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Via their interaction with client proteins, Hsp70 molecu-

lar chaperone machines function in a variety of cellular

processes, including protein folding, translocation of

proteins across membranes and assembly/disassembly of

protein complexes. Such machines are composed of a core

Hsp70, as well as a J-protein and a nucleotide exchange

factor as co-chaperones. These co-factors regulate the

cycle of adenosine triphosphate (ATP) hydrolysis and

nucleotide exchange, which is critical for Hsp70’s inter-

action with client proteins. Cellular compartments often

contain multiple Hsp70s, J-proteins and nucleotide

exchange factors. The capabilities of Hsp70s to carry out

diverse cellular functions can result from either special-

isation of an Hsp70 or by interaction of a multifunctional

Hsp70 with a suite of J-protein co-chaperones. The well-

studied Hsp70 systems of mitochondria provide an

example of such modes of diversification and special-

isation of Hsp70 machinery, which are applicable to other

cellular compartments.

Introduction

Hsp70 chaperone machines, a ubiquitous class of molecu-
lar chaperones present in all major cellular compartments,
assist in critical cellular processes. They act through cycles
of binding to exposed hydrophobic stretches of amino
acids in polypeptides, called client proteins. Via this com-
mon biochemical mechanism, Hsp70 chaperones partici-
pate in numerous essential functions, including folding of
nascent proteins as they emerge from ribosomes, modu-
lating protein–protein interactions by controlling con-
formational changes and driving protein transport across
membranes. In addition, Hsp70 chaperones can facilitate
protein refolding, particularly under conditions of cellular

stress. In some cases they also facilitate transfer of client
proteins toproteolytic systems, particularlywhen refolding
into the native state is unachievable. See also: Chaperones,
Chaperonin and Heat-Shock Proteins
The ability of Hsp70 chaperones to be involved in such

diverse cellular functions, whereas relying on a single bio-
chemical activity, an adenosine triphosphate (ATP)-
dependent client binding and release cycle, is remarkable.
Here, to illustrate the molecular mechanisms and evo-
lutionary history behind the specialisation of Hsp70 sys-
tems we focus on mitochondrial Hsp70 systems, as they
exemplify two major strategies of Hsp70 specialisation:
(i) amplification and diversification of HSP70 genes and
(ii) multiplication and specialisation of genes encoding
their J-proteins co-chaperones (Figure 1). Primarily we
emphasise fungal mitochondrial Hsp70 systems, as both
extensive genomic information for a diverse group of fungi
and the results of detailed functional analyses utilising the
yeast Saccharomyces cerevisiae as model systems are
available. However, first we review the basics of the
Hsp70:client protein binding cycle and provide a general
discussion of the proliferation of Hsp70 and J-protein
genes. See also: Mitochondria: Structure and Role in
Respiration; Saccharomyces cerevisiae: Applications

Hsp70:Client Protein Interaction
Cycle

The overall structure of Hsp70s is highly conserved. They
have two domains: an N-terminal ATPase domain of
� 44kDa, with two lobes forming a deep cleft in which
adeninenucleotidebinds; andaC-terminal peptide-binding
domain (PBD) of � 26kDa (Figure 2). The peptide-binding
site, which contacts five contiguous residues of a client
polypeptide, is within a b-sandwich structure; an a helix
folds back upon the sandwich forming a ‘lid’ over the
binding pocket (Mayer et al., 2001). The two domains are
joined by a flexible linker, which plays an important role in
modulating the interaction between them (Bhattacharya
et al., 2009; Swain et al., 2007; Vogel et al., 2006). Inter-
domain communication (Jiang et al., 2005) is critical as the
adenosine diphosphate (ADP)- and ATP-bound states
have profoundly different effects on client protein binding.
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In the ADP-state, Hsp70s exhibit relatively stable binding;
in the ATP-state, binding of peptide is unstable. However,
in vivo, the ATP-bound Hsp70 initiates productive inter-
actions with a client polypeptide, because the on-rate (but
also the off-rate) is very rapid, on the order of milliseconds.
ATP hydrolysis converts Hsp70 to the ADP-state, with a
client protein off-rate on the order of minutes. Exchange of
ADP for ATP results in dissociation of the bound peptide/
polypeptide (Mayer et al., 2001). Thus, although the
molecular basis of interdomain communication remains
elusive, it is abundantly clear that this interaction is
fundamental to the chaperone activity of Hsp70, as the
nucleotide bound to the ATPase domain profoundly
affects the character of the PBD’s interaction with client
proteins.

