N

N

J-domain proteins: From molecular mechanisms to diseases
Jaroslaw Marszalek, Paolo de los Rios, Douglas Cyr, Matthias Mayer, Vasista
Adupa, Claes Andréasson, Gregory Blatch, Janice E.A. Braun, Jeffrey Brodsky,
Bernd Bukau, et al.

» To cite this version:

Jaroslaw Marszalek, Paolo de los Rios, Douglas Cyr, Matthias Mayer, Vasista Adupa, et al.. J-domain
proteins: From molecular mechanisms to diseases. Cell Stress and Chaperones, 2024, 29 (1), pp.21-33.
{10.1016/j.cstres.2023.12.002). <hal-04797276)

HAL Id: hal-04797276
https://hal.science/hal-04797276v1

Submitted on 22 Nov 2024

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-04797276v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Cell Stress and Chaperones
https://doi.org/10.1016/j.cstres.2023.12.002

RESEARCH ARTICLE

J-domain proteins: From molecular mechanisms to diseases

Jaroslaw Marszalek'~” - Paolo De Los Rios”***’ - Douglas Cyr**’ - Matthias P. Mayer’’ - Vasista Adupa® -

Claes Andréasson’ - Gregory L. Blatch®”'° . Janice E.A. Braun'' - Jeffrey L. Brodsky'” - Bernd Bukau’ -

J. Paul Chapple'® - Charlotte Conz'* - Sébastien Dementin'” - Pierre Genevaux'® - Olivier Genest'” -

Pierre Goloubinoff'” - Jason Gestwicki'® - Colin M. Hammond'??° . Justin K. Hines”' - Koji Ishikawa” -

Lukasz A. Joachimiak™** - Janine Kirstein®* - Krzysztof Liberek' - Dejana Mokranjac”® - Nadinath Nillegoda®®*’ -
Carlos H.l. Ramos”® - Mathieu Rebeaud® - David Ron”” - Sabine Rospert'“ - Chandan Sahi***" . Reut Shalgi*” -
Bartlomiej Tomiczek' - Ryo Ushioda®” - Elizaveta Ustyantseva® - Yihong Ye®® - Maciej Zylicz*® -

Harm H. Kampinga®***"~

Received: 4 December 2023 /Revised: 19 December 2023 / Accepted: 19 December 2023
© 2023 The Author(s). Published by Elsevier Inc. on behalf of Cell Stress Society International. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

Abstract

J-domain proteins (JDPs) are the largest family of chaperones in most organisms, but much of how they function
within the network of other chaperones and protein quality control machineries is still an enigma. Here, we report
on the latest findings related to JDP functions presented at a dedicated JDP workshop in Gdansk, Poland. The report
does not include all (details) of what was shared and discussed at the meeting, because some of these original data
have not yet been accepted for publication elsewhere or represented still preliminary observations at the time.
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Introduction to the meeting

After 2 years of COVID-related delay, the second Cell
Stress Society International-sponsored meeting on J-
domain proteins (JDPs) was held at the University of
Gdansk, Gdansk, Poland. Maciej Zylicz, one of the pio-
neers in the JDP field of research, opened the meeting
and reminded us how in the mid 1980s the eponymous
Dnal protein from Escherichia coli was for the first time
purified and characterized biochemically using bacter-
iophage lambda DNA replication as a model
system.’ The multistep reaction mediating lambda DNA
replication not only allowed for the discovery that DnaJ
and its partners DnaK and GrpE possess molecular
chaperone activities, but also helped to uncover their
functional domains: the J-domain of Dnal as well as the
ATPase and substrate binding domains of DnaK. Some
of those pioneering experiments were carried out at the
University of Gdansk.” " Further efforts from several
laboratories demonstrated that the sequences of these
chaperones are not only conserved but also their basic
modes of actions are maintained across all domains of

life, with specifications to serve an increasingly ex-
panding set of protein guidance functions within cells.

JDP evolution

As obligatory partners of heat shock protein (Hsp)70s,
JDPs are present in essentially all organisms from bac-
teria, to both unicellular and multicellular eukaryotes,
and in several viruses.”® Operationally, JDPs have been
divided into 3 classes according to the domains they
share with the prototypic JDP, E coli Dnal. In class A
JDPs the N-terminal J-domain is followed by a glycine-
phenylalanine rich region (G/F), 2 homologous #-
sandwich domains, SD1 and SD2 (previously termed
CTDI and CTDII), with a zinc-finger like $-hairpin in-
serted into BSD1, and a C-terminal helical dimerization
domain. Class B JDPs show a similar domain organi-
zation with generally a longer G/F-rich region and the
zinc-finger like f-hairpin missing. Class C JDPs only
share the J-domain, which is not necessarily at the N-
terminus but may be anywhere within the sequence.””
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Pierre Genevaux delved into a thorough analysis of
bacterial and viral genomes, representing all taxonomic
groups, to explore the diversity of the JDP repertoire
and their relations with the different Hsp70 partners.
Their analyses revealed that while DnaJ is the most
broadly distributed JDP (present in 99.9% of analyzed
bacterial genomes), bacterial and viral genomes con-
stitute an unexpected reservoir of novel JDPs whose
functions await exploration. In particular, class C JDPs
show a clear expansion with respect to class A and B
JDPs.”

