 conjugating en-
zymes (UbcH5a and Ubc13) (Graf et al. 2010).

Interaction of CHIP with Chaperones and E2 Ligases

The crystal structure of the CHIP dimer in complex with peptides from both Hsp90 
and enzymes of the ubiquitin pathway demonstrates how the structure of CHIP has 
evolved to allow simultaneous interaction with chaperones and proteasomal sub-
strates (Zhang et al. 2005a). The dimeric E3 ubiquitin ligase CHIP bound with its 
TPR domain the C-terminus of molecular chaperones Hsp70 and Hsp90 and with 
its U-box region E2 ubiquitin-conjugating enzymes (Zhang et al. 2005b; Ballinger 
et al. 1999; Xu et al. 2008). This unique combination of domains allows CHIP to 
bind to both chaperones Hsp70 and Hsp90, via its TPR domain, and to interact 
with the proteasome by acting as an E3 ligase using its U-box domain, effectively 
crosslinking the chaperones to the proteasome via ubiquitination of substrates for 
degradation.

CHIP was originally identified as co-chaperone for Hsp70 and Hsp90 in a screen 
for novel TPR-containing proteins (Ballinger et al. 1999). CHIP interacts with the 
C terminal EEVD motifs in both Hsp90 and Hsp70 via its TPR domains (Ballinger 
et al. 1999), a feature in common with other TPR containing co-chaperones, like 
Hop, PP5 and Hip (Allan and Ratajczak 2011; Brinker et al. 2002; Cortajarena and 
Regan 2006; Odunuga et al. 2003). The CHIP monomer contains only a single TPR 
domain which can bind indiscriminately to both Hsp90 and Hsp70. CHIP can bind 
two molecules of Hsp70 in a dynamic and flexible complex in which both CHIP 
and Hsp70 move independently of each other and is predicted to provide space 
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to accommodate additional client proteins (Smith et al. 2013). This independent 
movement is demonstrated by the fact that only the extreme C terminal residues 
(IEEVD) of Hsp70 appear to be involved in the interaction with CHIP. The IEEVD 
motif of Hsp70 was also required for ubiquitination of Hsp70, although a reduction 
in the length of the C terminal tail preceding the IEEVD led to reduced capacity to 
ubiquitinate Hsp70 (Smith et al. 2013). Although the TPR motif is the chaperone 
binding site of CHIP, there is evidence to suggest that allosteric interactions with 
the U-box domain are required for CHIP association with Hsp70 (Matsumura et al. 
2013). Despite this, there was little difference in the affinity of binding to CHIP 
between full length Hsc70 and the C terminal IEEVD peptide (Smith et al. 2013). 
There are conflicting reports regarding the affinity of the interaction between CHIP 
and different chaperones, with reports that both Hsp70 binding (Kundrat and Regan 
2010a) and Hsp90 binding to CHIP (Stankiewicz et al. 2010) is the greater affinity 
of the two.

As an E3 ubiquitin ligase, CHIP also interacts with members of the E2 family of 
ubiquitin conjugating enzymes during ubiquitination of substrates. These interac-
tions between E2 and E3 proteins are highly specific and will ultimately determine 
the nature of ubiquitination that occurs, as well as the identity of the substrate pro-
tein. CHIP has been shown to interact with specific E2 from the UBCH5 family 
(which are involved in K48 mediated ubiquitination which promotes proteasomal 
degradation) (Cyr et al. 2002; Wiederkehr et al. 2002; Xu et al. 2008) and Ubc13 
(which regulates K63 ubiquitination and has a regulatory role) (Alberti et al. 2002; 
Jiang et al. 2001; Murata et al. 2001; Zhang et al. 2005b). CHIP also displays E4 
ligase activity, in that it can catalyse the extension of polyubiquitin chains on sub-
strate proteins (Murata et al. 2001; Murata et al. 2003; Jiang et al. 2001; Koegl 
et al. 1999). CHIP interacts with E2 enzymes via its U-box domain. The U-box 
is composed of 70 amino acids and is structurally similar to the RING finger do-
mains found in other ubiquitin ligases (Ohi et al. 2003). U-box containing ligases 
are distinct from HECT and RING finger E3 ligases and appear to associate almost 
exclusively with chaperones during ubiquitination of client proteins (Hatakeyama 
et al. 2004b; Hatakeyama et al. 2001; Kriegenburg et al. 2012).

CHIP binding can inhibit both Hsp90 and Hsp70- thereby preventing both pro-
tein folding by Hsp70 and conformational regulation of client proteins by Hsp90. 
CHIP blocked the Hsp40 mediated stimulation of Hsp70 ATPase activity and at-
tenuated the function of Hip (Ballinger et al. 1999). The consequence of this is that 
CHIP promotes accumulation of the ATP-bound form of Hsp70. This prevented 
substrate binding and refolding of denatured luciferase in vitro (Ballinger et al. 
1999). CHIP therefore regulates ubiquitination of Hsp70 client proteins through 
regulation of client protein affinity. CHIP did not affect ATP or ADP association, 
but blocked the Hsp40 mediated stimulation of Hsp70 ATPase activity (Stankie-
wicz et al. 2010). The consequence of this is that, indirectly, CHIP promotes an 
ATP bound form of Hsp70, one which has low affinity for client proteins. CHIP 
also works in concert with certain members of the Hsp70 nucleotide exchange 
family of proteins, including the Bcl2-associated athanogene (BAG). BAG-1 
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could bind simultaneously to both Hsp70 and the 26S proteasome (Luders et al. 
2000). In doing so, BAG-1 induces the release of ubiquitinated client proteins 
from Hsp70 to the proteasome.

Addition of CHIP is also sufficient to modify the co-chaperone complement 
of the Hsp90 complex and induce degradation of canonical Hsp90 client proteins 
(Connell et al. 2001). CHIP did not affect the ATPase activity of Hsp90 (Stankie-
wicz et al. 2010), but CHIP binding did reduce Hop binding and prevented bind-
ing of p23 completely (Ballinger et al. 1999). Displacement of p23 relies on the 
presence of the CHIP TPR domains, while the ubiquitination of glucocorticoid 
receptor is U-box dependent; demonstrating defined functions for the two differ-
ent domains, but that cooperation between them is required for protein degrada-
tion. This is interesting, as p23 and CHIP bind to different termini of the chap-
erone. CHIP may antagonise the action of p23, thereby stabilising the substrate 
protein within the complex for ubiquitination. CHIP activity does not require the 
N terminal domain of Hsp90 and an interaction with the C terminal region of 
Hsp90 is sufficient to allow CHIP-mediated ubiquitination of the client protein. 
This may suggest that client proteins that associate with different Hsp90 regions 
may be differentially susceptible to ubiquitination by CHIP.

The ability of CHIP to induce degradation requires the presence of the sub-
strate protein in a denatured form, in addition to the chaperone, as demonstrated 
by the fact that denatured, but not native, luciferase could be ubiquitinated in vitro 
in the presence of Ubc4/5 (E2 enzyme) and the Hsp90 or Hsp70 complex (Murata 
et al. 2001). In this way, Hsp70/Hsp90 are involved in the recognition and deliv-
ery of substrates for ubiquitination. Indeed, binding of CHIP to the Hsp70 EEVD 
motif was favoured when Hsp70 was in the ADP form, which has higher affinity 
for client proteins (Matsumura et al. 2013). In addition, Hsp70-bound peptides 
are preferentially targeted for degradation by CHIP compared to Hsp90 bound 
substrates (Qian et al. 2006; Stankiewicz et al. 2010). Therefore, the chaperones 
would act as sensors for denatured protein substrates which could subsequently be 
targeted for degradation by CHIP. Interestingly, CHIP also mediates the degrada-
tion of Hsp70 itself, once the misfolded client proteins have been degraded.

CHIP Substrates and Human Disease

The role of CHIP as a major regulator of proteasome-mediated degradation has 
been cemented by the recent identification of numerous protein substrates that 
are dependent on CHIP for proteasomal degradation (Table 11.1). One of the 
best described client proteins for CHIP is CFTR, upon which many of the early 
fundamental studies on CHIP function were performed. An updated list of CHIP 
substrate proteins includes a number of transcription factors, signalling interme-
diates and cytoskeletal or structural proteins (Table 11.1). The substrates, many 
of which are known client proteins of either Hsp90 or Hsp70, fulfil important 
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Substrate/Client Classification Disease association Reference
Androgen receptor (AR) Receptor Cancer Sarkar et al. (2014)
Cystic fibrosis transmem-
brane conductance regula-
tor (CFTR)

Receptor Cystic fibrosis Younger et al. 
(2004); Meacham 
et al. (2001)

Katanin-p60 Cytoskeleton Yang et al. (2013)
Profilin Cytoskeleton Choi et al. (2014)
Tau Cytoskeleton Neurodegeneration Elliott et al. (2007); 

Dickey et al. (2007); 
Hatakeyama et al. 
(2004a); Petru-
celli et al. (2004); 
Shimura et al. (2004)

Alpha-synuclein Cytoskeleton Neurodegeneration Kalia et al. (2011); 
Shin et al. (2005)

Keratin Cytoskeleton Loffek et al. (2010)
Cytochrome P450, family 
3, subfamily A, polypeptide 
4 (CYP3A4)

Enzyme Wang et al. (2012)

Histone deacetylase 6 
(HDAC6)

Enzyme Cook et al. (2012)

Nitric-oxide synthase 
(NOS)

Enzyme Neurodegeneration Chen et al. (2009); 
Peng et al. (2004)

NAD(P)H:quinone oxidore-
ductase 1 (NQO1)

Enzyme Tsvetkov et al. 
(2011)

V-Erb-B2 Avian Eryth-
roblastic Leukemia Viral 
Oncogene Homolog 2 
(Her2)

Receptor Cancer Zhou et al. (2003); 
Xu et al. (2002)

Phosphatidylinositol 
3-kinase P85 (P13K)

Signalling 
intermediate

Cancer Ko et al. (2014)

Interferon regulatory factor 
1 (IRF-1)

Signalling 
intermediate

Gao et al. (2013)

Liver kinase B1 (LKB1) Signalling 
intermediate

Cancer Gaude et al. (2012)

Phosphatase and tensin 
homolog (PTEN)

Signalling 
intermediate

Cancer Ahmed et al. (2012)

Protein kinase B (PKB/Akt) Signalling 
intermediate

Cancer Su et al. (2011)

TNF receptor-associated 
factor 2 (TRAF2)

Signalling 
intermediate

Jang et al. (2011b)

Met receptor Signalling 
intermediate

Cancer Jang et al. (2011a)

Immature BCR-ABL Signalling 
intermediate

Cancer Tsukahara and Maru 
(2010)

Table 11.1  Selection of the proteins targeted for proteasomal degradation by CHIP
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roles in fundamental cellular processes. What is also striking is that many of 
these proteins are linked with diseases including cancer and neurodegenerative 
diseases like Alzheimer’s disease. CHIP may therefore be of therapeutic value 
given the potential ability to regulate the degradation of disease relevant proteins 
like tau or p53 (Hatakeyama et al. 2004a; Petrucelli et al. 2004; Shimura et al. 
2004; Esser et al. 2005).