Hsp70s do not function alone. Rather, they act with
obligatory co-chaperones: J-proteins and nucleotide
exchange factors (NEFs). The defining feature of a J-
protein, and indeed the only domain required to be classi-
fied as such, is the ‘J domain’, a compact antiparallel helical
coiled-coil, having an invariant HPD tripeptide (Figure 2).
The J-domain interacts directly with Hsp70’s ATPase
domain (Hennessy et al., 2000; Jiang et al., 2007; Landry,
2003). Some J-proteins also contain a domain that binds
client proteins, although such domains may be structurally
divergent (Craig et al., 2006). In certain instances the

binding of a J-protein to a client polypeptide serves to
‘target/deliver’ it to the partner Hsp70 (Figure 3). On the
contrary, some J-proteins lack a domain that interacts with
client proteins. NEFs serve the essential role of stimulating
the release ofADPand client protein fromHsp70, allowing
the start of a new cycle (Cyr, 2008). Clearly, the points of
action of J-proteins and NEFs in the Hsp70 reaction cycle
can serve as points of regulation, for example, by facili-
tating client protein engagement through stimulation of
ATPase activity and fostering release by enhancing nucle-
otide exchange. See also: Chaperones, Chaperonin and
Heat-Shock Proteins; Heat Shock Response; Protein
Folding and Chaperones

Proliferation of Hsp70 and J-protein
Genes

Hsp70/J-proteins are unique amongst molecular chap-
erones in having evolved into large and varied families in
virtually all organisms (Boorstein et al., 1994; Brocchieri
et al., 2008; Craig et al., 2006; Genevaux et al., 2007).
For example, the yeast Saccharomyces cerevisiae encodes
14 Hsp70s and 23 J-proteins, whereas in human cells
17 Hsp70s cooperate with 41 J-proteins (Hageman and
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Figure 1 Evolving specificity Hsp70: J-protein machineries. Often a single Hsp70 functions with multiple J-protein partners (centre panel). Additional

specificity may evolve either by duplication of an Hsp70 gene to generate a specialised Hsp70 (right panel) or duplication of a J-protein gene to generate an

additional J-protein partner for an existing Hsp70.
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Figure 2 Structure of J-domain and Hsp70. The J-domain is the defining feature of J-proteins. Each functional J-domain has an invariant HPD tripeptide,

critical for ATPase stimulatory activity (picture based on PBD id:1XBL). The structure of Hsp70s is conserved: adenine nucleotide binds between the lobes of

the ATPase domain. The peptide-binding cleft is covered by an a helical lid. The linker allows interdomain communication (picture based on PBD id :2KHO).
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Kampinga, 2009). This proliferation of Hsp70 and J-
protein genes is in contrast to genes encoding other con-
served molecular chaperones. Why? We think the answer
lies in the fact that the fundamental biochemical properties
of Hsp70 are flexible, and thus very adaptable. First, the
specificity of binding can differ, depending on both the
character of the peptide-binding cleft and on the specificity
of interaction of the J-protein with a client protein, as
J-proteins can function as adaptors that deliver specific
client proteins to Hsp70. Second, the kinetics of the
Hsp70:client protein interaction can be strictly regulated,
by tight modulation of the off rates of a client protein via
action of nucleotide release factors. And last, but not least,
unlike the multimeric GroEL-like folding chambers that
encapsulate client proteins (Horwich et al., 2007), Hsp70s
function as monomers, thus providing a much higher
degree of spatial freedom for action. These features are
likely what promoted Hsp70’s ability to play roles beyond
protein folding per se (e.g. remodelling of protein con-
formation and protein translocation). See also: Chaper-
onins; Gene Families; Gene Families: Multigene Families
and Superfamilies

Function and Evolution of
Mitochondrial Hsp70 Systems

The core mtHsp70 system: Mitochondria arose from an
endosymbiotic event, the engulfment of an a-proteo-
bacteria (Gray et al., 1999). Therefore, it is not surprising
that the components of the core mitochondrial Hsp70
system are closely related to the major bacterial Hsp70
system: the Hsp70DnaK, the J-protein DnaJ and the NEF
GrpE (Genevaux et al., 2007). In yeast thesemitochondrial
proteins are known as the Hsp70 Ssc1, the J-protein Mdj1
and the NEF Mge1. These proteins have a high level of
sequence and structure identity with their respective