An analysis on a broader taxonomic scale, encom-
passing pro- and eukaryotes, was presented by Paolo De
Los Rios. He also highlighted the fact that class C JDPs
have seen a tremendous expansion in eukaryotes, with
the J-domain being genetically paired overall with more
than 2,000 other domains. Remarkably, an Artificial
Neural Network analysis of the J-domain sequences
alone allowed us to distinguish JDPs apart based on a
plethora of orthogonal criteria, such as taxonomy, lo-
calization, class (A, B, or C), and identity of the re-
maining polypeptide domains. A more detailed
investigation revealed that the most relevant sequence
positions to discriminate J-domains from each other are
the ones that are in contact with Hsp70, thus suggesting
that the physical interaction with this obligatory
partner, and the consequence of co-evolution with its
sequence, is the main driver of the sequence evolution
of the JDP J-domains.’

An evolutionary relationship among class A and B
JDPs from all 3 domains of life was a subject of research
presented by Bartlomiej Tomiczek. Detailed, phyloge-
netic analyses involving class A and B JDPs from bac-
teria, archaea, and all sub-cellular compartments of
eukaryotic cells revealed 2 unexpected findings. First,
class B JDPs functioning in bacteria and in the cytosol
and endoplasmic reticulum (ER) of eukaryotes evolved
from class A Dnal-like ancestors independently from
each other. Thus, class B JDPs from the eukaryotic cy-
tosol are more closely related to cytosolic class A JDPs
than to bacterial class B JDPs. Second, highly divergent
cytosolic JDPs involved in the suppression of amyloid
fiber formation (eg, DNAJB6 and DNAJB8) evolved
from a canonical class B ancestor.

In a general discussion session, the idea of a re-
classification and hence revision of the nomenclature of
the JDP family was further debated in light of these
recent findings. Indeed, the current classification is
merely operational and does not always match with
genomic and evolutionary analyses. For the human
JDPs, this is especially true for the 2 distinct subgroups
within the current class B JDPs in which DNAJB2, -6,
-7, -8 do not cluster with the other more canonical

members (DNAJB1, -4, -5, -9) and where DNAJB12 and
14 cluster together with the class C DNAJC18.” While it
is important to reiterate these distinctions and highlight
them where suitable in future publications, it was
decided that changing the current nomenclature would
not be a significant improvement and thus of limited
value to the field.

JDP involvement in the regulation of the
heat shock response

The expression of some JDPs (albeit only a subset) is
upregulated by proteotoxic stress via activation of the
human heat shock transcription factor Hsfl. Hsfl is
known to be largely monomeric under non-stress con-
ditions and upon temperature upshift, Hsfl trimerizes
and binds to the heat shock elements in promoters and
enhancers of heat shock genes. Matthias Mayer reported
on earlier findings of his group demonstrating that
DNAIJBI1 and Hsc70 are key to this mode of regulation:
they dissociate Hsfl from DNA by monomerizing tri-
meric Hsfl thereby attenuating the heat shock re-
sponse.'’ The question they next addressed is whether
DNAIJBI is the only of the ~47 JDPs that is able to assist
Hsc70 in regulating Hsfl. Focusing on members of the
JDP classes A and B that are believed to have general
chaperone function and reside in the nuclear-cyto-
plasmic compartment, they found that only class B JDPs
could cooperate with Hsc70 in dissociating Hsfl from
DNA, although all JDPs tested were able to stimulate
the ATPase activity of Hsc70. Moreover, class A JDPs
were even more efficient in assisting refolding of a
model substrate, heat-denatured firefly luciferase, than
class B JDPs. Therefore, there must be a special property
of class B JDPs that is absent in class A JDPs and that is
necessary for Hsfl monomerization, but this seems to be
less important for their general chaperone activity.

The Hsp70 cycle—co-translational folding

Whereas Hsps were originally discovered in response to
heat shock (that causes protein unfolding) and whilst
JDP functions were originally pioneered for their in-
volvement in (phage) replication, one of their dominant
functions relates to co-translational folding. Translation
is the first step in a protein’s life cycle and Sabine
Rospert described features of the mechanism by which
the ribosome-associated complex (RAC) mediates the
co-translational association of Hsp70 with nascent
polypeptide chains. RAC is a heterodimer consisting
of Zuol, a ribosome-associated JDP, and Sszl, a
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non-canonical Hsp70, which does not hydrolyze ATP.
RAC is established to act as a J-domain partner of the
ribosome-bound yeast Hsp70-homolog Ssb. Data were
presented to show that Zuol and Sszl interact with
nascent chains prior to Ssb. Zuol and Sszl thereby
mediate efficient binding of nascent chains to Hsp70
Ssb.'' Zuol associates with nascent chains when Ssz1 is
absent, so it independently binds to nascent chains.
Interestingly, structural studies indicate that within the
RAC heterodimer, the very N-terminus of Zuol binds
to the Sszl substrate binding domains as a pseudo-
substrate. Zuol thereby competes with nascent chain
binding to Ssz1.'” These data describe the reaction cycle
whereby the initial interaction of Hsp70 with nascent
chains is regulated by a JDP on ribosomes.