In particular, the role of CHIP in neurodegenerative diseases, where protein ag-
gregates are a hallmark, has been a main focus of research. CHIP can bind directly 
to and ubiquitinate the protein tau, actions that mediate the dissolution of tau aggre-
gates (Hatakeyama et al. 2004a; Petrucelli et al. 2004; Shimura et al. 2004). These 
tau aggregates are associated with the pathology of Alzheimer’s disease (Kosik 
and Shimura 2005; Medeiros et al. 2011; Martin et al. 2011; Salminen et al. 2011). 
CHIP may also regulate the aggregation of tau via ubiquitination of other client 

Substrate/Client Classification Disease association Reference
MAPK/ERK kinase kinase 
2 (MEKK2)

Signalling 
intermediate

Maruyama et al. 
(2010)

Apoptosis signal-regulating 
kinase 1 (ASK1)

Signalling 
intermediate

Gao et al. (2010); 
Hwang et al. (2005)

Leucine-rich repeat kinase 
2 (LRRK2)

Signalling 
intermediate

Neurodegeneration Ding and Goldberg 
(2009); Ko et al. 
(2009)

Eukaryotic translation ini-
tiation factor 5A (eIF5A)

Transcription 
factor

Shang et al. (2014)

Estrogen Receptor (ER) Transcription 
factor

Cancer Fan et al. (2005)

Glucocorticoid receptor 
(GR)

Transcription 
factor

Wang and DeFranco 
(2005); Galigniana 
et al. (2004); Connell 
et al. (2001)

Tumour protein 53 (p53) Transcription 
factor

Cancer Wang et al. (2011); 
Sisoula et al. (2011); 
Muller et al. (2008); 
Esser et al. (2005)

V-Myc Avian Myelocyto-
matosis Viral Oncogene 
Homolog (c-Myc)

Transcription 
factor

Cancer Paul et al. (2013)

Forkhead transcription fac-
tor p (FOXp)

Transcription 
factor

Chen et al. (2013)

Hypoxia-inducible factor 1 
alpha (HIF-1alpha)

Transcription 
factor

Cancer Luo et al. (2010)

Forkhead transcription fac-
tor 1 (FoxO1)

Transcription 
factor

Li et al. (2009)

Table 11.1 (continued)
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proteins, like HDAC6 and Akt (Cook et al. 2012; Dickey et al. 2008). Therefore 
overexpression of CHIP may represent a therapeutic strategy to prevent neuronal 
cell death and ameliorate the symptoms and onset of the disease (Dickey et al. 
2007; Sahara et al. 2005). The role of CHIP in cancer has been relatively less 
well studied than neurodegeneration. However, CHIP also controls the proteasomal 
degradation of a number of important oncogenic transcription factors or signalling 
intermediates, including p53, PTEN, Akt and c-Myc (Paul et al. 2013; Kajiro et al. 
2009; Ahmed et al. 2012). These classes of proteins often act as nodes for the acti-
vation of a host of downstream proteins in the cellular reactions that lead to onco-
genesis. Therefore, CHIP may in fact indirectly regulate a larger cohort of cellular 
proteins via degradation of central transcription factors or signalling intermediates. 
Indeed, analysis of the function of CHIP in breast cancer has demonstrated that the 
protein can regulate cellular responses, many of which are considered cancer hall-
marks. Overexpression of CHIP blocked oncogenic signalling pathways, inhibited 
cancer associated processes like cell migration and anchorage independent growth, 
and induced cell death. Conversely, depletion of CHIP protein levels increased 
tumour formation and metastasis in mouse models (Kajiro et al. 2009; Choi et al. 
2014; Sarkar et al. 2014).

In addition to classical substrate proteins, CHIP also ubiquitinates the chap-
erones Hsp70 and Hsp90 on multiple solvent exposed, but clustered lysine resi-
dues (6 in Hsp70 and 13 in Hsp90) (Kundrat and Regan 2010b). The polyu-
biquitination of these chaperones by CHIP occurs via K6, K11, K48, and K63 
linkages. The canonical signal for protein degradation is ubiquitination via K48 
linkages, and it is known that CHIP can mediate degradation of Hsp70 via this 
mechanism (Jiang et al. 2001). This reduction in Hsp70 plays a central regula-
tory role to return Hsp70 levels to basal after the induction of the stress response. 
However, non-canonical ubiquitin linkages (like K6, K11 and K63) have not 
been demonstrated to induce protein degradation, but may mediate other func-
tions. In some experiments, ubiquitination via K63 resulted in recruitment of 
Hsp70, Hsp90 and BAG-1 to the proteasome but did not lead to their degradation 
(Alberti et al. 2002; Jiang et al. 2001). This suggested that K63 linkage may be a 
proteasome targeting sequence and represent a mechanism by which CHIP uses 
the chaperone to deliver its clients to the proteasome (Saeki et al. 2009; Chen 
and Sun 2009).

Ubiquitination of substrates by CHIP does not always lead to proteasomal 
degradation via the canonical K48 ubiquitiation. There are some examples in the 
literature than demonstrate a role for CHIP in non-canonical ubiquitination of 
substrates. One example is the protein, sirtuin, which underwent non-canonical 
CHIP-mediated ubiquitination that culminated in its stabilisation and promotion 
of DNA repair (Ronnebaum et al. 2013). CHIP also mediated T cell activation 
by ubiquitination of CARMA1 (Caspase recruitment domain (CARD) containing 
membrane-associated guanylate kinase protein 1), a receptor important in anti-
gen receptor linked NF-kappaB signalling. The CHIP mediated ubiquitination of 
CARMA1 via K27 was determined to be important for activation of this pathway 
(Wang et al. 2013).
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Hsp70 and Hsp90: To Degrade or to Refold?

The chaperone folding and ubiquitin-proteasome degradation pathways work com-
petitively during protein homeostasis (Marques et al. 2006). The major question 
that remains unanswered is how is it determined whether proteins enter refolding 
or degradation pathways? Pro-folding chaperone complexes are largely associat-
ed with the co-chaperone Hop, which facilitates entry of client proteins from the 
Hsp70 complex into the Hsp90 complex (Siligardi et al. 2004). In contrast, chaper-
one complexes containing CHIP are considered to be pro-degradation complexes. 
Hop and CHIP cannot bind simultaneously to the Hsp90 complex, which indicates 
that the complexes controlling either protein folding or protein degradation are mu-
tually exclusive and possibly competitive (Kundrat and Regan 2010a). Therefore, 
the simplest mechanism to control the choice of folding or degradation may be via 
regulation of the levels of the specific co-chaperone (Marques et al. 2006). Indeed, 
simply increasing the CHIP concentration by overexpression increased proteasomal 
degradation of client proteins, including hormone receptors (Connell et al. 2001; 
Adachi et al. 2007).

Hop and CHIP compete with each other for binding to Hsp70 and Hsp90, which 
could determine whether pro-folding or pro-degradation complexes form. There 
is evidence that these associations are regulated by post-translational modifica-
tion of the C terminal region of these chaperones. Phosphorylation of sites in the 
C-terminus of either Hsp70 or Hsp90 blocked CHIP binding and promoted asso-
ciation of Hop with the chaperones. This observation is particularly important in 
the context of cancer, where increased levels of phosphorylated Hsp70 and Hsp90 
chaperones have been linked with high cell proliferation rates (Muller et al. 2013). 
Indeed, many of the kinases that phosphorylated Hsp90, including CK1, CK2 and 
GSK3β, are linked to the cell cycle or mitogenic signalling pathways. Hop has also 
been shown to be upregulated in numerous cancers, suggesting that increased levels 
of this co-chaperone may out-compete CHIP for chaperone binding in these cells 
(Willmer et al. 2013; Ruckova et al. 2012). The net consequence of this would be to 
create a cellular environment that promoted protein folding over degradation. The 
fact that this is observed in cancer cells may explain the dependency of proteins 
on the Hsp70-Hsp90 folding complex and support the high cellular growth rates 
observed in most malignancies.