bacterial counterpart. In some cases individual com-
ponents can even be exchanged between systems, with little
affect on function (Deloche et al., 1997a, b; Lisse and
Schwarz, 2000). This core mtHsp70 system resides in the
matrix of the mitochondria, where it performs functions
similar to its bacterial homologue. For example, in vitro
and in vivo analyses, have revealed that the core mtHsp70
system is involved both in de novo protein folding and in
protection of mitochondrial proteins against heat stress
initiated unfolding (Figure 4). Evidence indicates that this
role of Ssc1/Mdj1/Mge1 system in protein folding/refolding
is performed according to the canonical model of Hsp70
function described earlier. The cycle begins with Mdj1
binding a client protein, and then delivers it to Ssc1,
stimulating its ATPase activity, thus facilitating client
capture (Figure 3).Mge1 then completes the cycle, initiating
the release of nucleotide, leading to dissociation of the
client from Ssc1 (Kubo et al., 1999; Liu et al., 2001).
Although much of this work was done with model heter-
ologous proteins, severalmitochondrial proteins have been
identified as clients of the Ssc1/Mdj1/Mge1 system. These
include the mitochondrial deoxyribonucleic acid (DNA)
polymerase Mip1 and a subunit of mitochondrial ribo-
some, Var1 (Duchniewicz et al., 1999; Germaniuk et al.,
2002; Westermann et al., 1996). See also: Mitochondria:
Origin
The discussion above indicates that the roles played by

the core mtHsp70 system of mitochondria are closely
related to those played by their bacterial counterpart.
There is, however, one function of the mitochondrial sys-
tem that sets it apart from its bacterial counterpart – the
maintenance and propagation of the mitochondrial gen-
ome (Rowley et al., 1994). This involvement in DNA
maintenance indicates that this core system has evolved in
response to specific requirements of organellar biology.
Mitochondria are considered semi autonomous organelles,
as they contain their ownDNA (mtDNA),which encodes a
limited number of proteins. Typically mtDNA encodes a
subset of those involved in oxidative phosphorylation and
ATP synthesis, as well as components of the translational
apparatus needed to synthesise these proteins (Gray et al.,
1999). The faithfulmaintenance and replicationofmtDNA
depends on the function of a nucleo-protein complex
termed the mitochondrial nucleoid (Chen and Butow,
2005). The components of the core mtHsp70 system are
among the many proteins associated with the nucleoid
complex. See also: Mitochondrial DNA and Diseases;
Mitochondrial Genome
Deletion of MDJ1 results in the loss of functional

mtDNA, even in cells cultivated at optimal temperature
(Duchniewicz et al., 1999). Thus involvement of Mdj1 in
maintenance of mtDNA is not related to its role in pro-
tection of mitochondrial DNA polymerase under heat
stress conditions. In fact, mitochondrial extracts isolated
from cells lacking Mdj1 that were cultivated at optimal
temperatures display a normal level ofmtDNApolymerase
activity (Duchniewicz et al., 1999). However, localisation
ofMdj1 to the nucleoid appears to be critical, as analysis of
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Figure 3 The Hsp70 cycle of interaction with a client protein. The

universal function of the conserved J-domain (J) of J-proteins is stimulation

of Hsp70’s ATPase activity. In addition, many, but not all, J-proteins can

also bind directly to client proteins. In this way, they ‘target’ the client to

Hsp70. The stimulation of Hsp70’s ATPase activity is critical, because it

allows Hsp70 to capture the client protein. This stimulation is important

because, although the on-rate of the client when Hsp70 is bound to ATP is

rapid, the off-rate is also rapid. However, in the ADP-state the off rate is

slow. Exchange of bound ADP for ATP completes the cycle, as Hsp70

dissociates rapidly from the client when ATP is bound. Nucleotide

exchange factors (not shown) facilitate this exchange.
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MDJ1 mutants shows a positive correlation between
Mdj1 nucleoid localisation and maintenance of mtDNA
(Marszalek J and Ciesielski G, University of Gdansk,
Poland, unpublished results). HowMdj1 is localised to the
nucleoid remains unclear. Localisation via direct client
protein binding and interactionwith a tethering protein are
possibilities. The later would be consistent with cases of
other J-proteins that, via their localisation to specific sub-
organellar locations, direct the function of their Hsp70
partner. The molecular details of the role of the core
mtHsp70 system in mtDNA transactions remain to be
elucidated. But it would be consistent with known func-
tions of other Hsp70s, if it were involved in facilitating
assembly or disassembly of a multimeric protein complex.