Bernd Bukau next reported on the use of ribosome
profiling to dissect, in a genome-wide manner, the co-
translational action of chaperones in protein folding
steps that depend on the length of growing nascent
polypeptide chains.'”'* The nascent chain interactome
of yeast RAC was first described and indicated that
single or multiple binding events of RAC to ribosome-
nascent chain complexes (RNCs) occur. These data in-
dicate that (1) RAC does not continuously bind to
RNCs, (2) RAC can bind/rebind throughout protein
synthesis and (3) RAC relies on recognition of sequence
features within the nascent chains. Thus, RNCs seem to
be under constant surveillance by RAC with the se-
quence of individual polypeptides, thereby dictating the
rate of RAC cycling on and off during nascent chain
elongation. Together, these data illustrate mechanisms
of action for JDPs and Hsp70s at the earliest stage of a
protein’s life.

Biogenesis of mitochondrial proteins

Most mitochondrial proteins are synthesized on cyto-
solic ribosomes and imported into mitochondria in a
post-translational reaction. This process comprises sev-
eral steps: first proteins must be delivered to mi-
tochondria. Next, they must be targeted to the
mitochondrial translocon, and, in the case of mi-
tochondrial matrix proteins, they have to be pulled into
the mitochondria by the import motor. Hsp70 systems,
both cytosolic and mitochondrial, are involved in sev-
eral of these steps, with their participation being dic-
tated by specific members of the JDP family. Doron
Rapaport explained how proteins of the mitochondrial
outer membrane are delivered to mitochondria by
Hsp70 and Hsp90 chaperones, which bind hydrophobic
transmembrane segments that are exposed by mem-
brane proteins that are not yet inserted in the

membrane. In yeast, this process is crucially regulated
by the abundant and generic cytosolic JDPs, Ydj1, and
Sis1, which belong to classes A and B, respectively.
Importantly, interfering with these interactions dis-
rupts the biogenesis of mitochondrial outer membrane
proteins to various extents.'”'°

Johannes Herrmann highlighted the role of the ER in
facilitating the targeting of some newly synthesized
mitochondrial proteins, in particular hydrophobic pro-
teins of the mitochondrial inner membrane like Oxal,
to the organelles. These proteins might first bind to the
ER membrane, and from there they diffuse to contact
points between the ER and mitochondria where the
mitochondrial outer membrane protein, Tom70, which
is part of the translocation channel, is also localized. An
ER-membrane localized, class C JDP, Djpl, was found
to be necessary for the correct insertion of Oxal in the
inner membrane, a process that has been called ER-
SUREF. Deletion of Djpl results in the accumulation of
Oxal in the cytosol. While the precise molecular me-
chanism of the Djpl action, and whether its function is
Hsp70-dependent, has not been elucidated, these find-
ings shed light on the complexity of the biogenesis of
mitochondrial proteins, with a crucial role for a JDP."’

After being targeted to the mitochondrial surface,
many proteins must be further imported into the mi-
tochondrial matrix through the mitochondrial import
pore. Although this import pathway has been studied
for almost three decades, new discoveries emphasize its
great complexity. Dejana Mokranjac reviewed the cen-
tral role of the highly specialized JDP system involved in
this process. It consists of a specialized class C JDP and
a paralogous adapter protein possessing a J-like domain
with a corrupted HPD triad. This J-like adapter recruits
JDP to the import site and also appears to control its
ability to activate Hsp70. Alternative models of the
mtHsp70 cycle within the import motor were dis-
cussed.'®

ER-resident JDPs

Like mitochondria, the ER has its own repertoire of
JDPs that collaborate with the ER-specific Hsp70 known
as BiP (or HSPAS5). Hsp70 family members are known to
be subject to regulation by post-translational modifica-
tion."” David Ron presented data on the post-transla-
tional AMPylation of BiP, a modification that his group
previously found to modify interactions with ER-lu-
minal JDPs.”’ BiP AMPylation is a metazoan-specific
adaptation that impacts organismal biology.”"”* David
showed that, in animals, BiP undergoes reversible
AMPylation and deAMPylation at Thr518, a highly
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conserved residue within the substrate binding domain
of BiP. This modification stalls BiP in its ATPase do-
main-docked state to which the effector J-domains of
co-chaperones interact unproductively. The bifunctional
ER-localized enzyme FICD is responsible for Thr518-
AMPylation and interestingly FICD mutations are as-
sociated with loss of neuronal fitness. So, non-produc-
tive BiP-J-domain interactions could underlie these
phenotypes.

Ryo Ushioda introduced functions of ER-luminal
DNAJC10/ERdj5 and BiP in maintaining ER home-
ostasis. ERdj5 contains 6 thioredoxin-like domains and
cleaves disulfide bridges in misfolded proteins, thereby
contributing to efficient retro-translocation during ER-
associated proteasomal degradation (ERAD).”’ ERdj5
also acts in the lumen to regulate calcium pumps and
channels in the ER membrane.”* ERdj5 exerts the re-
ciprocal regulatory function for disulfide-containing
inositol 1,4,5-trisphosphate receptors and sarcoplasmic/
endoplasmic reticulum Ca®*-ATPase 2b by sensing the
ER luminal calcium concentration.”*”” Thus, ERdj5 is a
multi-functional JDP acting in ERAD and ER-calcium
homeostasis.

