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Impact statement

Protein homeostasis is the cellular protein
quality control machinery that maintains
structural integrity of the cellular proteome.
Genetic level mutations, errors occur at the
transcriptional and translational levels, and
conditions that contribute to cellular stress
cause protein misfolding which ultimately
leads to toxic protein aggregates resulting
in wide range of diseases including

Parkinson’s disease, Alzheimer’s disease,

Huntington’s disease, Creutzfeldt-Jakob
disease, and type 2 diabetes. Hsp70 and
its extensive network of co-chaperones
serve as the principal components of the
machinery that recognize misfolded pro-
teins and direct them to the refolding or
degradative pathways. An increased
understanding of Hsp70 and co-

chaperones, which serve as drug targets,

is valuable for developing drugs to treat
neurodegenerative diseases, diabetes,

and cancer. This mini review seeks to serve
as a curated resource of the structural and

functional features of Hsp70 and its co-
chaperone network.

Abstract

The chaperone heat shock protein 70 (Hsp70) and its network of co-chaperones serve as a
central hub of cellular protein quality control mechanisms. Domain organization in Hsp70
dictates ATPase activity, ATP dependent allosteric regulation, client/substrate binding and
release, and interactions with co-chaperones. The protein quality control activities of Hsp70
are classified as foldase, holdase, and disaggregase activities. Co-chaperones directly
assisting protein refolding included J domain proteins and nucleotide exchange factors.
However, co-chaperones can also be grouped and explored based on which domain of
Hsp70 they interact. Here we discuss how the network of cytosolic co-chaperones for
Hsp70 contributes to the functions of Hsp70 while closely looking at their structural features.
Comparison of domain organization and the structures of co-chaperones enables greater
understanding of the interactions, mechanisms of action, and roles played in protein quality
control.
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Introduction

Cellular protein structural integrity is crucial for maintain-
ing the normal functions and viability of cells. The process
used by cells to maintain protein structural integrity is
termed proteostasis or protein homeostasis." The machin-
ery that regulates protein homeostasis consists of a diverse
network of chaperones and co-chaperones. The proteins
that catalyze protein folding are simply known as chaper-
ones, whereas non-client accessory proteins that aid fine-
tuning of the folding process conducted by chaperones are
known as co-chaperones.? Co-chaperones often act non-
independently and require the assistance of a chaperone
to be actively involved in the quality control process.
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However, there are exceptions, such as Hsp110 (HSPH)
which is a chaperone by itself and also acts as a co-
chaperone for Hsp70.

Chaperones are members of a large evolutionarily con-
served protein family and are ubiquitous in both prokary-
otic and eukaryotic cells.*° However, in eukaryotic cells,
different chaperones, or different versions of the a particu-
lar chaperone, are localized in different cellular organelles
and compartments.*> Chaperones play a vital part in every
step of cellular metabolism including protein synthesis,
folding, translocation, and rearrangements such as assem-
bly and disassembly into complex organizations, and
ultimately in protein degradation and apoptosis.*>”
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A regulated balance among the above-mentioned processes
are critical to maintain protein homeostasis in a cell.®
Moreover, chaperones are equipped to deal with environ-
mental, pathological and physiological stress conditions
such as oxidative stress.® Chaperones and co-chaperones
mediate when and where the unfolding and folding
occurs and serve to direct misfolded and aggregated
proteins to proteasomal degradation.” Although the inter-
actions between non-native proteins, chaperones, and
co-chaperones are transient, these interactions can prevent
oligomerization and aggregation, promote folding, unfold-
ing for translocation, or ultimately target a protein to pro-
teasomal degradation.”'* Deleterious outcomes are
unavoidable if protein misfolding is not corrected, often
leading to toxic aggregates in the cells and loss of function
in the misfolded protein.’

The central chaperone in eukaryotic cells is heat shock
protein 70 (Hsp70), a 70 kDa protein which serves as a cen-
tral hub for cellular protein quality control systems. The
low specificity substrate recognition of Hsp70 enables bind-
ing to a broad range of proteins,'® thereby providing the
advantage of assisting in several different cellular process-
es.*!* A list of processes that Hsp70 and Hsp70 homologs,
broadly termed “Hsp70s”, are involved in are given in
Table 1. The earliest implications of chaperone cooperation
with co-chaperones were found in the early 1990s, with
respect to DnaK (Hsp70 homolog of Escherichia coli).* In
these studies, the replication cycle of bacteriophage 1 was
studied, and DnaK was shown to work hand in hand with
DnaJ and GrpE.**® The network of co-chaperones that
interact with Hsp70 can be divided into two main catego-
ries, termed ]-domain protein co-chaperones (JDP) and
nucleotide exchange factors (NEF), based on how they
interact with Hsp70.” In this review, we will explore
Hsp70 (HSPA) co-chaperones based on the co-chaperone

Table 1. Summary of cellular functions conducted by Hsp70s.

function and the Hsp70 domains that mediate the Hsp70-
co-chaperone interactions.

Hsp70

The first identification of Hsp70 was in bacteria due to its
induction of expression during the cellular response to ele-
vated temperature, hence, the name heat shock protein.s'29
Hsp70 is highly conserved across domains of life as evi-
denced by 68% homology (53% identity) between Hsp70s
from E. coli and humans (HSPA8).? Therefore, studies on
Hsp70s from one organism are applicable to Hsp70s from
other organisms, even if the organisms are from different
domains of life. Below, we will be using the well-studied E.
coli orthologue of Hsp70, Dnak, to discuss the structure and
organization of Hsp70. Within this discussion, the term
Hsp70 is therefore substituted for DnaK due to the struc-
tural, functional, and sequence homology.

Domain structure and organization

Hsp70 (HSPA) is composed of two large domains, the
N-terminal nucleotide-binding domain (NBD) and the
C-terminal substrate-binding domain (SBD), and two vari-
ably structured regions as shown in Figure 1.°°°' The
region that connects the SBD and NBD domains, known
as the interdomain linker, is composed of 10-12 highly con-
served hydrophobic amino acids which adopt an unstruc-
tured conformation in the adenosine diphosphate (ADP)
bound state®! and a f-stranded conformation in the aden-
osine triphosphate (ATP) bound state.?*?%?? Overall, both
the NBD (~45kDa) and SBD (~25kDa) exhibit differences
in structure across the ATP hydrolysis cycle, including
some flexibility in particular subdomains.*>**

The nucleotide-binding domain is divided into two
lobes, termed I and II, and each lobe is further divided
into two subdomain regions 1A, 1B, TIA, and IIB.'®%>%

Cellular location Function

Example(s)

Cytoplasm Stabilization and folding of nascent poly-
peptides in translocation-competent
conformations before assembly in the
cytosol

ER/Mitochondria Translocation and folding nascent poly-

peptides into organelles such as ER and

mitochondria

Plasma membrane ATPase activity of Hsp70 facilitates

assembly, rearrangement, and dissem-

bling of protein oligomers

Plasma membrane integration and channel

formation activity
Nucleus Trafficking of nuclear hormone receptors

Extracellular space Antigen presentation in major histocom-

patibility complex (MHC) and function as

a cytokine

Hsp70 in eukaryotes involve in nascent polypeptide-associ-
ated complex (NAC)':1®

Ssb proteins of Saccharomyces cerevisiae bind to ribosome-
bound nascent polypeptides''-!”