However, protein folding also predominates under physiological conditions. 
This is as a result of a greater concentration of chaperone complexes contain-
ing Hop or Hip, than CHIP or BAG-1 (Kundrat and Regan 2010a). Despite this, 
ubiquitination of substrates by CHIP proceeds at a basal level under physiological 
conditions. Recent studies by the Regan group suggest that the switch to degrada-
tion of protein clients was largely determined by partitioning of the client protein 
between Hsp70 and Hsp90 chaperone complexes (Kundrat and Regan 2010a). 
Hsp70 and Hsp90 can both bind CHIP, but the purported greater affinity of the 
CHIP-Hsp70 interaction predicts that this is the dominant complex that mediates 
the degradation pathway (Kundrat and Regan 2010a). Therefore, the interaction 
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between Hsp90 and CHIP is predicted to play a minor role in direct protein tri-
age decisions. This is supported by the fact that CHIP has a preference for ubiq-
uitination of Hsp70-bound client proteins compared to Hsp90-bound substrates 
(Stankiewicz et al. 2010). Rather, degradation of Hsp90 clients is proposed to 
be induced indirectly by inhibition of the Hsp90 complex, meaning that client 
proteins associate with the Hsp70 complex for an extended duration, leading to 
increased potential for degradation via CHIP (Kundrat and Regan 2010a). This 
is consistent with the observation that the time spent by the client protein in the 
Hsp70 complex determines its stability (Matsumura et al. 2013). Interestingly, 
the TPR containing co-chaperone, DNAJC7, which has been proposed to catalyse 
retrograde transfer of client proteins from Hsp90 back to Hsp70 (Brychzy et al. 
2003), can interact directly with CHIP (Hatakeyama et al. 2004b). Hsp90 inhibi-
tion using compounds that induce the stress response (such as 17-AAG) lead to 
increased Hsp70 levels, which could subsequently associate with clients released 
from the non-functional Hsp90 complex and trigger their degradation via CHIP. 
The fact that CHIP is also known to induce both the expression and turnover of 
Hsp70 as part of the stress response, supports the major role for Hsp70 over Hsp90 
in this process (Qian et al. 2006).

The increase in substrate degradation in response to higher levels of CHIP could 
also be explained by the fact that increased levels of CHIP result in increased levels 
of Hsp70-CHIP degradation complexes to a concentration that exceeds Hsp70-Hop-
Hsp90 folding complexes (Kundrat and Regan 2010a). The addition of CHIP to 
the Hsp90 complex induces a similar response to treatment with GA, promoting 
dissociation of stabilising co-chaperones, like p23, and promoting proteasomal deg-
radation of the client protein (Connell et al. 2001; Whitesell and Cook 1996). This 
suggests that, in addition to an increase in Hsp70-CHIP complexes, increased CHIP 
levels may also block Hsp90 complexes and push client proteins towards associa-
tion with Hsp70.

The balance between folding and degradation can also be controlled by natu-
rally occurring regulators of CHIP. The activity of CHIP is regulated by BAG-1 
and HspBP1, which are both nucleotide exchange factors for Hsp70 (Kabani et al. 
2002; Alberti et al. 2003). CHIP can bind directly to the proteasome (Connell et al. 
2001; Meacham et al. 2001), or it may interact with the proteasome via BAG-1. 
BAG-1 binds simultaneously to CHIP and the 26S proteasome, thereby recruiting 
a complex that delivers CHIP bound complexes to the proteasome (Luders et al. 
2000). Interestingly, the association of BAG-1 with the proteasome is mediated in 
part by CHIP-mediated ubiquitination of BAG-1 (Alberti et al. 2002). HspBP1 is a 
negative regulator of CHIP activity (Alberti et al. 2004). HsBP1 interacts with the 
Hsp70 ATPase domain (Raynes and Guerriero 1998) and induces conformational 
changes in the chaperone (McLellan et al. 2003), leading to binding of CHIP to the 
C terminal site of Hsp70. This complex abolished the CHIP mediated ubiquitination 
and degradation of the substrate protein, CFTR (Alberti et al. 2004). Hsp40 and cli-
ent protein (steroid receptors) preferentially associate with BAG-1 over HspBP1. 
HspBP1, not BAG-1, also reduced binding of Hsp70 to client proteins and inhibited 
the activity of steroid hormone receptors at both high and low concentrations. In 
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contrast, the effect of BAG-1 on steroid receptor function was concentration depen-
dant, being stimulatory at low levels of BAG-1 and inhibitory at higher concentra-
tions of BAG-1 (Knapp et al. 2014).

Conclusions

While the molecular mechanisms that are involved in defining the balance between 
protein folding and protein degradation are not fully understood, the existence of 
CHIP suggests that chaperones actively participate in protein degradation via the 
proteasome. This suggests that an as yet undefined mechanism exists to determine 
which pathway, folding or degradation, should be followed under certain condi-
tions. Recent studies have demonstrated that CHIP mediated the degradation of a 
wide range of cellular proteins, which signifies a central role for this co-chaperone 
in protein degradation. Many of these client proteins are important factors in a 
range of human diseases; an association that suggests CHIP may be a putative drug 
target. The potential applications of CHIP to human disease are likely to be largely 
restricted to those that involve either the overexpression or activation of CHIP. 
While some experiments demonstrate that CHIP depletion results in degradation of 
CHIP substrates, other reports demonstrate that CHIP clients remain unaffected in a 
CHIP depleted background. This hints at functional redundancy whereby other E3 
ligase factors may compensate for the loss of CHIP. These data may also suggest 
that some substrates are more reliant on CHIP for their degradation, whereas others 
may be promiscuous with respect to the E3 ligase required for their degradation. 
The application of CHIP as a drug target will be limited until we are able to define 
the mechanisms which regulate whether chaperones function in protein folding or 
protein degradation.
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Abstract Molecular chaperones and their associated co-chaperones are essential 
in health and disease as they are key facilitators of protein folding, quality control 
and function. In particular, the HSP70 molecular chaperone networks have been 
associated with neurodegenerative diseases caused by aberrant protein folding. The 
pathogenesis of these disorders usually includes the formation of deposits of mis-
folded, aggregated protein. HSP70 and its co-chaperones have been recognised as 
potent modulators of inclusion formation and cell survival in cellular and animal 
models of neurodegenerative disease. In has become evident that the HSP70 chap-
erone machine functions not only in folding, but also in proteasome mediated deg-
radation of neurodegenerative disease proteins. Thus, there has been a great deal 
of interest in the potential manipulation of molecular chaperones as a therapeutic 
approach for many neurodegenerations. Furthermore, mutations in several HSP70 
co-chaperones and putative co-chaperones have been identified as causing inherited 
neurodegenerative and cardiac disorders, directly linking the HSP70 chaperone sys-
tem to human disease.

Keywords HSP70 · Co-chaperone · Protein misfolding and aggregation · 
Neurodegeneration
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Introduction

Molecular chaperone networks have been shown to be fundamentally impor-
tant to many aspects of human health and disease. In a large number of disease 
studies, changes in chaperone expression profiles have been observed, such that 
almost no other class of proteins have been linked to such a large array of hu-
man disorders. The HSP70 family of chaperone proteins, and their co-chaperone 
regulators, have received particular interest in the field of cancer biology, heart 
disease and neurodegeneration. HSP70 biology has not only contributed to our 
understanding of the molecular mechanism of these conditions, but has also led 
to the identification of biomarkers for disease states and potential targets for 
therapeutic intervention.

Given their importance in protein folding and quality control it is perhaps 
unsurprising that molecular chaperones have been identified as key modulators 
of human misfolding disease and in particular neurodegenerations (Bonini 2002; 
Barral et al. 2004; Muchowski and Wacker 2005). The majority of neurode-
generative disorders, including Alzheimer’s disease (AD), Parkinson’s disease 
(PD), amytrophic lateral sclerosis (ALS) and polyglutamine (polyQ) expansion 
diseases, are characterised by conformational changes in proteins that result in 
misfolding and aggregation (Taylor et al. 2002; Barral et al. 2004; Muchowski 
and Wacker 2005). Some of these aggregates share a propensity to assemble 
into amyloid fibrils, which are characterised by detergent insolubility, protease 
resistance, and high β sheet content and cross β sheet structure (Dobson 2003; 
Stefani and Dobson 2003). It has been suggested that during the formation of 
amyloid fibrils ‘off-pathway’ assembly may occur resulting in misfolded protein 
monomers or higher-order aggregates that are not required intermediates in amy-
loid fibril production (Muchowski and Wacker 2005). It is unclear why neurons 
are particularly vulnerable to the accumulation of these off-pathway species, al-
though it has been suggested it may partly be because as post-mitotic cells they 
cannot dilute the toxic proteins during cell division (Muchowski and Wacker 
2005). In neurons and other cells molecular chaperones represent the first line of 
defence against aberrant protein accumulation (Fig. 12.1). They are central to the 
three main cellular defences against protein aggregation (Ross and Poirier 2005); 
protein folding and refolding (Bukau and Horwich 1998; Hartl and Hayer-Hartl 
2002); proteasome dependent degradation (Connell et al. 2001; Alberti et al. 
2002, 2004; Chapple et al. 2004); inclusion formation and lysosome-mediated 
autophagy (Cuervo et al. 2004; Cuervo 2004; Fig. 12.1). Furthermore, fold-
ing and proteasomal degradation of proteins are linked through co-chaperones, 
such as C-terminus of HSP70-interacting protein (CHIP) and HSJ1 (DNAJB2) 
(Westhoff et al. 2005), which regulate triage decisions determining whether mis-
folded proteins are refolded or degraded.

In this chapter we focus on links between the HSP70 molecular chaperone net-
work and neurodegenerative diseases. Firstly, we consider evidence for the ability 
of HSP70 and its co-chaperones to act as suppressors of neurodegeneration, with an 
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emphasis on polyQ misfolding diseases. Secondly, we look at a direct link between 
the HSP70 chaperone machine and disease by considering co-chaperones and puta-
tive co-chaperones that are mutated in human genetic disorders.

In this chapter, the chaperone families will be referred to generally as HSP70 
(HSPA), HSP110 (HSPH), HSP40 (DNAJ), HSP90 (HSPC) and small HSP (HSPB). 
Where appropriate, specific members of the chaperone family and co-chaperones 
will be designated in parentheses according to the HUGO Gene Nomenclature 
Committee (HGNC) (Kampinga et al. 2009).