Specialised mtHsp70 system involved in protein import:
Although the core Mdj1:Ssc1:Mge1 system primarily car-
ries out the typical roles in protein folding and refolding,
the Hsp70 Ssc1 (and NEF Mge1) also works with other
J-proteins to carry out a more specific role – translocation
of proteins across the mitochondrial inner membrane
(Chacinska et al., 2009; Neupert and Herrmann, 2007).
During the conversion of ancestral a proteobacteria to
mitochondria many of the genes of the bacterial endo-
symbiontwere transferred to the host cell’s nuclear genome

(Gray et al., 1999). Once relocated to the nucleus the gene
products that still functioned within the mitochondria, but
were translated in the cytosol, had to be translocated into
the mitochondria. Thus, mitochondria evolved sophisti-
cated molecular machinery for efficient protein import
(Dolezal et al., 2006). In the mitochondrial matrix,
mtHsp70 was recruited to play a critical role in the trans-
location process; it became the core of the ‘import motor’,
which is associated with the translocon (a multiprotein
complex through which the polypeptide passes), on the
matrix side of the inner membrane (Figure 4) and is directly
responsible for the inward movement of polypeptides
through the import channel. The function of the import
motor follows the basic biochemical rules for the Hsp70
systems described earlier. In the process of driving poly-
peptide import, mtHsp70 Ssc1 binds to exposed hydro-
phobic sequences in unfolded translocating polypeptides
and a J-protein partner stimulatesHsp70’sATPase activity
to enhance its interaction with the polypeptide. The NEF
Mge1 effects nucleotide release, and thusdissociationof the
translocating polypeptide (Liu et al., 2003). See also:
Mitochondria Protein Import: Methods
The import motor consists of two components of the

core mtHsp70 system (mtHsp70 Ssc1 and NEF Mge1).
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Figure 4 Hsp70s and J-proteins of the mitochondrial matrix. The generalist Hsp70 of the mitochondrial matrix (called Ssc1 in yeast) functions in general

protein folding with the J-protein Mdj1. Ssc1 also functions in protein translocation with a transmembrane J-protein partner, Pam18. In both cases, Ssc1

interacts with numerous different client proteins. In addition, the specialised Hsp70 Ssq1 functions with the specialised J-protein Jac1 in Fe-S cluster

biogenesis. Jac1 and Ssq1 are thought to have a single client, Isu, the scaffold on which the clusters are built. The chaperones are involved in the transfer of

the cluster from Isu to a recipient protein.
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However, Mdj1 does not participate in protein import
(Rowley et al., 1994). Rather, a different J-protein, Pam18
(also called Tim14), is involved (D’Silva et al., 2003;
Mokranjac et al., 2003; Truscott et al., 2003). Although
hypothesised to be related to a bacterial J-protein of
unknown function (Clements et al., 2009), the evolutionary
origin of Pam18 remains unclear. Regardless of its origin,
Pam18 does have a unique domain structure, which is well
conserved in eukaryotes and sets it apart from Mdj1 and
bacterial DnaJ. The only sequence they share in common is
the J-domain itself. In contrast to Mdj1, Pam18 is not able
to bind client proteins. Thus, its sole function during pro-
tein import is stimulation of the ATPase activity of
mtHsp70 Ssc1.

Pam18 has a topology that maximises its function
in protein import. In addition to the matrix-localised
J-domain, Pam18 consists of a transmembrane domain,
which localises it to the mitochondrial inner membrane,
and a short intermembrane space domain,which in the case
of the S. cerevisiae protein, has been shown to directly
interact with the translocon (Chacinska et al., 2005).
Although the intermembrane space domain stabilises the
interaction of Pam18 with the translocon, the positioning
at the translocon is most dependent on its interaction with
another protein, Pam16 (also called Tim16) (Frazier et al.,
2004; Kozany et al., 2004). Interestingly, Pam16, a per-
ipheral membrane protein, has a ‘J-like’ domain, that is
related in sequence and structure to a typical J-domain,
but lacks some distinctive features, such as the conserved
HPDmotif. Not surprisingly, Pam16 is unable to stimulate
theATPase activity ofHsp70 (Li et al., 2004).However, the
‘J-like domain’ of Pam16 and the J-domain of Pam18
interact (Mokranjac et al., 2006). This interaction forms
the basis of the stable association of Pam18 with the
translocon, as theN-terminal region of Pam16 binds to the
translocon, and thus indirectly tethers Pam18 to it as well.
The evolutionary origin of Pam16 can only be a matter of
conjecture.However, because it is present in all eukaryotes,
it is likely that duplication of the ancestral Pam gene
allowed distribution of functions, stimulation of Hsp70’s
ATPase activity and tethering to the translocon, between
two descendant paralogous genes. Over time, one of them,
Pam18 specialised in effective stimulation of the partner
mtHsp70 ATPase activity, whereas the other, Pam16, lost
its ability to stimulate the ATPase activity of the Hsp70
partner, but instead gained the ability to efficiently interact
with the translocon (D’Silva et al., 2005). See also: Gene
Duplication: Evolution