Yeast

Saccharomyces cerevisiae mitochondrial SSC1 (Mhsp70)
aids translocation of nascent proteins to the matrix com-
partment of the mitochondria '&°

Bip (HSPAS5) in eukaryotes helps in translocation process in
the ER 1817

Lhs1p of yeast ER bind and protect the translocated nascent
protein 2°

Hsc70 (Hsp70 homologue-heat shock cognate protein,
HSPAS8) involves in uncoating clathrin cages 2'2°

Hsc/Hsp70 shown to have ATP dependent ion channel
activity 242°

Direct binding of Hsp70 to nuclear import signal sequence
(NLSs) in yeast 22

Hsp70 in human monocytes have shown to activate signal
transductions pathways®® and contribute to antigen pre-
sentation in dendritic cells in mammals®”
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Figure 1. Domain organization of Hsp70 homolog of E. coli (DnaK), structure of Hsp70 and the ATP hydrolysis cycle. The domain organization of Hsp70 is shown
according to length of sequence (a) divided into the nucleotide binding domain (NBD), interdomain linker region (linker), substrate binding domain (SBD), and the
C-terminal tail region (C-term). Although the boundaries of subdomains IA and IIA are discontinuous in sequence space, blocks shown in (a) are accurately scaled by
total number of amino acids in each subdomain: 1A (1-37, 112-184, 363-383), IB (38-111), IIA (185-227, 310-362), and |IB (228-309). The SBD is further divided into
S-SBD (396-507) and «-SBD (508-602). (b) Structure of ADP bound conformation of DnaK (PDB:2KHO). (c) Structure of ATP bound conformation of DnaK (PDB: 4B9Q).

(d) Schematic of the ATP hydrolysis cycle of HSP70 and client folding.

The IA, IB, IIA, and IIB subdomains are arranged to form a
V shape cleft within which the nucleotide binds.>” The
structural organization of NBD is identified as an actin-
like fold where core «/f domains are connected by loops
giving arise to a polymorphic structure.*>?”® The NBD is
responsible for the adenosine triphosphatase (ATPase)
activity of Hsp70.* During nucleotide binding, the inter-
face of subdomains IIA and IIB is docked with the adeno-
sine and deoxyribose moieties.** Moreover, the
7-phosphate and a Mg”" cofactor are coordinated by inter-
actions with residues in subdomain IA of NDB, whereas o
and f phosphates form contacts with subdomain I1A.***?
Mutagenesis experiments have suggested that multiple res-
idues, including Thr13** in subdomain IA and Lys70
(Lys 71 in Hsc70)** in subdomain IB are involved in the
catalysis of the hydrolysis of ATP and that no single residue
is responsible for the catalysis process.”

The SBD domain is subdivided into two domains,
termed o and $.*° The «-SBD composed of a helical lid is
connected to -SBD via a short linker region that adopts
different conformations in the ATP-bound and ADP-
bound forms.** The p-SBD, containing the substrate-
binding site used for binding misfolded proteins, is
arranged in f sandwich organization made out of two
sets of antiparallel S sheets arranged in sets of four
strands.?*?* The substrate-binding site is comprised of
two pairs of loop regions composed of hydrophobic resi-
dues and is lodged upward from two of the f sheets.”*”
The bound substrate is cradled in the substrate-binding

cleft in which SBD binds to the client peptides/proteins
using the -SBD loops and the «-SBD helical lid (~15kDa)
closed over the f-SBD. It is evident that SBD binds to
exposed segments of five to seven amino acids, mostly
composed of hydrophobic residues and flanked by posi-
tively charged residues.”?> Promiscuity of the SBD
domain substrate recruitment, enabled by the limited spe-
cificity of the binding site, allows for the interaction of a
wide variety of polypeptides, which are not significantly
homologous on the sequence level.* Thus, it is evident that
the interactions are not fully dependent on the substrate’s
unique linear amino acid sequence. The C-terminus of
Hsp70 is composed of highly dynamic and disordered
extended region, called the tail region.48 There is evidence
that suggests this region possesses a weak transient binding
site that facilitates chaperone ac’civity.49’50 Moreover, the
four residues at the C-terminus of the tail region, EEVD,
are vital for the interaction of several co-chaperones such as
C-terminus of Hsc70 interacting protein (CHIP).*’

Allostery in Hsp70

Structural evidence, initially based on the Hsp70 homolog
Hsp110, suggests allosteric regulation of Hsp70 where
binding of ATP to the NBD and subsequent hydrolysis reg-
ulates substrate binding and release by the S-SBD
domain.”**?? The binding and release of a client substrate
are synergistically and strictly modulated by the ATPase
activity of Hsp70 along with the JDP and NEF co-chaper-
ones.”?* Therefore, the thermodynamics and kinetics of
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substrate binding to the SBD are dependent on the ATPase
cycle of NBD.”! Structural evidence, obtained by X-ray
crystallography and NMR spectroscopy, has vastly contrib-
uted to the understanding of the allosteric mechanism.

The main conformational states of Hsp70 are known as
the open® and closed® conformations. The Hsp70 NBD
has high affinity toward ATP®® and the resultant ATP-
bound state has a low affinity towards the client protein
substrates.”” Conversely, the ADP-bound Hsp70 state has
higher affinity towards the substrate.”®> ATPase activity of
Hsp70 alone is weak and hydrolysis of ATP to ADP is con-
sidered as a slow process.”* Additionally, substrate binding
to the SBD leads to enhancement in the rate of hydrolysis of
ATP, resulting a stable substrate bound ADP—Hsp7O.54
When ADP is released and ATP binds again to the NBD,
the binding of ATP initiates hydrophobic contacts between
the NDB, the «-SBD lid domain, and the linker domain,
opening the buried substrate binding site in the S-SBD
domain.”® This prompts formation of the open state of
Hsp70 which has low affinity for client proteins.®* The
rate of association of substrate (k.,) is higher in the SBD
in the closed state whereas dissociation rate (ko) is low.*
The kop, values recorded for model client peptide substrates
is about 35 '.°° It has been suggested that the NBD and
SBD are more tightly coupled in the presence of ATP than
in the apo-state.” The secondary structure level rearrange-
ments that occur in the f-SBD during the NBD-SBD contact
is explained in detail in a 2015 study by Zhuravleva and
Gierasch.”® Additionally, the bidirectionality of allostery
has been demonstrated through effects of peptide substrate
binding upon ATPase activity.” ™’