There is a sub-family of ER-transmembrane JDPs
containing cytosolic J-domain that includes DNAJB12,
which recruits Hsp70 function on the cytoplasmic face
of the ER.” Doug Cyr presented evidence suggesting that
DNAJBI12 plays an essential role in organismal biology
by functioning with Hsp70 to prevent the accumulation
of toxic intermediates of misfolded membrane pro-
teins.”*”” DNAJB12, which has a J-domain in the cy-
tosol and a putative calcium-binding domain in the ER
lumen that are connected by a transmembrane domain,
recruits Hsp70 to function in the selection of globally
misfolded membrane proteins for ubiquitination and
degradation by ERAD. DNAJB12 and Hsp70 can also
target pools of kinetically trapped and ERAD-resistant
membrane proteins for selective degradation via ER-
associated autophagy. Hence, DNAJBI12 is critical for
the quality control of membrane proteins and ER-
homeostasis. In addition, loss of DNAJB12 predisposes
cells to apoptotic death” and DNAJB12's role in quality
control of membrane proteins is critical for ER-home-
ostasis.

JDP—Hsp70 interaction and regulation

Given the extent and diversity of the JDP family, one
wonders whether all of them interact with and regulate
the Hsp70 polypeptide binding and release cycle in a
similar manner or not. In eukaryotic cells, most nu-
clear-cytosolic Hsp70s contain a conserved EEVD motif

at the C-terminus which is implicated as a binding site
for cochaperones containing tetratricopeptide repeats.
The EEVD motif is also implicated in influencing in-
teractions of the Hsp70s C-termini with the polypeptide
binding domain. Interestingly, the J-domain of the yeast
class B JDP Sisl has also been reported to bind the
EEVD motif, suggesting a novel mechanism for co-
operation between Hsp70 by this class of JDPs.””*" The
same is true for mammalian class B JDPs.”" To explore
the nature of Sisl interactions with EEVD the group of
Carlos Ramos reported on recent NMR studies.”” He
presented NMR chemical shift assignments for 'H, '°N,
and ’C nuclei of the backbone and side chains of the J-
domain of Sisl, complexed with the C-terminal EEVD
motif of Hsp70. The data revealed information on the
structure and backbone dynamics that add significantly
to the understanding of the J-domain-Hsp70-EEVD
mechanism of interaction.

The canonical Hsp70 cycle as it is generally presented
in reviews was critically discussed at the meeting. The
cycle is usually depicted that JDPs first bind to the
polypeptide substrates, recruit Hsp70, and next hand
over the substrate to Hsp70 via stimulation of its
ATPase (by both the J-domain of the JDPs and sub-
strates) upon which the JDP is released from the sub-
strate-Hsp70 complex. Whereas this maybe consistent
with some JDP-Hsp70 functionalities—as in the bio-
genesis of iron-sulfur clusters’*—more and more data
now show that JDPs are not always released from the
substrate upon Hsp70 binding and that complexes with
substrates exist where both JDPs and (multiple) Hsp70s
are substrate-bound, for example, as in clathrin un-
coating” ** or amyloid disaggregation.”” What actually
then drives substrate release of JDPs remains to be
elucidated, but it was speculated to require forces
evoked by entropic pulling of (one or multiple) Hsp70s
to change the configuration of the JDP-binding site at
the substrate from a high to low-affinity state.”® This
would imply that, in some cases, the mechanism would
be more like a clip-off type rather than a hand-over. It
would also explain why Hsp70s seem dispensable for
some JDP activities at all, for example, in holding-like
functions based on low-affinity substrate interactions.

In the same general discussion, we also talked about
the role of the auto-inhibition that is seen for at least
some JDPs, where the Hsp70-interacting surface of the
helix 2/helix 3 hairpin of the J-domain is shielded by
helix 5 and/or 6, which is present in the G/F re-
gion.”" """ Besides stabilizing the unstructured regions
of these JDPs, the auto-inhibition might serve to prevent
unproductive Hsp70 recruitment, that is, to those
JDPs that are not substrates bound. The latter would
imply that JDP substrate binding would unlock this



Marszalek et al.

auto-inhibition, but this model currently lacks experi-
mental evidence. In addition, the EEVD of Hsp70s
might play a role in unlocking some JDPs”””' which
would extend the role of the EEVD in Hsp70 beyond
increasing the Hsp70 affinity for JDPs.

Class C JDPs

As discussed above, mitochondrial biogenesis requires
the contribution of each 1 of the 3 JDP classes. While
classes A and B have been extensively studied, in par-
ticular in connection with their role in protein refolding
and disaggregation, class C JDPs have attracted less
attention, with few well-known exceptions, possibly
owing to their staggering diversity within and between
organisms. This is nonetheless changing due to in-
creased recognition that class C JDPs are critical for a
myriad of different cellular processes performed by
Hsp70 systems. While studies of class C JDPs are in
most cases devoted to specific instances, often because
of their specific biological relevance, in the future the
collection of observations will likely provide a more
fundamental understanding of the triage role of this
highly divergent class of JDPs.