HSP70 and Its Co-chaperones in Neurodegenerative 
Disease

In misfolding disease the ubiquitin proteasome system (UPS) can become com-
promised and/or overloaded, thereby exacerbating the sequestration of ubiquity-
lated proteins in inclusions (Fig. 12.1). The impairment of the proteasome itself as 
well as proteasome impairment as a consequence or cause of inclusion formation 

Fig. 12.1  Molecular chaperones in protein misfolding and aggregation. Molecular chaperones and 
their associated co-chaperones are essential in the cellular defences against protein aggregation. 
Molecular chaperone networks participate in protein folding and refolding, proteasome-dependent 
degradation, and inclusion formation and lysosome-mediated autophagy (reproduced with kind 
permission from Springer Science + Business Media: networking of chaperones by co-chaperones; 
Chap. 11: the role of Hsp70 and its co-chaperones in protein misfolding, aggregation and disease; 
2007; pp. 122–127; Jacqueline van der Spuy, Michael E, Cheetham and J. Paul Chapple; Fig. 11.1)
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in polyQ misfolding diseases has been controversial. More recent experimental 
evidence supports a model in which the proteasomal activity is not directly af-
fected by the mutant expanded protein, but rather maintaining the solubility of 
high levels of the aggregation-prone protein places a burden on the total protein 
homeostasis machinery, indirectly leading to the collapse of the proteolysis net-
work (Hipp et al. 2012; Schipper-Krom et al. 2012). It is moreover now more 
certain that such inclusion bodies are a beneficial cellular coping response. The 
observation that the formation of inclusion bodies in a model of Huntington’s dis-
ease (HD) reduced the level of mutant polyQ-expanded huntingtin and prolonged 
cellular survival coincident with less proteasomal impairment points toward in-
clusions being part of the cellular defence mechanism (Arrasate et al. 2004; Ross 
and Poirier 2005; Mitra et al. 2009). However, it is clear that the presence of in-
clusions reveals problems of protein processing and could be viewed as surrogate 
markers of protein misfolding. There is increasing evidence that the cytotoxic 
agent in polyQ expansion diseases, including HD are the soluble oligomeric pre-
cursors of the aggregated proteins, rather than the insoluble fibrillar species that 
are sequestered into inclusions (Schaffar et al. 2004; Takahashi et al. 2008; Lajoie 
and Snapp 2010). Recently, Leitman et al. (2013) revealed that soluble oligomeric 
polQ-expanded pathogenic huntingtin inhibited endoplasmic reticulum (ER)-as-
sociated degradation and consequently induced ER stress prior to the formation 
of visible aggregates. This supports emerging consensus that the overall, over-
whelming disturbance of cellular proteostasis is the trigger for cytotoxicity and 
pathogenesis prior to cell death.

Chaperones have been shown to co-localise with protein inclusions in cellular 
and animal models, as well as the lesions observed in human brain tissue. The 
specific cohort of chaperones associated with inclusions appears to be disease 
dependent, presumably because although the inclusions have similar biochemi-
cal characteristics, the disease protein and cellular context varies. The small heat 
shock protein (HSPB), the HSP70 and HSP40 families of molecular chaperones 
have been most frequently associated with misfolding disease. It has been pro-
posed that the interaction of molecular chaperones and other components of the 
cellular protein quality control machinery with misfolded proteins may deplete 
them sufficiently that their normal cellular functions are impaired (Sakahira et al. 
2002). Other essential cellular proteins, such as transcription factors, are also 
recruited to inclusions and this may be detrimental to cell survival (McCampbell 
et al. 2000; Nucifora et al. 2001; Schaffar et al. 2004). Of the proteins which are 
known to be recruited to inclusions molecular chaperones appear to be unique, 
as they also have the ability to modulate the formation of the inclusions and cell 
survival. Interestingly, HSP70 has been demonstrated to be transiently associ-
ated with polyQ protein aggregates, exhibiting rapid kinetics of association and 
dissociation, raising the possibility it may be involved in a pathway rescuing 
sequestered transcription factors and/or other essential cellular proteins (Kim 
et al. 2002).
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The potential mechanisms by which the HSP70 chaperone machine is neuro-
protective are manifold and complex. It seems likely that the HSP70 chaperone 
machine prevents the conversion of native protein species into toxic intermediates 
and either facilitates their degradation or, instead, pushes them towards a folding 
pathway where non-toxic disordered aggregates form. The prominent role played 
by HSP70 in the removal of toxic protein species by the UPS means that it helps 
prevent unwanted interactions between misfolded proteins and important cellular 
proteins such as transcription factors (Schaffar et al. 2004).

The HSP70 Chaperone Machine

The HSP70 chaperone machine is a key component of the cellular protein produc-
tion and quality control machinery. The frequent association of HSP70 proteins with 
inclusions of misfolded disease protein suggests this chaperone machine is particu-
larly important in dealing with toxic misfolding disease proteins. HSP70 proteins 
bind short regions of peptides with a certain position and pattern of hydrophobic 
residues in a substrate-binding pocket, assisting in their stabilisation and folding 
(Bukau and Horwich 1998; Hartl and Hayer-Hartl 2002). Substrate binding is cyclic 
with HSP70 switching from a low substrate affinity, fast substrate exchange state 
when bound to ATP to a high substrate affinity, slow substrate exchange state upon 
the hydrolysis of ATP to ADP. HSP70 undergoes a conformational change resulting 
in closure of its substrate binding pocket upon ATP hydrolysis (Bukau and Horwich 
1998; Hartl and Hayer-Hartl 2002), dependent on interdomain communication via 
an allosteric mechanism (Jiang et al. 2005). This cycle is regulated by HSP70 co-
chaperones and in particular HSP40 proteins, which are characterised by a highly 
conserved 70-amino acid domain called the J-domain (Cheetham and Caplan 1998). 
The J-domain interacts with HSP70 protein, stimulating ATP hydrolysis and alter-
ing substrate binding.

Currently, up to 13 HSP70 and 4 HSP70-related HSP110 (HSPH) genes have 
been identified in humans coding for different members of the HSP70 family, in-
cluding the cytosolic constitutive heat shock 70 cognate, HSC70 (HSPA8), several 
stress inducible forms of HSP70 and the endoplasmic reticulum resident glucose-
regulated protein 78, GRP78 or BiP (HSPA5). Many more HSP40 proteins have 
been identified. As well as stimulating HSP70 ATPase activity, HSP40 proteins 
can bind client proteins independently, directly facilitating targeting to HSP70 
(Cheetham and Caplan 1998). Thus HSP40 proteins may provide a mechanism for 
recruiting the HSP70 machine to its many cellular roles. Interestingly, some type 
II HSP40 proteins, such as HSJ1 (DNAJB2) and MRJ (DNAJB6), are expressed at 
higher levels in the brain than other tissues suggesting a specificity and/or particu-
lar requirements for HSP70 function in neurons (Chuang et al. 2002; Chapple and 
Cheetham 2003).
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HSP70 and HSP40 Proteins as Modulators of polyQ  
Protein Aggregation and Toxicity

In 1998 Cummings et al demonstrated that molecular chaperones could be potent 
modulators of polyQ disease (Cummings et al. 1998). This report showed that 
in a cellular model of spinocerebellar ataxia type 1 (SCA1) overexpression of 
the HSP40 protein, hdj-2 (DNAJA1), caused a significant decrease in the inci-
dence of ataxin-1 inclusions. Subsequently, co-expression of hdj-2 (DNAJA1) 
was demonstrated to reduce inclusion incidence in a model of spinal bulbar 
muscular atrophy (SBMA) (Stenoien et al. 1999).The overexpression of either 
hdj-1 (DNAJB1) or hdj-2 (DNAJA1) in a cell model of spinocerebellar ataxia 
type 3 (SCA3)/Machado-Joseph disease (MJD) suppressed the aggregation and 
toxicity of polyQ-expanded full-length or truncated mutant ataxin-3 (Chai et al. 
1999). Interestingly, not all the studies of HSP40 co-chaperone overexpression 
have shown beneficial effects on protein aggregation and inclusion formation in 
cells. For example, it has been reported that overexpression of hdj-2 (DNAJA1) 
caused increased inclusion formation in a cell model of HD, and had little ef-
fect on inclusion formation in cell models of SBMA (Kobayashi et al. 2000; 
Wyttenbach et al. 2000; Bailey et al. 2002). However, hdj-1 (DNAJB1) in com-
bination with HSP70 reduced inclusion incidence and provided cellular protec-
tion, suggesting that members of the HSP70 and HSP40 families might function 
together in chaperoning aggregation-prone proteins. There are multiple reports 
of the cooperation of HSP70 and HSP40 proteins in reducing inclusion inci-
dence and toxicity in cellular models of polyQ diseases, including HD (Jana 
et al. 2000; Rujano et al. 2000).