This sophisticated mechanism of Pam18 localisation
might lead one to think that an important function of
Pam18might be recruitment of Ssc1 to the import channel.
However, Ssc1 is positioned close to the translocon by a
mechanism independent of its interaction with Pam18. It
directly interactswith a component of the translocon called
Tim44 (Chacinska et al., 2009; Neupert and Herrmann,
2007). As the Ssc1–Tim44 interaction is not dependent on
Ssc1’s ability to bind client proteins, it seems reasonable
to consider it as a derived feature that evolved in response

to selective pressure for efficient protein import into
mitochondrial matrix, and was not present in bacterial
ancestor of mtHsp70. Thus two strategies were involved in
the evolution ofmtHsp70 based importmotor, recruitment
of a new, highly specific J-protein and evolution of new
protein–protein interaction between mtHsp70 and a
component of the translocon.
mtHsp70 system involved in biogenesis of iron–sulphur

(Fe–S) containing proteins: Having inherited several bio-
chemical pathways from their bacterial ancestors, it is not
surprising that mitochondria are major metabolic centres
of the eukaryotic cell. Among their critical roles is the
synthesis of iron–sulphur clusters (Fe–S), prosthetic
groups, which are noncovalently linked to proteins via
cysteine residues. Fe–S proteins perform critical roles in
cells, acting as regulatory factors detecting oxygen or iron
levels, and catalysing a variety of enzymatic reactions, in
addition to their more familiar role of electron transfer in
oxidative phosphorylation (Lill and Muhlenhoff, 2008).
Among the three alternative pathways that allow bacteria
to produce Fe–S containing proteins, only one, ISC (iron–
sulphur-cluster), was inherited by mitochondria. In this
pathway, a cluster is first assembled on a scaffold protein,
IscU, before transfer to a final recipient protein. Interest-
ingly, this particular pathway of Fe–S biogenesis requires a
specialisedHsp70 system for the transfer of the cluster from
the scaffold (Craig and Marszalek, 2002; Vickery and
Cupp-Vickery, 2007). Although many bacteria and all
eukaryotes utilise an Hsp70 system in the biogenesis of
Fe–S clusters using the ISC-type scaffold, the changes that
thisHsp70 systemhas undergone in evolution is illustrative
of both the plasticity and specialisation of its components.
See also: Electron Carriers: Proteins and Cofactors in
Oxidative Phosphorylation
In Escherichia coli the Hsp70 and J-protein involved in

Fe–S cluster biogenesis are called HscA and HscB,
respectively. This Hsp70 and J-protein are quite distinct
from the related components of the core system, DnaK
and DnaJ, described earlier. In contrast to DnaK, HscA
does not bind an array of different client proteins, instead
it appears to interact exclusively with the IscU scaffold,
recognising a sequence of five residues found on its surface,
LPPVK (Vickery and Cupp-Vickery, 2007). Moreover,
HscA does not appear to require a NEF for exchange
ofADP forATPduring the reaction cycle, as its interaction
with nucleotide is intrinsically transient. HscB is also
highly specialised. It consists of not only a J-domain
that stimulates the ATPase activity of HscA but also
aC-terminal client protein binding domain that specifically
interacts with IscU (Kim et al., 2009). As the site of
interaction of HscB with IscU is distinct from that of
HscA, it is easy to envision the ‘transfer’ of IscU
client protein from the J-protein to Hsp70 in this system.
In addition, the specificity of the interaction of both
HscB and HscA with IscU underscores the highly special-
ised nature of this chaperone system, which functions
only in Fe–S biogenesis (Vickery and Cupp-Vickery,
2007).
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Mitochondria inherited from their endosymbiont
ancestor most, but not all, of the components of ISC
pathway. The scaffold (termed Isu in S. cerevisiae) and the
specialised J-protein (termed Jac1 in S. cerevisiae) are
present in all eukaryotes. However, the gene encoding
HscA was either not inherited or lost early during evo-
lution, as an hscA orthologue has not been found in any
eukaryotic genome examined thus far (Huynen et al., 2001;
Schilke et al., 2006). However, Fe–S cluster biogenesis is
critical in all organisms. Many species, including humans,
have a single Hsp70 in the mitochondria. All evidence
indicates that the multifunctional mtHsp70, the com-
ponent of the multifunctional core Hsp70 system, has
taken over the role of HscA in Fe–S biogenesis, cooper-
ating in this process with the specialised J-protein Jac1
(Schilke et al., 2006).