Simple architecture and well-characterized interac-
tions with Hsp70s and clients of some class C JDPs give
us the possibility of using them to address fundamental
questions about JDPs’ mechanism of action. Jaroslaw
Marszalek and co-workers exploited the specialized
class C JDP involved in the biogenesis of iron-sulfur
cluster-containing proteins in bacteria (HscB) and in
mitochondria (Hsc20) to elucidate how the client-bound
JDP recruits a Hsp70 partner. In this system, a struc-
turally rigid JDP-client complex recruits Hsp70 via
precise positioning of the J-domain and client at their
respective interaction sites with Hsp70- resulting in
functionally high-affinity interactions that arise from
avidity. While the high degree of avidity of this specia-
lized system may seem unusual, however, functionally
important avidity driven by JDP-client interactions is
likely sufficient to explain synergistic ATPase stimula-
tion and efficient substrate trapping in many JDP/
Hsp70 systems."’

Olivier Genest and Sébastien Dementin discussed the
atcJABC operon of Shewanella oneidensis, a bacterium
whose ability to absorb and reduce heavy metals sug-
gests the potential for applications in, for example,
wastewater treatment. The AtcJ protein is the shortest
class C JDP studied to date, comprising the J-domain
and a short, 21-residue C-terminal extension only. AtcJ
is required for bacterial growth at low temperature,
through a mechanism that has still to be elucidated."”

Because Atc proteins are conserved in several environ-
mental proteobacteria, they are likely to confer new, still
unresolved biological functions to DnaK (bacterial
Hsp70) for bacterial adaptation to stresses.”

Gregory L. Blatch provided an intriguing account of
the class C JDPs of Plasmodium falciparum (PfJDPs).
More than a third of the PfJDPs (18/49) are exported
with the goal to re-functionalize both the parasite and
host Hsp70s, thereby transforming the infected host
cells into vehicles of pathology. The increasing drug
resistance of the malarial parasite has triggered the need
to develop novel therapeutics, and the PfIDP-Hsp70
interaction interface may represent a potential novel
drug target. Preliminary virtual screening of a drug re-
purposing library identified some candidate com-
pounds.™

Compared to prokaryotes, eukaryotes, and in par-
ticular multicellular organisms, have seen a remark-
able expansion of their JDP repertoire,”” driven in
particular by an increasing number of class C mem-
bers, with plants outnumbering all other species:
Arabidopsis thaliana encodes for more than a hundred
JDPs, most of which are class C. Pierre Goloubinoff
described his recent findings about the molecular
mechanism of heat sensing in this model organism,
which starts at the membrane through the heat-in-
duced activation of the cyclic nucleotide-gated
channel 2. By yeast 2-hybrid screen, his group iden-
tified a plant-specific class C JDP that binds cyclic
nucleotide-gated channel 2. Mutations in these JDPs
affected the plant’s ability to produce Hsps in response
to an initial heat shock. Strikingly, these mutants
showed an even less efficient ability to produce Hsps
in response to subsequent heat shocks. These results
suggested a role for Hsp70s, guided by these plant-
specific JDPs, in recharging the heat-depolarized
thermo-sensory channels in the plasma membrane.

Human class C JDPs have also recently been the
focus of several studies, highlighting the participation
of Hsp70 chaperones in a plethora of cellular pro-
cesses. Colin Hammond showed that different Hsp70
isoforms participate in histone maintenance. In par-
ticular, he used structure-guided and functional pro-
teomics assays to reveal that DNAJC9 is a key JDP that
uses its N-terminal J-domain to recruit several Hsp70s
to histones, integrating these chaperones into the
DNA-replication and transcription-coupled nucleo-
some assembly pathways.”® This discovery is also
linked to original findings showing that prokaryotic
JDPs are engaged in DNA-related metabolism as was
highlighted by Maciej Zylicz.

Chaperoning of misfolded proteins is often associated
with the JDP-driven action of Hsp70s, not only through
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protein repair (protein disaggregation, unfolding and,
upon release, refolding to the native state) or protein
degradation, but also through delivery to different ve-
sicles. In 2 separate talks, Janice Braun and Yihong Ye
presented new results on DNAJC5 (CSPa-cysteine string
protein). Depending on its membrane localization,
whether at the Golgi or at the lysosome, DNAJC5-
mediated vesicle export into the extracellular space or
endolysosomes eliminate a diverse set of misfolded
proteins including misfolded a-synuclein, TDP-43, Tau,
SOD-1 and huntingtin among others. Yet, the full range
of DNAJCS5 secretion substrates is unknown.’”** Mu-
tations within DNAJCS5 are known to lead to adult-onset
neuronal ceroid lipofuscinosis a rapidly developing
neurodegenerative disease.”” Nevertheless, the precise
relation between DNAJCS5, its involvement in the se-
cretion of misfolded proteins, and the disease is still
unclear, as DNAJC5-deficient mice develop neurode-
generation whereas in vitro, adult-onset neuronal
ceroid lipofuscinosis-associated DNAJC5 mutations in-
hibit the secretion of misfolded proteins.