Once the substrate is bound to the SBD, ATPase activity
is promoted resulting in hydrolysis of ATP to ADP.>
Nucleotide hydrolysis then leads to a conformational
change in the NBD which disrupts interactions with the
0-SBD lid and the linker domains, resulting in closing of
the «-SBD onto the -SBD and relaxing the linker domain to
a flexible conformation between the NBD and SBD
domains.*® The kinetics of ATP hydrolysis are altered
through the allosteric regulation by binding of Hsp70 co-
chaperones. Hsp70, which binds tightly to ATP with a dis-
sociation constant (K;) of 1nM, and exhibits a slow rate of
ATP hydrolysis, 3.3x10°* s™' at 25°C, without the
enhancement of catalysis by a co-chaperone such as
Hsp40.>® Bacterial Hsp40 has been shown to increase the
rate of ATP hydrolysis by 15,000 fold at 5°C.””° The Hsp70
ATP-bound open state features a lower k,,, and a higher k.
for substrate binding in the SBD.*” In contrast, k¢ values
recorded for peptide binding to the ADP-bound closed
state of bacterial Hsp70 ranges from 107> to 10 * s ' at
25°C.>° Conformational studies based on hydrogen-
deuterium exchange and mutagenesis suggest that changes
in hydrogen bond patterns control the conformational
dynamics between the open and closed states.?® The affin-
ities of Hsp70 for client substrates are also dependent on
amino acid sequence of the client substrates where
decreased hydrophobic content results in a lower affinity.*”

Even though a greater emphasis has been placed on
studies of the allosteric regulation by the NBD domain,
substrate binding and release are finely regulated by

bidirectional heterotrophic allostery between the two
domains of Hsp70.” Initially it was suggested that the ener-
getic balance between the formation of two orthogonal
interfaces of the NBD and SBD, and the domain conforma-
tions were important for the allosteric regulation.®
However, until recently, the exact mechanistic details of
how substrate release by the SBD domain affects the
ATPase activity of NBD domain of Hsp70 were unclear.
The existence of two distinct signal transmission pathways,
via conserved hydrogen bond networks, that facilitate the
bidirectional crosstalk between the NBD and -SBD subdo-
mains was illustrated by Kityk et al., 2015.%” Furthermore,
this study determined that these structurally and function-
ally distinctive signal transmissions inhibit the ATPase
activity.”” Interestingly, the study also implicated that sub-
strate release induced by ATP binding is more significant
than the stimulation of ATPase activity elicited by the bind-
ing of substrates to Hsp70s.””

In addition to dependence on client substrate sequence,
the substrate binding and release cycle depend upon the
Hsp70 linker domain and presence of co-chaperones. The
linker domain acts as the communicator between the NBD
and SBD domains, enabling coupling of nucleotide bind-
ing, substrate binding, and substrate release during the
functional cycle.”" For example, exchange of ADP back to
ATP in the NBD is required for and leads to adoption of the
open state of Hsp70 and release of the client protein from
the substrate-binding cleft.*> While exchange of ADP for
ATP is slow for Hsp70 alone, the presence of a nucleotide
exchange factor (NEF) co-chaperone, such as GrpE, alloste-
rically regulates Hsp70 by spurring the exchange of ADP to
ATP, accelerating the exchange process 5000 fold.>**
Therefore, the fine regulation of the Hsp70 cycle by co-
chaperones is primarily achieved by inducing higher affin-
ity toward ATP and altering the rates of ATP hydrolysis. As
mentioned above, these effects are manifested as an
increasing exchange to ATP by 5000-fold in the presence
of NEFs, and as a 15,000-fold acceleration of ATP hydroly-
sis in the presence of JDPs. Once the ATP-bound Hsp70
state is achieved, the resultant conformational change pro-
motes the release of the substrate from Hsp70 SBD leading
Hsp70 to start a new cycle of ATP-hydrolysis and substrate
binding (Figure 1).

Functions of Hsp70 and co-chaperones

Primary roles of Hsp70

Once a protein is synthesized as a linear polypeptide, it
needs to be folded into a native, low-energy conformational
state by passing through a complex energy landscape to
achieve the normal function.®*** Since the cytoplasm of
cells is a crowded space filled with macromolecules, the
presence of unfolded proteins in the cytoplasm could
increase chances of aggregation.®® Hsp70 is the central com-
ponent of cellular chaperone machinery that prevents
aggregation and corrects misfolding.’*®* In general,
Hsp70 is involved in functions related to protein quality
control as well as housekeeping and signal transduction
machinery in a cell. A detailed list of functions is provided



in Table 1. In this section, we focus on the protein quality
control functions of Hsp70, including the molecular mech-
anisms behind Hsp70 functionalities.

Holdase, foldase, and disaggregase/unfoldase activity

Hsp70 coordinates with JDPs to prevent the aggregation or
proteasomal degradation of non-native unfolded, aggregat-
ed, or misfolded substrates via binding of the Hsp70 SBD to
exposed hydrophobic regions in a function is known as
holdase activity.'” JDPs such as Hsp40 (DNAJA) facilitate
rapid ATP hydrolysis, thereby accelerating transient asso-
ciation of Hsp70 with client substrates and preventing
aggregation.'” Holdase activity sequesters misfolded or
unfolded proteins and is also involved in the refolding pro-
cess by sequestering non-native intermediates along the
refolding pathway to the native folded state. This process
is aided by Hsp40 which binds to the non-native denatured
or unfolded substrates via hydrophobic loops on the sub-
strate surface.®®®” Human Hsp40 has been shown to bind to
larger aggregates ranging from 700 to 4000 kDa in molecu-
lar weight.®® The substrate/Hsp40 complex will be bound
by Hsp70 in the ATP-bound state forming a tertiary Hsp70/
substrate/Hsp40 complex.®””" A recent crystallographic
study using a JDP-Hsp70 fusion protein suggested the
molecular level interactions and the mechanism for
the interaction of bacterial Hsp70 and Hsp40 homologs.”*
The Kityk et al. study suggests that hydrolysis of ATP and
bipartite interactions occur nearly simultaneously.”! The
bipartite interactions include binding of the Hsp40 (Dna])
J-domain to the Hsp70 NBD domain and transfer of
substrate-bound to Hsp40 to the substrate-binding site
within the -SBD domain of Hsp70. Structures from the
Kityk et al. study further indicated that the Hsp40 ]
domain interacts with the Hsp70 interdomain linker
region, potentially aiding both ATP hydrolysis and forma-
tion of the closed conformation of Hsp70 by abstracting the
Hsp70 interdomain linker from binding with the NBD.”*”!
Despite the structural information provided by the Kityk
et al. study, conclusive details regarding the mechanism by
which the chaperones conduct holdase activity remain elu-
sive, particularly given conflicting structural information
from Alderson, et al. 272