It seems likely that HSP40 proteins which are enriched in neuronal tissues, or 
have a neuronal specific expression profile, may be particularly relevant in neuro-
degenerative diseases. In particular, HSJ1a (DNAJB2a) has been shown to increase 
ubiquitylation and effectively reduce the incidence of polyQ protein aggregation 
in both cell models and in vivo models of polyQ and protein misfolding diseases 
dependent on its ubiquitin interaction motifs (UIMs) and a functional J domain 
(Westhoff et al. 2005; Howarth et al. 2007; Gao et al. 2011; Labbadia et al. 2012; 
Novoselov et al. 2013). The transgenic overexpression of HSJ1a (DNAJB2a) in 
the R6/2 mouse model of HD led to improved neurological performance, signifi-
cantly reduced mutant huntingtin aggregation and enhanced solubility dependent 
on HSJ1a (DNAJB2a) client binding, ubiquitin interaction and functional co-opera-
tion with HSP70 (Labbadia et al. 2012). Interestingly, the overexpression of HSJ1a 
(DNAJB2a) in a mouse model of ALS was also recently shown to improve motor 
performance and the survival of motor neurons at the late stages of disease progres-
sion (Novoselov et al. 2013). HSJ1a (DNAJB2a) was shown to interact with mutant 
superoxide dismutase (SOD1) in spinal cord lysates from the transgenic animals 
and to suppress SOD1 aggregation. In a neuroblastoma cell model, HSJ1a (DNA-
JB2a) suppressed SOD1 aggregation and enhanced SOD1 ubiquitylation dependent 
on a functional J-domain and UIMs.
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Interestingly, the closely related MRJ (DNAJB6), which lacks UIMs but is simi-
larly expressed at higher levels in the brain, has also been shown to suppress polyQ 
dependent protein aggregation, and cellular toxicity (Chuang et al. 2002; Hageman 
et al. 2010). A report by Hageman et al. (2010) compared the efficiency of members 
of the HSP70, HSP110 and HSP40 chaperone families in suppressing the aggrega-
tion of polyQ-expanded huntingtin, and found that members of the HSP40 DNAJB 
subfamily were comparably potent suppressors of protein aggregation and polyQ-
associated cytotoxicity. In particular, DNAJB6b and DNAJB8 suppressed the ag-
gregation of polyQ-expanded huntingtin, ataxin-3 and androgen receptor (AR), as 
well as unexpanded AR, which also aggregated to some extent. In assessing the 
dependence of the anti-aggregation activity on the cooperation with the HSP70 ma-
chinery, it was found that the anti-aggregation activity did not depend on a J-domain 
mediated direct interaction with HSP70, although collaboration with the HSP70 
machinery for proteasomal degradation of the polyQ substrate was required for the 
full anti-aggregation activity. These data suggest that the role of HSP40 proteins 
in suppressing protein misfolding and polyQ toxicity may rely to varying extents 
on the regulation of the HSP70 machine, depending on the specific identity of the 
HSP40 member.

In the first in vivo investigation of HSP70’s effect on polyQ disease, the amount 
of neurodegeneration was reduced but inclusion formation was not affected. This 
study of a Drosophila model of SCA3 was partially rescued by co-expression of 
HSP70 (Warrick et al. 1999). Furthermore, an HSP70 mutant without ATPase activ-
ity had a dominant negative effect making neurodegeneration worse. In the same 
Drosophila model hdj-1 (DNAJB1) but not hdj-2 (DNAJA1) was able to suppress 
degeneration and was also observed to have a synergistic effect with HSP70, again 
without altering inclusion formation (Chan et al. 2000). When another Drosophila 
model was used to screen for genetic factors modifying degeneration caused by ex-
pression of polyQ in the fly eye, two HSP40 proteins were identified, dHDJ-1 and 
dTPR2, which are potentially homologous to human hdj-1 (DNAJB1) and TPR2 
(DNAJC7) (Kazemi-Esfarjani and Benzer 2000).

The ability of HSP70 to reduce the severity of polyQ-mediated degeneration 
has also been demonstrated in mouse models. For example, when a SCA1 trans-
genic model was crossed with a hemizygous model overexpressing HSP70 at ap-
proximately 10-fold normal levels, behavioural and neuropathological symptoms 
improved (Cummings et al. 2001). When animals homozygous and hemizygous 
for HSP70 overexpression were compared, results suggested HSP70 ameliorated 
polyQ pathologies in a dose dependent manner. Not all mouse models of polyQ dis-
ease, however, appear to be equally affected by increasing HSP70 levels. In a mouse 
model of HD, overexpression of HSP70 by 5- to 15-fold only had modest effects 
on disease progression (Hansson et al. 2003). Conversely, the deletion of HSP70 in 
the same mouse model of HD exacerbated the behavioural and neuropathological 
defects, but did not correlate with the levels of fibrillar aggregates although the size 
of inclusions in the neocortex increased (Wacker et al. 2009).



E. J. Duncan et al.250

The Role of the HSP70 Co-chaperones in Modulating polyQ 
Protein Aggregation and Toxicity

Other regulatory components of the HSP70 chaperone machine have also been 
recognised as potentially playing important roles in the chaperone response 
to misfolded disease protein, including the co-chaperones HIP and CHIP, and 
the HSP70 nucleotide exchange factors (NEFs) Bag-1, HspBP1 and HSP110 
(HSPH1). HIP interacts with the nucleotide binding domain of substrate-bound 
HSP70 to slow the dissociation of ADP and therefore delay the release of the 
substrate from HSP70 (Li et al. 2013). The interaction of HIP and the HSP70 
NEFs with the HSP70-substrate complex occurs in a mutually exclusive man-
ner such that HIP attenuates the active cycling of the HSP70 complex thereby 
facilitating further downstream processing of the substrate by chaperones or the 
proteasome (Li et al. 2013). It has been shown that HIP, in collaboration with 
HSP70, can modulate the ubiquitylation and proteasomal degradation of polyQ-
expanded AR thereby reducing the formation of cytotoxic aggregates (Howarth 
et al. 2009; Wang et al. 2013). Similarly CHIP, a co-chaperone that negatively 
regulates HSP70 chaperone activity and acts as an ubiquitin ligase for HSP70 
client proteins, was reported to suppress the aggregation of polyQ-expanded hun-
tingtin or ataxin-3 by increasing the ubiquitination and subsequent degradation 
of these mutant proteins (Jana et al. 2005). Interestingly, the context of the polyQ 
expansion in the full-length protein may be an important factor in CHIP modu-
lation of protein solubility and stability in conferring protection against aggre-
gation-induced neurotoxicity (Al-Ramahi et al. 2006; Choi et al. 2007). CHIP 
over-expression was reported to promote the ubiquitylation and degradation of 
both expanded and unexpanded ataxin-1 in cell models,dependent on chaperone 
interaction (Choi et al. 2007). However, the importance of CHIP in the modula-
tion of polyQ disease in vivo is supported by numerous studies. HD transgenic 
mice haploinsufficient for CHIP display a markedly accelerated disease pheno-
type (Miller et al. 2005). Moreover, CHIP haploinsufficiency in a hemizygous 
mouse model of SCA3 exacerbated neuropathological markers and accelerated 
the progression of the neurobehavioural phenotype through increased levels of 
pre-fibrillar microaggregates that correlated with disease severity (Williams et al. 
2009). Conversely, the hemizygous or homozygous overexpression of full-length 
human CHIP in transgenic SBMA mice ameliorated motor symptoms by enhanc-
ing the degradation and consequently inhibiting the neuronal nuclear accumula-
tion of mutant expanded AR (Adachi et al. 2007).

The HSP70 NEF Bag-1 interacts with the ATPase domain of HSP70 via a C-
terminal BAG domain to stimulate HSP70 ATPase activity. Bag-1 has also been 
shown to interact with CHIP and contains an integral ubiquitin-like domain, which 
enable it to promote the ubiquitination of HSP70-bound substrates and recruit 
HSP70 chaperone complexes to the proteasome for degradation of the substrate 
by the UPS (Luders et al. 2000; Demand et al. 2001). Bag-1 has been shown to ac-
celerate the degradation and reduce the aggregation of polyQ-expanded huntingtin 
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in cells, and to protect cells against polyQ-induced cytotoxicity (Jana et al. 2005; 
Jana and Nukina 2005; Sroka et al. 2009). In a Drosophila model of HD, Bag-1 
was reported to prevent cell loss induced by mutant huntingtin and therefore ame-
liorate toxicity in vivo (Sroka et al. 2009). The HSP70 NEF HSP110 (HSPH1) is 
structurally related to HSP70, but similar to Bag-1, stabilizes the HSP70 NBD 
cleft in an open conformation. HSP110 (HSPH1) has been reported to cooperate 
with HSP70 and HSP40 in protein disaggregation (see Links between HSP70 and 
other chaperone machines). Recently, it has been reported that the interaction of the 
Drosophila HSP110 protein HSC70cb with the Drosophila HSP40 protein DNAJ-
1 is both necessary for and enhances the DNAJ-1 mediated suppression of polyQ-
induced neurodegeneration in a Drosophila model of polyQ disease (Kuo et al. 
2013). Moreover, the expression of human HSP110 or human HSP40 DNAJB1 
alone had little effect on suppressing polyQ-induced neurodegeneration in the fly 
model, but together exerted a neuroprotective effect (Kuo et al. 2013). Finally, mu-
tations in Sil1, which functions as the NEF for ER resident GRP78/BiP (HSPA5) 
and is homologous to the cytosolic NEF HspBP1, cause the neurodegenerative 
disease Marinesco-Sjögren syndrome, highlighting the critical importance of the 
nucleotide exchange function. It is hence evident that the co-chaperone regulators 
and interacting partners of the HSP70 chaperone machine likely represent modula-
tors of misfolding disease.