Sacsin (DNAJC29) is one of the longest human pro-
teins and the longest class C JDP. Some of its mutations
are related to Autosomal Recessive Spastic Ataxia of
Charlevoix-Saguenay, a neurodegenerative disorder
with a neurodevelopmental component. Paul Chapple
and co-workers undertook a comprehensive molecular
characterization of DNAJC29 knockout cells and used
structural modeling to investigate its chaperone func-
tion. He discussed results that suggest DNAJC29 is an
ATP-dependent molecular chaperone required for traf-
ficking and localization of synaptic adhesion proteins.”

Protein aggregation related to acute stress
and chronic diseases

An important issue in the field is still how Hsp70s and
JDPs deal with unfolded or misfolded proteins as they
arise after acute stress conditions such as heat shock
(which is how Hsps were discovered) or when mutant,
disease-related proteins are expressed that are asso-
ciated with the formation of disordered protein ag-
gregates or ordered, amyloid assemblies. Open
questions include which JDPs are involved, how and
where do they bind and where (both from the per-
spective of JDP and substrate side), if and how Hsp70s
are involved and recruited, and how the assemblies are
processed.

Rina Rosenzweig described a new binding site in class
A JDPs that can recognize the increase in dynamics and
transient breakage of hydrogen bonds in B-sheet-rich
proteins. Through this site, class A JDPs can bind and

stabilize these proteins at the initial stages of protein
misfolding. Interestingly, once bound to such misfolded
proteins, class A JDPs assemble into large oligomeric
particles, thus sequestering these clients. This mode of
sequestration of misfolding clients is reminiscent of the
mode of action of small Hsps.” ”° Rosenzweig and
coworkers propose that these class A JDP-client se-
questration complexes protect destabilized (-sheet-rich
proteins from more extensive misfolding and formation
of large aggregates during stress. Once the stress is al-
leviated, these complexes can be disassembled by the
Hsp70 chaperones, releasing the proteins into solution
that next rapidly can fold into their native states.

Harm Kampinga showed a comparable paradigm for
DNAIJB6. This class B JDP, which delays amyloidogen-
esis of multiple proteins (including polyQ proteins) as-
sociates with early condensates of polyQ and prevents
their transition from a liquid to an amyloid state,”
again mimicking an Hsp70 independent “holdase“ ac-
tion of small Hsps. Using an inducible-aggregation
system, Kampinga and coworkers provided evidence
that such an action may next support an Hsp70-de-
pendent fragmentation and autophagic clearance of the
substrates. In addition, he reported on their recent
findings that DNAJB6 is involved in the biogenesis of
nuclear pore complexes,”” which seems associated with
this holding function of DNAJB6 to substrates such as
the intrinsically disordered FG-repeats, which are in-
tegral components of the nuclear pore complex, thus
preventing their transition from a soluble to a solid
state. A prime feature of the absence of DNAJB6 is
impaired to nucleocytoplasmic shuttling, expanding the
repertoire of important cell biological functions that
JDPs are engaged in.

Another study on the suppression of aggregation of
neurodegenerative disease-associated proteins by JDPs
was reported by Reut Shalgi. She focused on a FUS
mutant that is related to amyotrophic lateral sclerosis.”®
A quantitative chaperone overexpression screen, not
only confirmed the broad anti-amyloidogenic capacities
of DNAJB6 and DNAJBS but also identified DNAJB12
and DNAJB14 as novel modulators of FUS aggrega-
tion.”” DNAJB12 and DNAJBI14 are 2 rather unexplored
homologous JDPs with an N-terminal a-helical domain
followed by the J-domain, a linker region, a trans-
membrane domain, and a C-terminal o/f-domain of
unknown function. Shalgi pointed out that shorter iso-
forms of both JDPs occur naturally. The short form of
DNAJB12 lacks the N-terminal a-helical domain and
the J-domain, whereas the short form of DNAJB14 only
consists of the N-terminal a-helical domain and lacks
the J-domain, the transmembrane domain, and the C-
terminal o/B-domain. The full-length isoforms of
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DNAJBI12 and DNAJB14 form a complex that potently
inhibited mutant FUS aggregation in an Hsp70-depen-
dent manner. In contrast, the short isoforms of
DNAJB12 and DNAJBI14, lacking the J domain and
thereby their ability to cooperate with Hsp70, do not
form a complex with each other and are unable to
suppress aggregation of mutant FUS. Surprisingly, the
isoforms of DNAJB12 had opposing effects on the ag-
gregation of polyQ huntingtin as compared to amyo-
trophic lateral sclerosis-related FUS. DNAJB12-short
significantly inhibited, while the full-length isoform of
DNAIJBI12 significantly enhanced HTT-polyQ aggrega-
tion.”” These findings highlight 3 contributing features
to Hsp70-JDP network complexity: JDP isoforms, JDP
heterodimers, and Hsp70-dependent and Hsp70-in-
dependent functions of JDPs.