Foldase activity is tied to ATP hydrolysis and drives the
folding of misfolded, aggregated, or unfolded substrates to
the native state.”> The function of Hsp70 as a foldase is
often linked to interactions with the 90-kilo Dalton heat
shock protein (Hsp90) by forming a complex capable of
remodeling the substrate until it reaches the native
state.”* In this process, once a client is released from
Hsp70 during the allosteric cycle, the co-chaperone
Hsp70/Hsp90 organizing protein (HOP) transfers the sub-
strate between Hsp70 and Hsp90 as folding progresses
towards the native state of the substrate.”” A closer look
at the substrate binding determinants for Hsp70 and the
predominant involvement of client substrate residues that
are buried inside the substrate when folded in the native
state seems to indicate that Hsp70 would act as a holdase.
This holdase activity, while effective at preventing protein
aggregation, would seem to lead Hsp70 to act as a folding

preventer. However, binding of substrates during foldase
activity is more consistent with disaggregase or unfoldase
activity, activities that are an integral part of foldase activ-
ity. The disaggregase and unfoldase activities of Hsp70 aid
foldase activity by preventing the irreversible aggregation
of unfolded client substrates and kinetically biasing popu-
lations toward those conformations that can be readily
shuttled back to a folded conformation.” Hsp70, along
with the Hsp110, also exhibits disaggregase activity inde-
pendent of foldase activity, such as situations where aggre-
gated proteins were broken apart and subjected to a later
refolding process.>”> Moreover, the earliest evidence sug-
gests that bacterial Hsp70 is involved in dissociating RNA
polymerase aggregates and returning the activity of RNA
polymerase.”” However, in contrast to Hsp70, Hsp110 alone
cannot perform protein folding®” and Hsp70 often passes
along the disaggregated substrates to above explained fol-
dase cycle involving Hsp90.””

Hsp70 and co-chaperones directing the
protein quality control process

Regulation of synthesis and the degradation of proteins is
important for maintaining the structural and functional
fidelity of proteins within a cell. Key players that contribute
to the balance between synthesis and degradation of pro-
teins are the molecular chaperones Hsp70, Hsp90, and Hop,
and the E3-ubiquitin ligase CHIP.”® If Hsp70 interacts with
Hop and Hsp90, misfolded proteins recruited by Hsp70 are
shuttled through a refolding pathway, whereas interaction
of Hsp70 with CHIP co-chaperone will lead to CHIP-
mediated ubiquitination which ultimately shuttles
misfolded and ubiquitinated clients to proteasomal
degradation. The choice of whether a misfolded protein is
shuttled to the degradation pathway or refolding path-
ways, in other words the fate of a the protein, is known
as the triage decision.”®”® Moreover, due to binding of
CHIP and Hop to the same epitope on Hsp70, a single
misfolded client protein will typically not be engaged in
both pathways simultaneously.”® It is also known that
CHIP inhibits ATP hydrolysis of Hsp70, an activity normal-
ly promoted by Hsp40, in order to drive the triage decision
towards degradation.®

Hsp90 is a heat shock chaperone that exists as a dimer
and each monomer contains a N-terminal NBD, a middle
domain, and a C-terminal dimerization domain.?' The NBD
hosts the ATP binding site, whereas the middle domain
interacts with the substrate.”® The C-terminal domain of
Hsp90 contains a recognition sequence known as the
MEEVD motif #? Strikingly, Hsp70 and Hsp90 share very
little sequence and structural homology with the exception
of this conserved EEVD motif * which regulates binding to
tetratricopeptide repeat (TPR) domains.

Co-chaperone Hop (~60kDa) contains three TPR
domains (TPR1, TPR2A, and TPR2B), two DP domains
(DP1 and DP2), and a linker region in their structure.”
The TPR domains are made out of seven helices arranged
in helix-turn-helix repeats which stack to form a superhelix
within each TPR.>® The DP1 and DP2 domains allow for
refolding and activation of the susbtrates.”” Along the
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refolding pathway, complexes consisting of Hop, Hsp70,
and Hsp90 are formed. TPR1 or TPR2B binds to Hsp70
via while TPR2A is preferred for binding to Hsp90 via
the MEEVD motif.”*”> Affinity for Hop TPR1 to the C-ter-
minal IEEVD motif of Hsp70 is reported as 15 uM, whereas
TPR2A exhibits an affinity of 6 pM towards Hsp90 C-termi-
nus.”® Combined evidence from crystallography and elec-
tron microscopy (EM) maps suggests a four-step
mechanism for refolding mediated by Hsp70, Hop, and
Hsp90. A misfolded substrate is recognized and bound
by the SBD of Hsp70 in the first step,” typically mediated
by aid of Hsp40 and Hsp70 ATPase activity.”*
Simultaneously, TPR2A of Hop binds to dimerized Hsp90
leading Hsp90 to adopt a semi-closed substrate binding
conformation.” In the second step, the Hop/Hsp90 com-
plex binds to the Hsp70/substrate complex via TPR1
domain of Hop.”” The DP2 domain of Hop activates the
client and passes the client off to dimerized Hsp907 result-
ing in substrate loaded Hsp90. Lastly, the Hsp70 NBD inter-
acts with the Hsp90 NBD, while the Hsp70 SBD interacts
with Hop TPR2B, inducing lateral reengagements in Hop
that facilitate further folding of the client protein mediated
by Hsp90.5%°

In contrast to Hop, which can form complexes with
Hsp70 and Hsp90 simultaneously, CHIP (~35kDa) exists
as a homodimer with each monomer capable of binding
either Hsp70 or Hsp90, although not simultaneously.
Each monomer is composed of an N-terminal TPR
domain, a central coiled coil domain, and C-terminal U
box domain.”” The TPR domain mediates the binding of
the EEVD motif of Hsp70 or Hsp90, whereas the central
coiled coil and U-box domains aid in the dimerization of
CHIP and the U-box serves as a ubiquitin ligase domain.
Acting as an E3 ubiquitin ligase, CHIP catalyzes ubiquiti-
nation of Hsp70 or Hsp70-bound substrates. During this
process, ubiquitin is transferred from an E2 ubiquitin-
conjugating enzyme bound to CHIP to an ¢-amino group
of a lysine residue on Hsp70 or an Hsp70-bound sub-
strate.’® Ultimately, CHIP tags substrates with ubiquitin
to direct proteasomal degradation;”® however, not all ubig-
uitinated substrates are directed to degradation and the
exact underlying mechanism behind this activity is not
fully known. Binding of CHIP to Hsp70 is predominantly
mediated by interactions between the CHIP TPR domain
and the C-terminal EEVD of Hsp70.%' The reported affinity
of full length CHIP towards full length Hsc70 is 60nM by
biolayer interferometry (BLI).*® Interestingly, the interac-
tion between full length CHIP and the C-terminal EEVD
of Hsp70 is weaker, determined to be 370nM by BLIL
Structural studies by our lab identified additional bipartite
interactions between CHIP and Hsc70 where the TPR
domain interacts with both the Hsc70 «-SBD lid domain
as well as C-terminal tail via IEEVD that may explain the
variation in affinities of CHIP for full length Hsp70 versus
the C-terminal tail via IEEVD motif alone.?” Moreover, it
was found that the post-translational modifications on
0-SBD lid domain are involved in the regulation of CHIP-
mediated ubiquitination.’” A recent study of posttransla-
tional modifications of CHIP identified that serine phos-
phorylation of CHIP also serves to stabilize the

interactions between CHIP and Hsp70 and positively influ-
ences CHIP-mediated ubiquitination and subsequent pro-
teasomal degradation.®®

Interactions of co-chaperones and
substrates with Hsp70

Hsp70 chaperones and the co-chaperone network are com-
posed of components that are localized throughout the com-
partments and organelles of cells as well as in all domains of
life. Although our review focuses on the cytosolic compo-
nents of this network, Table 2 serves as a resource listing
the different homologs of chaperone and co-chaperones
found throughout different compartments of cells.