This evolutionary story does not end here, as a small
subset of fungi, including S. cerevisiae, contain a highly
specialised mtHsp70, Ssq1, which is involved exclusively in
the process of Fe–S cluster biogenesis. Evolutionary
analysis indicates that Ssq1 is encoded by a gene that arose
fairly late in fungal evolution by duplication of the gene
that encoded the only mitochondrially localised Hsp70
in a common ancestor ofCandida albicans andS. cerevisiae
(Schilke et al., 2006). The product of one of the gene
duplicates, SSC1, remained abundant and multi-
functional, involved in protein folding and refolding in the
mitochondrial matrix, as well as in the maintenance of
mtDNA and as a component the protein translocation
motor. In contrast, Ssq1 is much less abundant, it specif-
ically binds the LPPVKmotif of Isu, but has lost its ability
to interact with other peptides that are typical substrates of
Ssc1 (Schilke et al., 2006). Ssq1 also lost the ability to effi-
ciently interact with the mitochondrial J-proteins Mdj1
and Pam18 (D’Silva et al., 2003), but interact very effi-
ciently with Jac1 (Dutkiewicz et al., 2003).

Intriguingly, the presence of Ssq1 in fungal species cor-
relates with changes within the J-domain of Jac1, most
notably its ‘shortening’. All species encoding this alter-
native version of the J-domain share a common ancestry,
suggesting that all short Jac1 proteins arose from a single
deletion event. Data suggests that a dramatic change
within the J-domain of Jac1 was a trigger that initiated
co-evolution of Jac1 and Ssq1, leading to formation of the
specialised Hsp70 system (Pukszta et al., 2010).

Conclusions: Versatility of Hsp70
System Allows for Adaptation to New
Functions

As illustrated earlier, that adaptability of Hsp70 systems is
an outgrowth of twomajor strategies: (i) evolution of highly
specific client interactions either via specialisation of an
Hsp70 to interact directly with a specific sequence of a client
protein (as illustrated bySsq1) and/or a specialised J-protein

that binds and delivers a specific client to its Hsp70 partner
(as illustrated by Jac1/HscB) (ii) tethering of Hsp70 system
to its place of action, either by evolving newbinding abilities
by Hsp70 (as illustrated by mtHsp70:Tim44 interaction) or
by recruiting Hsp70 to the place of its action by a properly
localised J-protein partner (as illustrated by Mdj1 and the
nucleoid). These strategies are not limited to mitochondria,
but rather appear general, resulting in highly robust Hsp70
systems throughout the cell.

References

BhattacharyaA,KurochkinAV,YipGN et al. (2009)Allostery in

Hsp70 chaperones is transduced by subdomain rotations.

Journal of Molecular Biology 388(3): 475–490.

Boorstein WR, Ziegelhoffer T and Craig EA (1994) Molecular

evolution of the HSP70 multigene family. Journal of Molecular

Evolution 38(1): 1–17.

Brocchieri L, Conway de Macario E and Macario AJ (2008)

Hsp70 genes in the human genome: conservation and differen-

tiation patterns predict a wide array of overlapping and spe-

cialized functions. BMC Evolutionary Biology 8: 19.

Chacinska A, Koehler CM,Milenkovic D et al. (2009) Importing

mitochondrial proteins: machineries and mechanisms. Cell

138(4): 628–644.

Chacinska A, Lind M, Frazier AE et al. (2005) Mitochondrial

presequence translocase: switching betweenTOMtethering and

motor recruitment involves Tim21 and Tim17. Cell 120(6):

817–829.

Chen XJ and Butow RA (2005) The organization and inheritance

of the mitochondrial genome. Natatur Reviews. Genetics 6(11):

815–825.

Clements A, Bursac D, Gatsos X et al. (2009) The reducible

complexity of a mitochondrial molecular machine. Proceedings

of the National Academy of Sciences of the USA 106(37):

15791–15795.

Craig EA, Huang P, Aron R et al. (2006) The diverse roles

of J-proteins, the obligate Hsp70 co-chaperone. Reviews of

Physiology, Biochemistry & Pharmacology 156: 1–21.

Craig EA and Marszalek J (2002) A specialized mitochondrial

molecular chaperone system: a role in formation of Fe/S

centers.Cellular andMolecular Life Sciences 59(10): 1658–1665.

Cyr DM (2008) Swapping nucleotides, tuning Hsp70.Cell 133(6):

945–947.

D’Silva PD, Schilke B, Walter W et al. (2003) J protein cocha-

perone of the mitochondrial inner membrane required for

protein import into the mitochondrial matrix. Proceedings

of the National Academy of Sciences of the USA 100(24):

13839–13844.

D’Silva PR, Schilke B, Walter W et al. (2005) Role of Pam16’s

degenerate J domain in protein import across themitochondrial

inner membrane. Proceedings fo the National Academy of

Sciences of the USA 102(35): 12419–12424.

Deloche O, Kelley WL and Georgopoulos C (1997a) Structure-

function analyses of the Ssc1p, Mdj1p, and Mge1p Sacchar-

omyces cerevisiae mitochondrial proteins in Escherichia coli.