What happens if protein aggregates are already
formed? How classes A and class B JDPs differ in re-
cognition and targeting of Hsp70s to amorphic ag-
gregates was studied in detail by Krzysztof Liberek and
colleagues using the yeast Saccharomyces cerevisiae
Hsp70 chaperone Ssal and its class A JDP Ydjl and
class B JDP Sisl as a model system. With real-time
biochemical tools, they showed that Sis1 attracts more
Hsp70 to amorphic aggregates than Ydj1.”® Presence of
Ssel, the nucleotide exchange factor, increased both the
association of Hsp70 and JDPs with aggregates and
subsequent disaggregation and refolding. The positive
effect of Ssel was more pronounced when Sisl was in-
volved and was dependent on Sis1’s ability to bind to the
EEVD motif at the C-terminus of Hsp70 Ssal, a trait
that is specific to class B JDPs and is absent in class A
JDPs.”*!

In bacteria, plants, and fungi, JDPs and Hsp70s have
been shown to cooperate with Hspl00 AAA+ dis-
aggregase for protein disaggregation, mostly resulting in
(partial) functional recovery of aggregated proteins.’” The
canonical Hsp1l00 AAA+ disaggregases, however, seem
to be absent in the metazoan cytosol. For efficient solu-
bilization of amorphous protein aggregates in metazoa, it
was shown previously that this is accomplished by hybrid
formation of class A and class B JDPs that next interact
with Hsp70 and the Hspll0 nucleotide exchange
factor.”” If and how the assembly of this protein dis-
aggregases is arranged in living cells, however, has re-
mained unanswered. Nadinath Nillegoda reported that
they, for the first time, selectively tracked the dis-
aggregases in human cells. In fact, they demonstrated the
hybrid DNAJA1-DNAJB1-Hsp70 disaggregases actually
act in tandem with yet another solubilization system,
comprising of the AAA+ protein VCP, to solubilize dif-
ferent populations of heat-induced aggregates in space
and time. Importantly, evidence was provided showing

that the assembly of the Hsp70-DNAJA1-DNAJB1 dis-
aggregase is severely hampered in human cells that un-
dergo replicative aging, leading to increased occurrences
of pathological protein aggregation.”’

How are pre-existing structured amyloid aggregates,
which likely present a more formidable barrier, han-
dled? Recent data showed that DNAJBI1 together with
Hsp70s and its nucleotide exchange factors Hsp110
(HSPH1 or Apg2) can disaggregate fibrils formed by
alpha-synuclein.’” Janine Kirstein had published earlier
that the same 3 proteins could reverse fibrils formed by
mutant huntingtin.°2 To do so, DNAJB1 binds with the
hinge region between the C-terminal domains 1 and 2 to
the prolines that flank the C-terminal end of the poly-
glutamine stretch in huntingtin. In fact, the interaction
could be narrowed down to a single amino acid (histi-
dine-244) within DNAJB1 that forms a hydrogen bond
with a glutamate residue in the hinge region, which
forms a binding platform for the specific interaction
with HTT. Mutation of histidine-244 abrogated any
chaperone activity toward huntingtin but was found to
have no effect on other protein substrates tested. These
data highlight how a generalist like DNAJB1 can use
distinct binding sites to provide specificity for their
protein substrates. Notably, Hsp70 (HSPAS8) was found
to interact with mutant huntingtin as well, but only in
the presence of DNAJBI1, and also bound to the same
proline-rich domain of HTT.*”

A question that also emerged lately is whether or
not breaking down amyloid fibrils is beneficial. For
many neurodegeneration-associated amyloid fibrils, it
has been shown that they can spread in a prion-like
manner from cell to cell. Hsp70s with their JDP
companions might contribute to spreading through
the fragmentation of amyloid fibrils into small oligo-
mers that could act as seeds.”*®” It is therefore of
prime importance to elucidate if and how chaperones
in general and JDPs in particular could modulate
adequate disposal of seeds, their growth, and their
transmission. In this regard, Lukasz Joachimiak re-
ported on the discovery of 2 JDPs that modify Tau
seeding in a cellular system. One of them, DNAJC7/
Tpr2, seems to bind natively folded Tau and prevents
aggregation in a seed-independent manner. In con-
trast, DNAJBS prefers tau seeds compared to inert
aggregation-resistant monomers. DNAJB8 forms
higher order assemblies, and a short phenylalanine-
based motif was identified that is necessary for
DNAJB8 oligomerization. Mutating the respective
phenylalanines to serine residues results in mono-
meric forms of DNAJBS that retain not only its activity
to prevent tau seeding but also the previously dis-
covered activity of delaying polyQ aggregation.®®
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How are chaperoned seeds next handled? As re-
folding is unlikely to be successful in this case, de-
gradation would be the preferred option to prevent
potentially toxic effects on the cells after all. Indeed, it
was shown previously that Hsp70 is closely integrated
into the process of degrading misfolded proteins and
hereto acts by maintaining misfolded proteins in a so-
luble state and targeting them to proteolysis by the
ubiquitin-proteasome system (UPS)- and autophagy-
dependent proteolysis.”” Recent comprehensive analysis
of peptides that Hsp70 binds show that they function as
UPS degrons, suggesting close integration of Hsp70 and
UPS at the level of substrate recognition.”® The same
appears to be true also for the autophagic removal of
protein aggregates. Claes Andréasson reported on how
yeast cells remove stable amyloid aggregates using an
Hsp70-dependent autophagy pathway. Hsp70 and JDPs
appear to function as a recognition component not only
in the UPS but also when targeting persistent protein
aggregates for autophagy. This targeting is linked to the
NEF-mediated substrate release from Hsp70.