Interactions with the Hsp70 NBD

Two main classes of proteins that interact with the NBD
domain are the JDPs, such as Hsp40, and NEFs, such as
GrpE, Bcl2-associated athanogene (BAG) proteins, Hsp70
binding protein 1 (HspBP1), and Heat shock protein 110
(Hsp110). The domain organizations and example
structures of these proteins can be found in Figure 2 and
Table 3, respectively.

Hsp40. Broad sequence and structural diversity is
observed among the ] domain proteins despite all of the
members sharing a conserved ] domain. Conventionally,
there are three classes of JDPs based on domain organiza-
tion known as class A, B, and C.”%”'?2 However, diversity
exists within each class as well. Class A is more similar to E.
coli Hsp40 homolog Dna] and contains an N-terminal |
domain, a glycine-phenylalanine-rich region, four
cysteine-rich repeats arranged to resemble a zinc finger
type motif, and a C-terminal extension.”” Class B lacks the
zinc finger motif, yet retains other domains found in class A
JDPs.'% JDPs that do not share similar structural organiza-
tion, with the exception of the ] domain, to either class A or
B are classified as class C.°'* Comprehensive details
about different classes of J]DPs can be found in the review
by Kampinga and Craig.®”

Human Hsp40 (DNAJA) is a conserved class B’ JDP and
contains an N-terminal ] domain, a conserved glycine-
phenylalanine (GF) rich sequence, an approximately 30 res-
idues long linker region, two C-terminal f-sandwich
substrate-binding domains (CTDI and II), and a dimeriza-
tion domain.*’ The J-domain contains four a-helices, and
the second and third helices are connected by the linker
region."** The functions of Hsp40 are discussed in detail
above, concerning the allosteric cycle and foldase activity
of Hsp70. Some controversy exists within the field as differ-
ences are observed between a crystal structure of the E. coli
DnaJ/DnaK complex,7l and an NMR-derived model of the
DnaJ/DnaK complex.72 However, the general features of
the complex structure are similar and the effects of
Hsp40s on Hsp70s are clearly mediated by the ] domain.

GrpE. Many of the proteins that bind to the Hsp70 NBD
domain fall within the category of NEFs. GrpE (~22kDa) is
a prokaryotic homodimeric NEF that contains two distinct
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Table 2. Cellular localization of chaperones and co-chaperones.

Bacterial
Type Common name/ class analog Compartment Yeast Higher eukaryotes
Chaperone Hsp70 system DnaK Cytosol SSA1,SSA2%° Hsp70
Hsc70
Mitochondria SSC1 ' Mortalin
(mtHsp70)%°
Endoplasmic Kar2/Bip®! Bip®?
reticulum (ER)
Co-chaperone Hsp40 DnaJ Cytosol YDJ1, SIS1%8 Hsp40,Hdj179:%3
Mitochondria MDJ1'8 DnajA1%
Tid1%®
ER SCJ1(lumen), ERdj4 and ERdj5%
Sec63(Membrane)®®
GrpE @ GrpE Mitochondria MGE1%° hMge1%®
HspBP1 HspBP1%6 Cytosol Sil1%, Fes1% HspBP1%°
ER Sls1p/Sil1p'°0:101 BAP'!
HOP ° N/A Cytosol Sti1102 hHOP™®
Bag N/A Cytosol Snl1-M and BAG1M,
Sni1-s'% BAGIL, BAG-1S,
BAG 2_6104,105
Nucleus BAG1L'®
ER membrane Sniq-L1%3
Hsp110 N/A™07 Cytosol Sse1p,Sse2p 08100 Hsp110
(also known as Hsp105'%) Apg1-2197:110
Hip N/A Cytosol Hip (p48, St13) 111:112
CHIP N/A Cytosol CHIP®®

(also known as U-Box
Containing gene 1-(STUB1)''®)

2GrpE is not found in eukaryotic cytosol and ER; however, BAG proteins in eukaryotes serve similar function.
PProkaryotes and eukaryotic organelle such as ER and mitochondria lack Hop.

regions, a head and a tail.'® The tail region is formed by an
N-terminal unstructured region and a long-coiled coil
a-helical dimerization domain.'*® The head region is com-
posed of a four helical bundle and a C-terminal compact
p-sheet domain.""”'*® The functional importance of GrpE
for Hsp70 activity is discussed above under the allosteric
cycle of Hsp70 of this review. Dimeric GrpE has shown to
interact with a single Hsp70."” Binding of GrpE results in
insertion of the head region into the nucleotide-binding
cleft of the Hsp70 NBD domain acting as a wedge between
the SBD and NBD."? Conformational changes due to the
interaction include a 14° rotation in the NBD IIB subdomain
which opens the nucleotide-binding cleft and modulates
the nucleotide binding pocket and promoting release of
the bound ADP molecule,'" thereby promoting the swap-
ping of ADP to ATP in NDB during the allosteric cycle of
Hsp70. This conformational change that opens up the NBD
has shown to reduce its affinity to ADP by 200 fold, where-
as affinity of ATP is increased by 5000 fold by fulfilling the
nucleotide exchange activity of GrpE.® Moreover, the GrpE
N-terminal tail region is suggested to form contacts as a
pseudosubstrate with the Hsp70 substrate binding cleft
promoting a conformational change that leads to substrate
release from SBD of Hsp70.'*> Additional details of the
interactions between Hsp70 and GrpE can be found in the
Melero et al. electron microscopy study.'*®

BAG. BAG domain proteins are one of the three main clas-
ses of eukaryotic NEFs, joined by HspBP1 and Hsp110s.

114,115

These groups are structurally different, and there is little
to no homology.” However, evidence suggests that all three
classes interact with the ATP-bound NBD domain of Hsp70
in the open conformation. The BAG family of proteins
includes six subclasses (BAG 1-6) based on domain orga-
nization.'” The members of the BAG family of proteins
characteristically contain at least one conserved BAG
domain.'® The C-terminal BAG domain is typically com-
posed of three antiparallel helical bundles, each consisting
of 30-40 amino acids.'®'?* There are three isoforms of
BAG1 known as BAGIL (~50kDa), BAGIM (~46kDa),
and BAGI1S (~36 kDa).'” Due to high expression levels of
BAGIS itself is often referred to as BAG1.'®"*” In addition
to a BAG domain, BAGIS also contains an N-terminal
nuclear localization signal (NLS) not found in BAG1L and
BAGIM, a ubiquitin-like domain (UBL).'™ In contrast,
BAG2 harbors an N-terminal coiled coil domain and a
novel BAG domain termed the brand new bag (BNB)
which composed of two long antiparallel alpha helixes
(«1 and o2) connected by a linker comprise of a short
helix and a disordered loop region.'**'*® Moreover, the
BAG2 BNB exists as nearly identical symmetric homo-
dimers.”* BAG4 has similar domain organization to
BAG?2, lacking the UBL domain found in BAGI and only
composed of canonical BAG domain and a N-terminal
unspecific region. BAG3, also known as BIS/CAIR, con-
tains an additional N-terminal WW domain (W stands for
the amino acid Trp) and a proline-rich region called PXXP,
besides the BAG domain."* BAG5 uniquely contains four
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s8D