Journal of Bacteriology 179(19): 6066–6075.

Deloche O, Liberek K, Zylicz M et al. (1997b) Purification and

biochemical properties of Saccharomyces cerevisiaeMdj1p, the

Hsp70 Chaperones

ENCYCLOPEDIA OF LIFE SCIENCES & 2011, John Wiley & Sons, Ltd. www.els.net6



mitochondrial DnaJ homologue. Journal of Biological Chem-

istry 272(45): 28539–28544.

Dolezal P, Likic V, Tachezy J et al. (2006) Evolution of the

molecular machines for protein import into mitochondria.

Science 313(5785): 314–318.

Duchniewicz M, Germaniuk A, Westermann B et al. (1999) Dual

role of the mitochondrial chaperone Mdj1p in inheritance of

mitochondrial DNA in yeast. Molecular and Cellular Biololgy

19(12): 8201–8210.

Dutkiewicz R, Schilke B, Knieszner H et al. (2003) Ssq1,

a mitochondrial Hsp70 involved in iron-sulfur (Fe/S)

center biogenesis. Similarities to and differences from its bac-

terial counterpart. Journal of Biological Chemistry 278(32):

29719–29727.

Frazier AE, Dudek J, Guiard B et al. (2004) Pam16 has an

essential role in the mitochondrial protein import motor.

Nature Structural & Molecular Biology 11(3): 226–233.

Genevaux P, Georgopoulos C and Kelley WL (2007) The Hsp70

chaperonemachines ofE. coli: a paradigm for the repartition of

chaperone functions. Molecular Microbiology 66(4): 840–857.

Germaniuk A, Liberek K and Marszalek J (2002) A bichaperone

(Hsp70-Hsp78) system restores mitochondrial DNA synthesis

following thermal inactivation ofMip1p polymerase. Journal of

Biological Chemistry 277(31): 27801–27808.

Gray MW, Burger G and Lang BF (1999) Mitochondrial evo-

lution. Science 283(5407): 1476–1481.

Hageman J and Kampinga HH (2009) Computational analysis

of the human HSPH/HSPA/DNAJ family and cloning of a

humanHSPH/HSPA/DNAJ expression library.Cell Stress and

Chaperones 14(1): 1–21.

Hennessy F, Cheetham ME, Dirr HW et al. (2000) Analysis of

the levels of conservation of the J domain among the various

types of DnaJ-like proteins. Cell Stress and Chaperones 5(4):

347–358.

Horwich AL, FentonWA, Chapman E et al. (2007) Two families

of chaperonin: physiology and mechanism. Annual Review of

Cell and Developmental Biology 23: 115–145.

Huynen MA, Snel B, Bork P et al. (2001) The phylogenetic dis-

tribution of frataxin indicates a role in iron-sulfur cluster pro-

tein assembly. Human Molecular Genetics 10(21): 2463–2468.

Jiang J, Maes EG, Taylor AB et al. (2007) Structural basis of

J cochaperone binding and regulation ofHsp70.Molecular Cell

28(3): 422–433.

Jiang J, Prasad K, Lafer EM et al. (2005) Structural basis of

interdomain communication in the Hsc70 chaperone. Molecu-

lar Cell 20(4): 513–524.

Kim JH, Fuzery AK, Tonelli M et al. (2009) Structure and

dynamics of the iron-sulfur cluster assembly scaffold protein

IscU and its interaction with the cochaperone HscB. Bio-

chemistry 48(26): 6062–6071.

Kozany C, Mokranjac D, Sichting M et al. (2004) The J domain-

related cochaperone Tim16 is a constituent of the mitochon-

drial TIM23 preprotein translocase. Nature Structural &

Molecular Biology 11(3): 234–241.

Kubo Y, Tsunehiro T, Nishikawa S et al. (1999) Two distinct

mechanisms operate in the reactivation of heat-denatured

proteins by the mitochondrial Hsp70/Mdj1p/Yge1p chaperone

system. Journal of Molecular Biology 286(2): 447–464.

Landry SJ (2003) Structure and energetics of an allele-specific

genetic interaction between dnaJ and dnaK: correlation of

nuclear magnetic resonance chemical shift perturbations in the

J-domain of Hsp40/DnaJ with binding affinity for the ATPase

domain of Hsp70/DnaK. Biochemistry 42(17): 4926–4936.

Li Y, Dudek J, Guiard B et al. (2004) The presequence translo-

case-associated protein import motor of mitochondria. Pam16

functions in an antagonistic manner to Pam18. Journal of Bio-

logical Chemistry 279(36): 38047–38054.