Links Between HSP70 and Other Chaperone Machines

In many of its cellular roles the HSP70 chaperone machine functions in conjunc-
tion with other molecular chaperones systems. For example, the modulation of 
neurodegeneration by HSP70 chaperones could be performed in concert with the 
HSPB family, a diverse group of proteins under 40 kDa in size, that include the 
α-crystallins (CRYAA) and HSP27 (HSBP1). The HSPB family share a C-terminal 
domain of approximately 100 amino acids, which mediates assembly into large 
oligomeric structures. Upon cellular stress it is believed that these oligomers reor-
ganise into smaller, active complexes which interact with misfolded proteins pre-
venting them from aggregating and maintaining them in a state from which they can 
potentially be refolded or degraded, by the HSP70 chaperone machine (Ehrnsperger 
et al. 1997). There is evidence that HSPB can modulate models of misfolding dis-
ease. For example, Hsp27 (HSPB1) has been shown to prevent cellular polyQ toxic-
ity associated with the formation of reactive oxygen species caused by huntingtin, 
suggesting that Hsp27 (HSPB1) protects against oxidative stress (Wyttenbach et al. 
2002). Moreover, a cell model of MJD stably expressing full-length polyQ-expand-
ed ataxin-3 reported defects in Hsp27 (HSPB1) protein synthesis and impairment in 
the cell stress response, as Hsp27 (HSPB1) over-expression protected against apop-
tosis (Chang et al. 2009). A comparison of the efficacy of members of the HSPB 
family to prevent aggregation of expanded huntingtin or ataxin-3 revealed potent 
suppression of polyQ aggregation and cytotoxicity by cvHSP (HSPB7) in cells 
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and a Drosophila SCA3 model (Vos et al. 2010). However, in a mouse model of 
HD, the constitutive and ubiquitous overexpression of transgenic Hsp27 (HSPB1) 
did not rescue the HD phenotype, suggesting the differential modulation of Hsp27 
(HSPB1) activation in vivo in acute models of disease versus chronic models of 
disease (Zourlidou et al. 2007).

In yeast it has been demonstrated that Hsp26 alters the nature of polyQ aggrega-
tion to facilitate reactivation by the chaperones Hsp104 with the assistance of Hsp70 
and Hsp40 proteins (Cashikar et al. 2005). Although no mammalian orthologue of 
Hsp104 has yet been identified, it has recently been reported that a disaggregase 
machinery comprised of HSP40, HSP70 and HSP110 (HSPH1), a NEF for HSP70 
that also exhibits independent chaperone activity, couples protein disaggregation 
to protein renaturation in metazoan (Shorter 2011). Together, HSP110, HSP70 and 
HSP40 synergise to dissolve disordered amorphous aggregates and exploit the slow 
monomer exchange dynamics of amyloid to slowly depolymerize amyloid fibrils 
from their ends (Shorter 2011). Both the amyloid depolymerase activity and the 
disaggregation of disordered aggregates are stimulated by HSPB (Cashikar et al. 
2005; Haslbeck et al. 2005; Duennwald et al. 2012). Notably, the mechanistic de-
tails of the disaggregase machinery have primarily been elucidated in vitro or in 
vivo in yeast using urea- or heat-denatured substrates including luciferase, GFP or 
citrate synthase, although activity against the infectious amyloid form of the yeast 
prion protein Sup 35 and amyloid conformers of PD-associated α-synuclein and 
polyQ-expanded huntingtin have also been tested. The overexpression of Hsp104 
together with Hsp26 in yeast strongly reduced the aggregation of polyQ-expanded 
huntingtin and the associated cytotoxicity (Cashikar et al. 2005). More direct evi-
dence of a disaggregase activity was recently reported by Duennwald et al. (2012). 
The authors also reported the potentiation of Hsp104 activity by the yeast sHSPs 
(Hsp26 and Hsp46), but against pre-formed disease-associated amyloid fibrils of 
polyQ-expanded huntingtin as measured by a decline in thioflavin T fluorescence 
in vitro. In metazoa, it is hence possible that the simultaneous activation or induc-
tion of the components of the disaggregase system is necessary to suppress toxicity 
after the onset of aggregation and degeneration, and could conceivably be beneficial 
in the treatment of several neurodegenerative disorders. Interestingly, exogenous 
Hsp104 can interface with the metazoan disaggregase machinery to rapidly elimi-
nate disease-associated amyloid. Hsp104 prevented the aggregation and toxicity of 
polyglutamine in C. elegans (Satyal et al. 2000), and the introduction of Hsp104 
into Drosophila models of SCA3 suppressed toxicity of a C-terminal ataxin-3 frag-
ment when expressed even after the onset of polyglutamine-induced degeneration 
(Cushman-Nick et al. 2013).

Pharmacological Manipulation of HSP70 and Other Chaperones

The neuroprotective potential of molecular chaperones may be exploited for the 
treatment of neurodegenerative diseases. Several drugs have been identified that 
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induce the expression of HSP70 and other chaperones (Soti et al. 2005). These 
include the hydroxylamine derivative bimoclomol and its analogue, arimoclomol, 
and the benzoquinone ansamycin antibiotic, geldanymycin and derivatives thereof. 
These compounds potentiate chaperone expression by activating heat shock tran-
scription factor Hsf-1 (Soti et al. 2005). Hydroxylamine derivatives bind Hsf-1 to 
stabilize the active phosphorylated trimer and prolong its binding to the heat shock 
response element found in the heat shock gene promoters. In contrast, the benzo-
quinone ansamycins bind to the ATP site on HSP90 and block its interaction with 
Hsf-1 and other clients, thereby leading to Hsf-1 trimerization and stimulating the 
transcription of heat shock proteins.

These pharmacological compounds have been tested in several models of 
polyQ disease. The geldanamycin derivative 17-AAG (17-allylamino-17-deme-
thoxygeldanamycin) (Tanespimycin) suppressed neurodegeneration and rescued 
lethality in a Drosophila model of SCA3 and HD dependent on Hsf-1 activation 
and HSP induction (Fujikake et al. 2008). 17-AAG and the derivative 17-DMAG 
(17-(dimethylaminoethylamino)-17-demethoxygeldanamycin) (Alvespimycin), were 
reported to significantly ameliorate polyQ-mediated motor neuron degeneration 
in the SBMA transgenic mouse model without detectable toxicity through HSP90 
chaperone complex formation and preferential proteasome-dependent degradation 
of polyQ-expanded mutant AR (Waza et al. 2005; Tokui et al. 2009). Arimoclomol 
has also shown very encouraging results in the transgenic mouse model of SBMA, 
significantly improving motor neuron survival and rescuing the neuromuscular phe-
notype (Malik et al. 2013). Moreover, arimoclomol has been reported to delay disease 
progression in ALS mice, resulting in a 22 % increase in lifespan (Kieran et al. 2004). 
This correlated with a slight increase in Hsp27 (HSPB1) levels and a significant in-
crease in both HSP70 and HSP90 levels in the spinal cord of the treated ALS mice. 
Arimocolomal has reached clinical testing in ALS (Cudkowicz et al. 2008; Lanka 
et al. 2009). However, the complete mechanism of action of arimoclomol (and other 
heat shock response activating drugs) is uncertain at present, and it is not clear that all 
the beneficial effects of arimoclomol are related to the potentiation of the heat shock 
response; for example, recent evidence showed that arimoclomol can also potentiate 
the unfolded protein response when there is ER stress (Parfitt et al. 2014).

The clinical development of geldanamycin has been limited by its poor phar-
macokinetic profile, including poor solubility and blood-brain-barrier permeability. 
Geldanamycin derivatives, including 17-AAG and 17- DMAG, have better pharma-
cokinetic profiles but their use is limited by poor blood-brain-barrier permeability 
and toxicity, respectively (Kim et al. 2009; Porter et al. 2010). Moreover, there is 
evidence that these drugs may directly affect the interaction of HSP90 with client 
proteins leading to undesirable cellular effects. For example, Aquilá et al. (2014) 
recently reported that inhibition of HSP90 by 17-AAG and the HSP90 inhibitor 
2-amino-7, 8-dihydro-6H-pyrido[4,3-D]pyrimidin-5-one NVPHSP990 (HSP990) 
post-transcriptionally down-regulated HSP90 client proteins essential for vision, 
including the G-protein-coupled receptor kinase (GRK1) and the β subunit of reti-
nal phosphodiesterase (PDE6β). Interestingly, the stability of retinal PDE6 requires 



E. J. Duncan et al.254

the cooperation of HSP90 with the retina-specific HSP90 co-chaperone AIPL1, mu-
tations in which cause the devastating disease Leber congenital amaurosis (LCA) 
characterised by the loss or severe impairment of vision at birth (Sohocki et al. 
2000; Hidalgo-de-Quintana et al. 2008; Kolandaivelu et al. 2009). Therefore, de-
spite encouraging results in disease models, the clinical utility of these compounds 
for the treatment of neurodegenerative diseases may be limited. Arimoclomol has 
a superior pharmacokinetic profile and biodistribution in humans to bimoclomal 
(Visy et al. 2002). Another important therapeutic consideration is that unlike other 
HSR inducers, which induce the HSR in both unstressed and stressed cells, com-
pounds such as arimocolomal co-induce the HSR only under cellular stress condi-
tions (Hargitai et al. 2003).

As chaperones are fundamentally important in many essential cellular processes 
it would not be surprising if pharmacological interference in their expression had 
deleterious effects, although as yet none have been reported with arimoclomol. 
Given the importance of Hsf-1 as the master regulator of chaperone gene transcrip-
tion and the limitations of global HSP90 inhibition, small molecules that directly 
modulate Hsf-1 may be advantageous. A high-throughput screen for small mol-
ecule activators of Hsf-1 recently identified the compound HSF1A, a small ben-
zyl pyrazole-based molecule, which was shown to promote Hsf-1 activation in the 
absence of HSP90 inhibition and did not induce undesirable proteotoxic activity 
(Neef et al. 2010). HSF1A-mediated HSP induction reduced protein aggregates and 
ameliorated polyQ-induced cytotoxicity in both a neuronal precursor cell and Dro-
sophila model of HD (Neef et al. 2010). Another therapeutic approach may be to 
target specific co-chaperones, such as HSJ1 (DNAJB2) proteins, which have been 
demonstrated to modulate protein aggregation, but are not ubiquitously expressed.

Mutations in Putative HSP70 Co-chaperones Which Cause 
Inherited Disease

Multiple human disorders have been identified that are associated with mutations 
in genes encoding chaperones or putative chaperones (Table 12.1). As yet, no mu-
tations associated with disease have been identified in HSP70 proteins, possibly 
because these molecular chaperones are so fundamentally important to cellular 
survival that mutations would be lethal. However, mutations in several HSP70 co-
chaperones have been identified as causing disease. The following is a brief de-
scription of some of these proteins.