Linker - a-SBD C-term

Hsp70 C-term

Figure 2. Structures of Hsp70 co-chaperones. The domain organization of Hsp70 (a) is shown according to length of sequence with the size of subdomain blocks
scaled by total number of amino acids in each subdomain, as in Figure 1(a). Colored bars beneath the Hsp70 domain indicate approximate regions of Hsp70 that

interact with each co-chaperone. NEF co-chaperones include (b) Hsp110 (dark blue) in complex with Hsp70 NBD (white); (c) HspBP1 (red) in complex with Hsp70 NBD
subdomain IIB (white); (d) GrpE (teal and cyan) in complex with Hsp70 NBD (white); (e) Bag2 (purple and violet) Hsp70 NBD (white); and (f) Bag1 (orange) Hsp70 NBD
(white). The JDP co-chaperone is (g) Hsp40 in complex with Hsp70 NBD/-SBD/«-SBD (white, grey, charcoal). Other co-chaperones include (h) Hip (brown) in complex
with Hsp70 NBD (white); (i) CHIP (lime green and forest green) in complex with Hsp70 «-SBD/C-term (charcoal and black); and (j) HOP (light blue) in complex with Hsp70

C-term (black).

additional putative BAG domains at the N-terminus.'**
BAG®6 (also known as Scyther/BAT3) contains an N-termi-
nal UBL domain in addition to the BAG domain and is the
longest of the family.'*

All members of BAG family interact directly with the
NBD domain of the Hsp70 via the BAG domain, whereas
the other domains such as the PXXP and WW domains
serve a range of diverse cellular functions."*”'*! For exam-
ple, BAGI isoforms were indicated to form a link between
proteasomal degradation and Hsc/Hsp70.'%"!2

Among the family, BAG1 and 3 are well characterized.
Affinities for BAG1 and BAG 3 towards NBD of Hsp70
are about 12nM and 10nM, respectively, whereas BAG2
exhibits a significantly weaker affinity of 380nM.™
Crystallographic evidence of BAG1 with constitutively
expressed cytosolic human Hsc70 and a bacterial Hsp70
homologue illustrate that second and third helices of the
BAG domain of BAGI1 bind to the IB and IIB subdomains of
NBD inducing an outward 14° rotation of subdomain
I1B."'®'2® The induced conformational change ultimately

result in higher rates of ADP exchange for ATP.'*
However, presence of both Hsp40 and BAGI is required
for both fast ATP hydrolysis and nucleotide exchange
respectively as neither Hsp40 nor BAG domain alone are
sufficient for both increasing ATP hydrolysis and nucleo-
tide exchange rates."'® Binding between the NBD and
BAGI is mediated by electrostatic interactions that involve
highly conserved residues of all members of BAG family.
These residues include Glu212, GIn245, Asp222, and
Arg237 in BAG1, while the interacting residues in Hsp70
include Arg261 and Glu283, each of which are conserved
among bacterial and eukaryotic cytosolic forms of
Hsp70."® Moreover, a study using BAG1 and BAG3 dem-
onstrated a non-canonical interaction outside the BAG
domain with the Hsp70 -SBD that is crucial for facilitating
the release of the substrate bound to SBD of Hsp70.'*
Therefore, the entire mechanism of action for nucleotide
exchange is suspected be driven by bidentate interactions
that include the canonical BAG and NBD of Hsp70 and
non-canonical interactions outside the BAG domain.
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Interactions of Hsp70 and co-chaperones

Table 3. Protein data bank IDs for structures of co-chaperones and Hsp70/co-chaperone complex structures.

Co-chaperone Structure of the co-chaperone (A)

Structure of the complex with Hsp70 (B)

Bag1 1HX12 1HX12
Bag? 3D0TP 3CQx°
CHIP 2c2Le 4KBQ®
GrpE 3A6M' (from Thermus thermophilus)1DKGE (from E.coli) 1DKG?
HOP 2NC9" 1ELW!
Hsp40 1XBL 5NROX
HspBP1 1XQR' 1XQS™
Hsp110 2QXL" 3D2F°
Hip 4J8D, 4J8EP 4J8Fd

2Complex of the BAG domain (residues 151-264) of BAG1M with the NBD domain (residue 5-381) of Hsc70.""®

PBNB domain (residues 107-189) of murine BAG2.

°Complex of BNB domain (residues 107-189) of murine Bag2 with Hsc70 NBD domain (residues 1-381).

9Near full length structure of CHIP (residues 25-304) from mouse.'"”

®Complex structure contains the CHIP-TPR domain (residues 21-154) and Hsp70 lid-tail domain (residues 541-646 A626-638).%”

fCrystal structure of GrpE from Thermus thermophilus HB8."®

9Complex of GrpE (residues 1-197) and NBD domain of DnaK (residues 1-388) from E.coli.'"®

"TPR2A domain (residues 220-350) of Hop.

iComplex of TPR1 domain (residues 1-118) of Hop with C-terminal Hsc70 peptide(residues 625-732).5°

I domain(residues 2-76) of DNA]."%°
“Complex of J domain (residues 3-65) of Hsp40 with DnaK (residues 2-604).”"
'Crystal structure of core domain of human HspBP1.%¢

MCrystal structure of the HspBP1 core domain (residues 84-359) complexed with the lobe Il of Hsp70 NBD domain (183-371 residues).®®

"Yeast homolog Hsp110: Sse1 (residues 2-659).'%®

°Complex of Yeast homolog Hsp110: Sselp (residues 2-659 and A503-524) with NBD (residues 1-377) of yeast Hsp70 homolog Ssaip.'?’

PTPR domain (residues 78-247) of Hip."""

9Complex of TPR domain (residues 78-247) of Hip and the NBD domain (residues 1-382, point mutation D110E) of Hsp70."""

However, the exact region of interaction with the SBD has
not been identified. Intriguingly, the mechanism of canon-
ical BAG proteins is very similar to GrpE,"'® with primary
differences including stoichiometry of the NEF and the
striking structural differences between GrpE and BAG
domains. When the former is considered, GrpE interacts
with the Hsp70 as a dimer, whereas BAGI interacts as a
monomer. As the latter, the Hsp70-interacting region of
BAGL is mainly composed of a-helices, while the Hsp70-
interacting region of GrpE is primarily f-strands.''®

Since BAG2 contains the BNB, a domain distinctive from
the rest of the BAG family proteins, the mechanism of
action and the interactions involved in the nucleotide
exchange process are significantly different. Even though
the BNB domain of BAG2 binds to IB and IIB subdomains
in NBD of Hsc70, the same domains bound by canonical
BAG domains, the binding occurs in end-on-end fashion
compared to parallel binding of canonical BAG domains.'**
Additionally, the rotation in subdomain II of NBD induced
by the binding is classified as a rigid since the entire
domain moves as one unit.'** Additionally, the BNB
dimer binds to the NBD and contacts are formed via
linker loop and helix 2 of the BNB.'**