Lill R and Muhlenhoff U (2008) Maturation of iron-sulfur pro-

teins in eukaryotes: mechanisms, connected processes, and

diseases. Annual Review of Biochemistry 77: 669–700.

Lisse T and Schwarz E (2000) Functional specificity of the mito-

chondrial DnaJ protein, Mdj1p, in Saccharomyces cerevisiae.

Molecular and General Genetics 263(3): 527–534.

Liu Q, D’Silva P, Walter W et al. (2003) Regulated cycling of

mitochondrial Hsp70 at the protein import channel. Science

300(5616): 139–141.

Liu Q, Krzewska J, Liberek K et al. (2001) Mitochondrial Hsp70

Ssc1: role in protein folding. Journal of Biological Chemistry

276(9): 6112–6118.

MayerMP, BrehmerD,Gassler CS et al. (2001)Hsp70 chaperone

machines. Advances in Protein Chemistry 59: 1–44.

Mokranjac D, Bourenkov G, Hell K et al. (2006) Structure and

function of Tim14 and Tim16, the J and J-like components of

the mitochondrial protein import motor. EMBO Journal

25(19): 4675–4685.

Mokranjac D, Sichting M, Neupert W et al. (2003) Tim14, a

novel key component of the import motor of the TIM23

protein translocase of mitochondria. EMBO Journal 22(19):

4945–4956.

Neupert W and Herrmann JM (2007) Translocation of proteins

intomitochondria.Annual Review of Biochemistry 76: 723–749.

Pukszta S, Schilke B, Dutkiewicz R et al. (2010) Co-evolution-

driven switch of J-protein specificity towards anHsp70 partner.

EMBO Report 11(5): 360–365.

Rowley N, Prip-Buus C, Westermann B et al. (1994) Mdj1p,

a novel chaperone of the DnaJ family, is involved in

mitochondrial biogenesis and protein folding. Cell 77(2):

249–259.

Schilke B, Williams B, Knieszner H et al. (2006) Evolution of

mitochondrial chaperones utilized in Fe-S cluster biogenesis.

Current Biology 16(16): 1660–1665.

Swain JF, Dinler G, Sivendran R et al. (2007) Hsp70 chaperone

ligands control domain association via an allosteric mechanism

mediated by the interdomain linker. Molecular Cell 26(1):

27–39.

Truscott KN, Voos W, Frazier AE et al. (2003) A J-protein is an

essential subunit of the presequence translocase-associated

protein import motor of mitochondria. Journal of Cell Biology

163(4): 707–713.

Vickery LE and Cupp-Vickery JR (2007) Molecular chaperones

HscA/Ssq1 andHscB/Jac1 and their roles in iron-sulfur protein

maturation. Critical Reviews in Biochemistry and Molecular

Biology 42(2): 95–111.

Vogel M,MayerMP and Bukau B (2006) Allosteric regulation of

Hsp70 chaperones involves a conserved interdomain linker.

Journal of Biological Chemistry 281(50): 38705–38711.

Westermann B, Gaume B, Herrmann JM et al. (1996) Role of the

mitochondrial DnaJ homolog Mdj1p as a chaperone for mito-

chondrially synthesized and imported proteins. Molecular Cell

Biology 16(12): 7063–7071.

Hsp70 Chaperones

ENCYCLOPEDIA OF LIFE SCIENCES & 2011, John Wiley & Sons, Ltd. www.els.net 7



Further Reading

Conant GC and Wolfe KH (2008) Turning a hobby into a job:

how duplicated genes find new functions. Nature Reviews.

Genetics 9(12): 938–950.

Hartl FU and Hayer-Hartl M (2009) Converging concepts of

protein folding in vitro and in vivo. Nature Structural &

Molecular Biology 16(6): 574–581.

Kampinga HH and Craig EA (2010) The Hsp70 chaperone

machinery: J proteins as drivers of functional specificity.Nature

Reviews. Molecular Cell Biology 11(8): 579–592.

Kampinga HH, Hageman J, Vos MJ et al. (2009) Guidelines for

the nomenclature of the human heat shock proteins.Cell Stress

and Chaperones 14(1): 105–111.

Mayer MP (2010) Gymnastics of molecular chaperones.

Molecular Cell 39(3): 321–331.

Szklarczyk R and Huynen MA (2009) Expansion of the human

mitochondrial proteome by intra- and inter-compartmental

protein duplication. Genome Biology 10(11): R135.

Tyedmers J, Mogk A and Bukau B (2010) Cellular strategies for

controlling protein aggregation. Nature Reviews. Molecular

Cell Biology 11(11): 777–788.

Hsp70 Chaperones

ENCYCLOPEDIA OF LIFE SCIENCES & 2011, John Wiley & Sons, Ltd. www.els.net8