The BiP Nucleotide Exchange Factor SIL1

In the lumen of the ER the HSP70 family member GRP78/BiP (HSPA5) plays a 
crucial role in protein folding, protein translocation and quality control (Kleizen 
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and Braakman 2004). Mutations in the GRP78/BiP (HSPA5) co-chaperone SIL1 
(or BAP, for BiP associated protein) have been identified as causing the multi-
system autosomal recessive disorder Marinesco-Sjögren syndrome (MSS; OMIM 
248800) (Anttonen et al. 2005, 2008; Senderek et al. 2005; Karim et al. 2006; 
Eriguchi et al. 2008; Takahata et al. 2010). This disease is a multi-system disor-
der affecting multiple tissues with key features including: cerebellar ataxia, due 
to Purkinje and granule cell loss; progressive myopathy and psychomotor delay; 
hypotonia; early-onset cataracts; mental retardation and short stature. One report 
of a novel SIL1 homozygous premature stop mutation reported the absence cer-
ebellar ataxia in two affected maternal cousins, although cellular atrophy could not 
be assessed (Karim et al. 2006). Moreover, additional and novel atypical findings 
in MSS patients with SIL1 mutations suggest a broader clinical spectrum caused 
by SIL1 mutations than previously thought (Ezgu et al. 2014). These include fa-
cial dysmorphism and dental abnormalities; coloboma; seizures and diffuse ec-
zemea. The 461 amino acid N-glycosylated SIL1 protein contains an N-terminal 
ER targeting sequence and a divergent C-terminal ER retention signal (LLKELR) 
(Chung et al. 2002). In the ER, SIL1 interacts with the ATPase domain of GRP78/
BiP (HSPA5) and induces ADP release and subsequent exchange for ATP, thus 
acting as a nucleotide exchange factor for GRP78/BiP (HSPA5) and regulating the 
chaperones substrate binding cycle (Chung et al. 2002). SIL1 mutations in MSS 
patients include premature stops, frame shifts, splice site mutations and large in-
tragenic deletions (Anttonen et al. 2005, 2008; Senderek et al. 2005; Karim et al. 
2006; Eriguchi et al. 2008; Takahata et al. 2010).The majority of SIL1 mutations 
are truncating mutations that lead to the loss of SIL1 function and the consequent 
disruption of ER protein quality control. Using homology mapping and replace-
ment based on the co-crystal structure of the cytosolic BiP/SIL1 homologs HSP70 
and HspBP1, SIL1 mutant proteins clustering in the major interaction site (exons 
6 and 9) or minor interaction site (exon 10) were predicted to disrupt binding to 
GRP78/BiP (HSPA5) and induce protein folding defects in the ER (Anttonen et al. 
2005; Senderek et al. 2005). Mutations affecting the C-terminal ER retention sig-
nal were initially predicted to interfere with the ER localisation through disruption 
of the ER retention signal, leading to inappropriate secretion of SIL1 and deple-
tion from the ER. However in contrast, it was recently reported that mutations that 
disrupt the ER retention signal result in unstable mutant proteins that either form 
large aggregates in the ER or are rapidly degraded by the proteasome, suggesting 
that the C-terminal residues of SIL1 are important for its structural integrity and 
that the clinical defect is unlikely to arise from depletion of SIL1 from the ER 
(Howes et al. 2012). Interestingly, prior to the identification of mutations in SIL1 
in MSS, a spontaneous recessive mouse mutation, woozy ( wz), was identified as 
being caused by disruption of the mouse SIL1 gene. The wz mouse has an overlap-
ping phenotype with MSS, including adult onset ataxia with loss of cerebellar Pur-
kinje cells (Zhao et al. 2005). Affected cells have intracellular protein inclusions in 
the ER and nucleus and upregulation of the unfolded protein response (Zhao et al. 
2005). These data suggest that BiP mediated protein folding is compromised in the 
ER of affected cells. SIL1 appears to be ubiquitously expressed, so it is unclear 
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why only certain cell types are affected in MSS. Possible mechanisms that could 
explain this differential cell sensitivity could include: lack of a compensatory fac-
tor for mutated SIL1; enhanced sensitivity to an impaired ER chaperone machin-
ery or UPR; or specialised client protein requirements (Anttonen et al. 2005). The 
precise basis remains to be defined, yet the identification of mutations in SIL1 
highlight the importance of correct chaperone networking in the ER as well as the 
cytosol.

The Mitochondrial HSP40 Protein DNAJC19

Splice site and frameshift mutations in the DNAJC19 gene have been shown to 
be associated with a rare autosomal recessive disorder, Dilated Cardiomyopathy 
with Ataxia (DCMA; OMIM 608977) (Davey et al. 2006; Ojala et al. 2012).
Features of this condition have been characterised as early onset dilated cardio-
myopathy with conductance defects, non-progressive cerebellar ataxia, testicular 
dysgenesis, growth failure and 3-methylglutaconic aciduria (Davey et al. 2006). 
DNAJC19 has previously been identified as a component of the mitochondrial 
proteome (Taylor et al. 2003) and is a human orthologue of the yeast HSP40 
protein Tim14/Pam18. Tim14/Pam18 is essential for cell viability in yeast, as 
it functions as a component of the Tim23 complex, a membrane-bound translo-
case machinery that mediates the import of presequence-containing preproteins 
across the inner membrane of the mitochondria (D’Silva et al. 2003; Mokranjac 
et al. 2003; Truscott et al. 2003). In yeast, the essential core channel, composed 
of Tim23 and Tim17, interacts cooperatively with the import motor. The central 
motor component, Tim44, recruits the mitochondrial HSP70 (mtHSP70), which 
together with the accessory J proteins plays a central critical role in protein im-
port. The J protein Tim14/Pam18 stimulates the ATPase activity of mtHSP70 
thereby facilitating efficient binding of mtHSP70 to the incoming preproteins. 
Tim16/Pam16 is a J-like protein that forms a stable J-mediated heterodimeric 
subcomplex with Tim14/Pam18 to recruit it to the translocase (Mokranjac et al. 
2006; Iosefson et al. 2007). Recently, an investigation of Tim23 organisation 
in mammalian cells reported that the dynamic recruitment of Tim17 paralogues 
in association with particular J proteins governs the function of three distinct 
translocase complexes (A, B1 and B2) (Sinha et al. 2014). The Tim17b paralogue 
together with DNAJC19 (Tim14/Pam18) are recruited to translocase B1 and B2 
to drive robust constitutive mitochondrial functions, whereas the Tim17a para-
logue together with DNAJC15 (MCJ) are recruited to translocase A, a nonessen-
tial translocase with a specific role in the translocation of oncoproteins lacking 
presequence (Schusdziarra et al. 2013; Sinha et al. 2014). Consistent with this 
function, the loss of DNAJC15 expression is observed in several tumors, includ-
ing ovarian tumors, Wilm’s tumors, malignant paediatric brain tumors and in 
melanomas (Schusdziarra et al. 2013).
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Interestingly, there are significant similarities between the DCMA phenotype and 
another disease in which abnormal mitochondria and respiratory chain defects are 
observed, X-linked Barth syndrome (BTHS: OMIM 302060). In BTHS the TAZ1 
gene for the evolutionary conserved Tafazzin protein is mutated (Bione et al. 1996; 
Mazurová et al. 2013). Tafazzin is localized to both the mitochondrial inner and 
outer membranes, but always facing the intermembrane space, where it functions 
as an phospholipid acyltransferase involved in the remodeling of cardiolipin (CL) 
(Brandner et al. 2005; Claypool et al. 2006; Xu et al. 2006). CL is similarly a con-
stituent of the inner and outer mitochondrial membranes where it has a pleiotropic 
function in the maintenance of membrane complexes and cristae morphology, and 
is critical for the biogenesis of respiratory chain supercomplexes (Xu et al. 2006; 
Aechan et al. 2007; Gebert et al. 2009; Dudek et al. 2013). Thus, the inactivation of 
Tafazzin affects both the assembly and stability of mitochondrial respiratory chain 
complexes.The knockdown of Tafazzin in mice results in a CL deficiency, reduced 
mitochondrial respiratory chain activity and ATP production, decreased cardiac 
contractility, hypertrophy and cell death (He 2010).While the DCMA phenotype 
reflects a defect in mitochondrial protein import, whether there is a direct link be-
tween the pathways involved in this disease and BTHS is unresolved.

Another mitochondrial HSP40 protein Tid1 (DNAJA3) has been identified as 
an interacting partner with the α-subunit of the mitochondrial DNA polymerase γ 
(Polga) (Hayashi et al. 2006). Furthermore, polga has been identified as a client of 
the yeast homolog of Tid1 (Duchniewicz et al. 1999). Tid1 (DNAJA3) functions 
to maintain the integrity of mitochondrial DNA (mtDNA) and regulate the steady-
state homogeneity of the mitochondrial membrane potential in a J-domain depen-
dent manner (Ng et al. 2014). The knockdown of Tid1 (DNAJA3) in mice leads 
to embryonic lethality, whereas mice with a conditional loss of Tid1 (DNAJA3) 
in the heart have a decreased copy number of mitochondrial DNA and succumb at 
10 weeks to dilated cardiomyopathy, further illustrating the importance of HSP40 
proteins in protein folding in the mitochondria (Lo et al. 2004; Hayashi et al. 2006). 
Finally, genetic defects in the HSP70 co-chaperone BAG3 have recently been 
shown to cause adult onset dilated cardiomyopathy (Norton et al. 2011), highlight-
ing the importance of specific chaperone—co-chaperone networks in mitochondrial 
function and physiology in human cardiac health.