HspBP1. HspBP1 is a single domain protein composed of
four concave o-helical armadillo repeats and a flexible N-
terminal extension domain (RD).” The mechanism of
action for HspBP1 consists of two steps. First, the HspBP1
armadillo domain forms contacts with lobe IIB of ADP-
bound Hsp70 NBD domain resulting in movement of
lobe I away from the nucleotide binding cleft thereby
reducing the affinity for ADP which enables ADP
release.”®”® Second, the conformational change in the
NBD opens the SBD to facilitate release of substrate from

the SBD.”® Meanwhile, HspBP1 utilizes the RD to mimic a
substrate and binds to the -SBD to preclude rebinding of
true substrates to the SBD.”® Key secondary structure
elements of the NBD serving as HspBP1 contact sites are
identified as helix 7 which forms minor contacts with
C-terminus of third armadillo repeat, and strands 16 and
$17 which interact with armadillo repeats 1-3.° These con-
tacts are facilitated by hydrogen bonding and van der
Waals interactions due to the polarity and shape comple-
mentarity of the surfaces.

Although the mechanistic details differ, HspBP1 inher-
ently resembles GrpE functionality in releasing the sub-
strate from the SBD domain and the ADP from NBD of
Hsp70.97 However, the mechanism of action HspBP1 is dif-
ferent from the BAG proteins. BAG binds the Hsp70 NBD at
the top of the cleft facilitating the interaction with subdo-
mains IB and IIB, whereas HspBP1 interactions with lobe II
of NBD interactions are rotated in comparison.”® Moreover,
HspBP1 does not form contacts with subdomain IB of NBD
as in the case of BAG.

Hsp110. Hsp110 (HSPH?2) is the most abundant amongst
NEFs and serves as an NEF to canonical Hsp70s promoting
protein disaggregation.”” Available mechanistic details
are based on the studies conducted on the Saccharomyces
cerevisiae Hsp110 homolog, Sselp. Hsp110 (~110kDa) was
initially classified as a member of Hsp70 family due to
sequence similarity and contains a N-terminal NBD, a
larger SBD, a linker region, and a C-terminal extension har-
boring three helical bundle domains (3HBD).'%%10121:133
The SBD of Hsp110 is divided into an « helical lid and a
p-sandwich domain that contains an insertion called an
acidic subdomain (AS)."** The interaction points enabling
the nucleotide exchange function are the NBD and 3HBD of
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Hsp110 and the NBD of Hsp70. The two NBDs arrange in
head to head fashion forming contact between subdomains
IB and IIB, IA and IIB, and IIB and IB of Hsp70 and Hsp110,
respectively.'?""'** Further contacts are formed between
subdomain IIB of Hsp70 NBD and 3HBD of Hsp110 and
the clamping of the subdomains'*"'** elicits a 27° rotation
of Hsp70 subdomain IIB, similar to the effect exerted by
GrpE and BAG proteins,”?! although the NBD domain of
Hsp110 causes a comparatively higher degree of rotation.
Ultimately the conformational change opens up the nucle-
otide binding site within the Hsp70 NBD, enabling release
of ADP, allowing the exchange to ATP, and promoting sub-
strate release from the Hsp70 SBD.'*' The affinity of Hsp110
toward Hsp70 reported using surface plasmon resonance is
100-150 nM with a k,,, of 2.3 mM s~ 1.1% Moreover, it was
proposed that in order to prevent aggregation of the multi-
domain substrates, both Hsp70 and Hsp110 work in con-
certed manner where one domain refolds, while other
domains remain stay chaperone-bound.'”® Ultimately,
ATP binding to Hsp70 releases both Hsp110 and the sub-
strate, allowing for escape of the refolded substrate or
another round of binding to Hsp70 for further folding.

Hip. All of the proteins discussed above which interact
with the Hsp70 NBD belong to either the JDP or NEF fam-
ilies. However, Hsc70 interacting protein (Hip) is a protein
that binds to NBD and yet does not belong in either the JDP
or NEF classes. Hip (~40kDa) exists as a dimer composed
of an N-terminal dimerization module, a tetratricopeptide
repeat (TPR) domain, a charged region, GGMP peptide
repeats, and a C-terminal aspartic-proline (DP)
domain."""3® The C-terminal domain of Hip is structurally
similar to the yeast Hop homolog, Sti1."*”* Interestingly,
binding of the Hip stabilizes the ADP bound state of Hsp70
delaying the release of substrate.'***’ This is supported by
isothermal titration calorimetry studies which found a
higher affinity of 8 uM for Hip towards the ADP-bound
state of Hsp70 compared to an affinity of 51 pM against
nucleotide-free chaperone."! Moreover, Hip is known to
inhibit the nucleotide exchange activity of BAG1 by com-
peting for the binding to the NBD domain of Hsp70.'*
Intriguingly, Hip and BAG1 do not appear to interact
directly with each other during the process.”

Table 4. List of Hsp70 substrates that bind to the SBD.

The mechanism behind the process was uncovered by the
X-ray crystal structure of rat Hip protein.""" The structure
features a bracket that is formed over the NBD by the TPR
domain of Hip which serves to obstruct the dynamic nature
of the NBD, thereby locking Hsp70 in the ADP bound state
and delaying the substrate release by Hsp70.""" Hip
appears to be important for avoiding premature substrate
release and for facilitating the foldase function of
Hsp70.1371%

Interactions with the Hsp70 SBD

Substrates. In addition to interactions of the HOP and
CHIP TPR domains described above, additional notable
interactions are known to occur between other binding
partners and regions of the Hsp70 SBD. The first structural
evidence of the substrate Hsp70 complex was based on
bacterial Hsp70 bound to a small model peptide,
NRLLLTG.?" Several studies have been done over the
years, and a non-exhaustive list of different substrates of
Hsp70 that have been studied is given in Table 4. Binding of
a substrate to the substrate-binding cleft of the f-SBD has
shown to be promiscuous. Hsp70 binds to segments of five
to seven amino acids, predominantly composed of hydro-
phobic residues and flanked by positively charged
residues, and these nebulous recognition sequence deter-
minants result in the ability to bind a wide array of proteins
as substrates.'#115%153 Moreover, it has shown that the bind-
ing to the substrate occurs only at the unstructured exposed
hydrophobic loops and linker regions while the rest of the
substrate remains folded.'*?

Upon binding of the substrate, packing of the a-helical
lid domain of SBD is subtly altered, compared to the
B-SBD.’> When the solution structures of free and
NRLLLTG peptide substrate bound DnaK (E. coli Hsp70
homolog) are compared, the NBD, SBD, and linker
appear to move relatively independently of each other in
the ADP/substrate/Hsp70 complex.’’ However, move-
ment of the SBD is restricted to a cone with about 70°
angle.’® A comparison of NMR structures of ADP-bound
Hsp70 and nucleotide free Hsp70 illustrated that the NBD
and SBD move independently from each other in the
absence of a substrate, suggesting that the binding of a sub-
strate restricts the movement of the SBD.®! Interactions that

Type of substrate Substrate References
Peptides NRLLLTG (NR), PL, PP,LYZ, Onc72 ' 46,53,140,142
Non-native substrates The glucocorticoid receptor (GR) -ligand binding domain 96
Immunoglobulin 27 (127)  domain of the human striated muscle protein titin 143
Native substrates Transcription factor 632 144
/. repressor nr
Superoxide dismutase 1 (SOD1) 145
Unfolded Ribonuclease H (RNase H) 146
NCA-SNase- Staphylococcal nuclease, RCMLA ar

Rhodanase

A fragment of apomyoglobin
drkN SH3 from Drosophila 180
hTRF1 (human telomere repeat binding factor 1)
RepE54-Replication initiation protein

Conformational ensemble of substrates

Other

148
149

151
13




correspond to allosteric communication between the NDB
and SBD are primarily clustered on the NBD subdomain IA
on the side of IA-IIA interface where the o-helical lid
domain and $-SBD are docked.”' Even though there several
structures with both NBD and SBD domains of Hsp70 are
available, they lack common ground. For example, when
the structure of E213A/D214A human Hsc70 mutant that
contains both NBD and SBD is considered, it is noted that
SBD interacts with both subdomain IA and IIA of NBD,
instead of just subdomain TA." The source for the differ-
ences may be the lack of an actual substrate as this structure
has intramolecular leucine residues bound to the substrate
binding cleft of Hsp70 in place of an exogenous substrate.
However, it may be difficult to obtain a structure without a
bound substrate or substrate analog since the promiscuous
binding determinants enable the substrate binding cleft to
bind to a wide array of available hydrophobic residues.'>*
Therefore, understanding the structural consequences of
binding of a substrate to the Hsp70 SBD should be treated
in a case by case manner to understand the interactions
involved and identity of residues occupying the substrate
binding cleft.

SMADs. SMADs, named for homology to the
Caenorhabditis elegans’s “Sma” and Drosophila “Mad” pro-
teins, are intracellular mediators of transforming growth
factor-f (TGFp) secretory proteins.'”® Human’s contain
eight SMADs classified in to receptor regulated (R-
SMADs), co-mediator (Co-SMADs), and inhibitory
SMADs (I-SMADs)."***” SMADs 1, 2, 3, 5, and 8 belong
to R-Smads, while SMAD 4 is a Co-SMAD."**'** SMADs 6
and 7 serve as inhibitory SMADs."**'** SMADs contain two
conserved domains, an N-terminal Mad homology (MH)
domain 1 and a C-terminal MH2 connected by a proline-
rich non-conserved linker region."”® MH1 domains assume
a compact globular fold and contain a f hairpin that medi-
ates contacts with DNA during transcription activation.'”
The MH2 domain, composed of five o-helices and f-sand-
wich domain enclosed by three loops, does not interact
with DNA and instead associates with variety of
proteins, 156160161

As intracellular effectors, tight regulation of SMADs is a
necessity to maintain basal levels of effector concentra-
tions.'®” In aiding this process, some members of SMADs
such as SMAD3 are known to be ubiquitinated by CHIP as
their first step in proteasomal degradation.'®® Furthermore,
there are investigations showing that Hsp70 and Hsp90 are
involved in the regulation of SMAD3 interactions with
CHIP, thereby affecting the ubiquitination process.'”*'%*
A study by Shang et al. has shown opposing effects of
Hsp70 and Hsp90 on SMAD3 where Hsp70 facilitates the
formation of CHIP/SMAD3 complex leading to SMAD3
ubiquitination.'®® Conversely, Hsp90 inhibits formation of
the CHIP/SMAD3 complex thereby inhibiting the ubiqui-
tination of SMAD3 by CHIP.'*?

Although the mechanisms behind the above processes
are still unclear, crystallographic evidence from one study
found the CHIP TPR to directly interact with C-terminal
ISSVS sequence within the MH2 domain of SMADs 1, 5,

and 8. Since the C-terminal tail peptide of Hsp70/Hsc70
also interacts with the same C-terminal groove of CHIP
TPR domain as SMADs, it has implicated that SMAD1/5
and Hsp?70 are in competition to bind to CHIP.'* The same
study indicated that in the absence of chaperone, CHIP can
promote polyubiquitination of SMAD 1/5/8 suggesting
that Hsp70 plays a regulatory role rather than merely facil-
itating CHIP-mediated ubiquitination.'® Further studies
have shown SMAD1 and SMAD3, along with CHIP and
Hsp70, form a ternary complex indicating that CHIP
might also mediate the ubiquitination of SMADs presented
by Hsp70."*"1%2 Moreover, CHIP prefers to ubiquitinate
phosphorylated SMADs, compared to non-
phosphorylated SMADs, and polyubiquitination of
SMADs is promoted by phosphorylation.'””*** Altogether
these findings have implicated Hsp70 as playing a regula-
tory role in the TGFf signaling pathway and in related
diseases.'®*

Insights on drug discovery and therapeutic
targeting

There are numerous implications for the dysregulation of
Hsp70 leading to diseases'®>'®® These include cancer,'®?
central nervous system (CNS) disorders,'®” and cardiovas-
cular  diseases.'®  Moreover, the co-chaperones
BAG, 15169170 1540171172 Hjp, 138 HOP1”® HspBP1, 17
HSP110,'7>'7¢ CHIP,'””"'”° and SAMDs"**>'%* are also impli-
cated in wide variety of diseases. The implications of Hsp70
and co-chaperones in wide range of diseases have led to
calls to target these proteins for drug discovery. However, a
range of issues, including the number of Hsp70 and co-
chaperone family members and level of sequence similarity
among each family need to be considered. According to
Kampinga and Craig, there are 11 Hsp70s localized in dif-
ferent compartments of the cells along with 41 JDPs and 13
NEFs in humans.”” Thus, targeting Hsp70s, JDPs, or NEFs
requires efforts to ensure specificity when needed. In gen-
eral, targeting Hsp70 would typically be broad and univer-
sal, whereas targeting a specific co-chaperone could
provide finer control over Hsp70. Depending on the
target, co-chaperone targeting offers the opportunity for
regulating specific portions of the Hsp70 allosteric cycle.
Therefore, choosing the optimal target among Hsp70s,
JDPs, or NEFs is a challenging, but potentially highly
rewarding pursuit.

Conclusions and future perspectives

Hsp70 and its co-chaperone network play vital part in cel-
lular protein quality control system. Understanding the
structural features of the co-chaperone network of Hsp70
aids in understanding the mechanisms and roles the vari-
ous proteins that comprise protein quality control machin-
ery. However, knowledge regarding the mechanistic details
and regulation of protein quality control in the instance of
stress conditions and disease condition is still lacking.
Moreover, the physiological roles of co-chaperones and
the exact mechanisms by which chaperones and co-
chaperones contribute to diseases should be more fully
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investigated as part of the pursuit of drug development.
Thus, this review has been structured to provide an outline
of key areas of importance for the structures and interac-
tions of Hsp70 and co-chaperones and to provide a collated
resource of structural data and corresponding functional
consequences.
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