The Spastic Ataxia Protein SACS

Mutations in the SACS gene have been identified as causing the inherited ataxia, au-
tosomal recessive spastic ataxia of Charlevoix-Saguenay (SACS/ARSACS: OMIM 
270550) (Engert et al. 2000). ARSACS is characterised by early onset neurodegen-
eration with absent sensory-nerve conduction; reduced motor-nerve velocity and 
hypermyelination of retinal-nerve fibres. Pathological features include atrophy of 
the upper cerebellar vermis (Martin et al. 2007; Bouhlal et al. 2011), and absence 
of Purkinje cells post mortem (Bouchard et al. 2000). Although mutations in this 
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protein were identified as causing ARSACS in a Canadian population, ARSACS 
patients have now been identified worldwide with cases in Europe, North Africa, 
Turkey, Japan and Brazil (Bouhlal et al. 2011; Pyle et al. 2012). Patients outside of 
Canada display considerable phenotypic heterogeneity and a later disease onset is 
more common (Pyle et al. 2012; Synofzik et al. 2013). The SACS gene was initially 
thought to be encoded by a single gigantic exon (Engert et al. 2000), but a further 
eight coding exons and a tenth non-coding exon have been identified upstream of 
this, forming a 13,737 bp open reading frame (Ouyang et al. 2006; Vermeer et al. 
2008). SACS encodes the protein sacsin (SACS), a multimodular protein of 4579 
amino acids (520 kDa), one of the largest known proteins in the human genome. 
SACS is expressed in many tissues, with high expression in large neurons, particu-
larly cerebellar Purkinje cells (Parfitt et al. 2009). Subcellular localisation shows 
a predominantly cytoplasmic localisation with a significant mitochondrial compo-
nent (Vermeer et al. 2008; Girard et al. 2012).

SACS is a putative co-chaperone of the HSP40 family based upon the presence 
of a J domain at the C-terminus of its predicted amino acid sequence (~ 60 % iden-
tity over 30 residues compared to hdj-1 (DNAJB1)). Although the SACS J domain 
is divergent from that of HSP40 it does contain the highly conserved His-Pro-Asp 
(HPD) motif essential for the stimulation of HSP70 ATPase activity. The SACS J-
domain was found to function with bacterial HSP70 (DnaK) by an in vivo comple-
mentation assay (Parfitt et al. 2009), and a recombinant version of the J-domain 
from mouse SACS increased the ATPase activity of HSP70 (Anderson et al. 2010). 
This confirmed that SACS is a type III HSP40 protein. Type III HSP40 proteins 
recruit HSP70s to specialised roles. Interestingly, mutations in the HSP40 family 
DNAJB2 gene have recently been shown to cause distal hereditary motor neuropa-
thy (dHMN), characterised by motor neuron degeneration in the anterior horn spinal 
cord, muscle weakness and atrophy (Blumen et al. 2012).

SACS consists of three repeated regions, known as the SACS-repeating region 
(SRR), which cover ~ 84 % of the protein sequence (Romano et al. 2013). Each 
repeated region contains discrete sub-repeats, the first of which is homologous to 
the HATPase (Histidine kinase-like ATPases; SMART acc. no. SM00387) domain 
of HSP90 (Anderson et al. 2010; Romano et al. 2013). Biochemical characterisation 
identified the repeating regions to be ATPase active. Furthermore, a disease caus-
ing mutation (D168Y) within the first sub-repeat region, homologous to HSP90, 
abolished the ability to hydrolyse ATP. From this, it was suggested that ATPase 
activity is a requirement for SACS function, as this mutation leads to essentially 
the same clinical phenotype as nonsense mutations close to the N-terminus of the 
protein that result in truncations of the protein (Anderson et al. 2010). In HSP90, 
the middle domain contains an arginine residue that accepts phosphate after ATP 
hydrolysis (Pearl and Prodromou 2006). This arginine is conserved in each of the 
three SRR domains and a mutation occurring in one of these conserved arginines, 
namely c.1420C > T (p.R474C), leads to a severe clinical phenotype (Romano et al. 
2013). Previously, HSP90 and the hdj-2 (DNAJA1) protein have been implicated 
to function together in folding pathways, for example in the maturation of the glu-
cocorticoid receptor.
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At the C-terminus of SACS is a higher eukaryotes and prokaryotes nucleotide-
binding (HEPN) domain (Grynberg et al. 2003), which binds to various nucleotides, 
such as ATP, ADP, and GTP, but does not exhibit any GTPase or ATPase activity 
(Kozlov et al. 2011). Crystal structure of the human SACS-HEPN domain revealed 
that it exists as a dimer. An ARSACS patient mutation, N4549D, at the dimer in-
terface hinders protein folding and dimerization of the domain, which is likely re-
sponsible for its loss of function (Kozlov et al. 2011). HEPN domains are widely 
distributed in eubacteria and archaea but are restricted to animals in eukaryotes 
(Grynberg et al. 2003). In humans, the HEPN domain occurs only in the protein 
SACS. It has been suggested that the close proximity of the SACS J-domain and 
HEPN domain could be important for the hypothesised function of SACS as a co-
chaperone. The HEPN domain may increase the local concentration of GTP or ATP 
to promote nucleotide exchange onto HSP70 (Kozlov et al. 2011).

Additionally, the N-terminus of SACS contains an ubiquitin-like (UbL) do-
main, which shares 43 % homology to the Rad23A UbL domain over 65 resi-
dues, and has been shown by co-immunoprecipitation to interact with the 20S 
proteosomal alpha subunit C8 (Parfitt et al. 2009). Towards the C-terminus is 
the XPCB domain, which shares 35 % homology with the hHR23 XPCB domain 
(Kamionka and Feigon 2004). Interestingly, the hHR23 protein also contains an 
UbL domain, which similar to SACS, interacts with the 19S regulatory subunit 
of the 26S proteasome (Mueller and Feigon 2002). The SACS-XPCB domain 
was recently identified as a potential binding domain for the E3 ubiquitin ligase 
Ube3A, which is non-functional in Angelman’s syndrome (Greer et al. 2010). In 
Ube3A KO mice levels of ubiquitinated SACS were severely reduced, suggest-
ing Ube3A is responsible for ubiquitinating SACS (Jana 2012). Bioinformatic 
analyses also suggests two UIMs in SACS, located either side of the XPCB do-
main. The presence of the UbL domain, XPCB domain and UIM motifs all point 
towards a function for SACS in the ubiquitin-proteosome pathway of protein 
degradation. This along with the presence of the J-domain and HSP90 like chap-
erone domains suggest that SACS plays a role in proteostasis. Interestingly, other 
proteins that function in the ubiquitin-proteosome pathway are linked to ataxias, 
for example, ataxin-3 contains a UIM and functions as a deubiquitination enzyme 
(Burnett et al. 2003).

SACS’s localisation indicates it may function at mitochondria. This is sup-
ported by recent findings which show that siRNA-mediated SACS knockdown 
in SH-SY5Y cells leads to a more interconnected mitochondrial network (Girard 
et al. 2012). Similarly, fibroblasts from ARSACS patients display a hyperfused 
mitochondrial phenotype indicated by the presence of balloon-like or bulbed mi-
tochondria (Girard et al. 2012). This mitochondrial phenotype parallels that seen 
when the mitochondrial fission protein Drp1 is silenced or when mutant forms of 
Drp1 are overexpressed (Frank et al. 2001; Smirnova et al. 2001; Lee et al. 2004; 
Estaquier and Arnoult 2007). This suggests that loss of SACS function leads to a 
disruption in normal mitochondrial dynamics. Furthermore, a decrease in mito-
chondrial fission seems more likely than enhanced fusion due to the identification 
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of an interaction between SACS and Drp1 by coimmunoprecipitation (Girard 
et al. 2012). Mitochondrial fission and fusion are essential processes for quality 
control of mitochondria and disruption of this leads to detrimental cellular con-
sequences.

Transgenic SACS knockout (KO) mice display an age-dependent loss of Pur-
kinje cells in the cerebellum compared to wild-type littermates (Girard et al. 
2012), consistent with the progressive ataxia seen in patients. Loss of SACS in 
neurons disrupts mitochondrial transport. It has been hypothesised that larger, un-
usually shaped mitochondria cannot distribute into the narrow dendrites to reach 
synapses and instead accumulate in the soma and proximal dendrites. This leads 
to striking alterations in the organization of dendritic fields in the cerebellum of 
SACS knockout mice, which precedes Purkinje cell death (Girard et al. 2012). 
Neurons are very sensitive to changes that disturb mitochondria because of their 
high metabolic activity and significant energy demand at locations distant from 
the cell body. In addition, SACS knockdown cells and neurons from SACS knock-
out mice have a loss in mitochondrial membrane potential, which is generated 
by oxidative phosphorylation, thereby indicating a loss in mitochondrial function 
(Girard et al. 2012). Although the role of SACS in the brain is unknown, it is 
intriguing to speculate that it may be a chaperone for proteins involved in related 
ataxias and/or components of the machinery that regulate mitochondrial dynam-
ics. Moreover, there is increasing evidence that perturbation of the equilibrium be-
tween mitochondrial fission and fusion underlie mitochondrial defects observed 
in age-related neurodegenerative diseases, including Alzheimer’s, Parkinson’s 
and Huntington’s (Lu 2009).

Conclusions

The molecular chaperones and their associated co-chaperones are of central im-
portance to protein function from facilitating folding, transport and translocation, 
through functional maturation to the clearance of misfolded species. Failure of 
chaperones to fulfil these vital roles may ultimately contribute to a number of dev-
astating human diseases. A number of inherited human disorders have also been 
associated with mutations in molecular co-chaperones, the modulatory function of 
which is essential for the normal regulation of the molecular chaperone networks. 
Therefore, the central importance of the molecular chaperones and their associated 
co-chaperones in protein misfolding, aggregation and disease makes them a prime 
target for pharmacological intervention for the treatment of these diseases.
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