Yeast prions

The model organism S cerevisiae (yeast) is particularly
suitable for investigations of the assembly, disassembly,
and, more generally, control of amyloid-like structures
formed by endogenous prion proteins. Yeast contains
more than 10 natural prions, the best studied of which
are [URE3], [PSI'], and [PIN*].°>"" Justin Hines re-
ported on his investigations on the influence of JDPs on
prion propagation in S cerevisiae and which and how
JDPs support the action of high levels of the
AAA+ disaggregase Hspl04 in “curing” yeast cells of
prions, that is, leading from prion-infected cells to
prion-free progeny by several different mechanisms. Of
the 13 yeast nuclear-cytoplasmic JDPs, only the deple-
tion of the class A JDP Apjl and the class B JDP Sisl
impair Hspl04-mediated curing of yeast cells, and
overexpression of Apjl and Sisl enhance Hspl04-
mediated curing. In contrast, overexpression of Ydjl
prevents Hspl04-mediated curing. A truncation variant
of Sisl (Sis1(1-121)), that only contains the J-domain
and the N-terminal fragment of G/F rich region but not
the G/M rich region nor the C-terminal client binding
and dimerization domains, was able to support yeast
growth and to maintain strong but not weak [PSI*]
variants (strong and weak characterizing the strength of
the prion phenotype). However, Sis1(1-121) did not
allow curing of the strong [PSI*] prion by over-
expression of Hsp104.”" Similarly, truncation constructs

of Apjl containing the N-terminal J-domain and the
glycine/phenylalanine/glutamine/serine-rich region
(Apj1(1-161)) allowed curing of the strong [PSI*] and
replacement of the J-domain and glycine/phenylala-
nine/glutamine/serine rich-region of Apjl by the J-do-
main and G/F-region of Ydj1 blocked Hsp104-mediated
curing of the prion. These data indicate that the key
functions important for assisting Hspl04-mediated
curing reside in this region of the JDP.””

Dan Masison provided evidence that human DNAJB6
cures yeast cells of toxic, structurally similar [URE3]
and weak [PSI*] prions. In contrast, DNAJB6 does not
cure yeast cells of strong [PSI*] prions but protects them
from prion-associated toxicity. So, DNAJB6 anti-amy-
loid activity is limited by amyloid structure, not the
protein composing it. In addition, DNAJB6-mediated
protection from amyloid toxicity seems to be mechan-
istically different from the protection provided by the
yeast class B JDP Sis1. DNAJB6 also protects yeast cells
from the toxicity of Huntingtin (Htt)-related poly-
glutamine (polyQ). DNAJB6 sequesters and colocalizes
with the polyQ aggregates in insoluble protein deposit.
The insoluble protein deposit was previously found as a
perivacuolar site where terminally aggregated proteins
like Htt-Q103 and the yeast prion Rnql accumulate in
an immobile state.”””* Protection from toxicity needs
the C-terminal domain of DNAJB6 and colocalization
with dispersed polyQ aggregates, but not the seques-
tration of polyQ aggregates. In contrast, the sequestra-
tion of polyQ aggregates by DNAJB6 requires
interaction with Hsp70, whereas the protective effect of
DNAJB6 seems to be Hsp70-independent. Therefore,
DNAJB6-mediated protection from polyQ toxicity and
sequestration of polyQ aggregates are separable:
DNAJB6 cooperation with Hsp70 is required for se-
questration of polyQ aggregates, but sequestration alone
is insufficient to protect cells.

Due to the high conservation of the chaperone sys-
tems, yeast is also suitable for testing the functionality of
proteins from other organisms, such as plants and hu-
mans, on yeast prions. Chandan Sahi reported the
identification of 8 class B JDPs in A. thaliana that are
homologs of yeast Sisl and that colocalize with the
AAA+ disaggregase Hsp101 (the Hsp104/ClpB homolog)
to heat-induced aggregates. Sahi provided evidence that
the inactivation of one of the JDPs resulted in a sig-
nificant reduction of acquired thermotolerance. Six of the
JDPs were able to replace the essential Sisl in yeast and
supported [PSI™] propagation, suggesting that they could
also assist remodeling of amyloid aggregates in plants,
thereby potentially working as epigenetic modifiers of
plant growth and development.”
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Fig. 1 Group photo.
Drugs modulating JDP-Hsp70 activity

The myriad of JDP-Hsp70 pairs in eukaryotic cells play
both general and specific roles in cellular physiology, so
pharmacological modulation of these functions could be
of therapeutic interest. Jeff Brodsky presented on the
development of a series of inhibitors that specifically
blunt or enhance the ability of JDPs to activate the
Hsp70 ATPase activity.””’” Specifically, these molecules
bind at the interface of the Hsp70 and the JDP to either
promote or block the protein-protein interaction.”” He
showed that in cellular models that recapitulate a-sy-
nuclein and huntingtin aggregation, a lead agonist was
able to reduce the accumulation of cellular ag-
gregates.”” Jason Gestwicki reported on his progress in
designing drugs that can even interfere with specific
JDP-Hsp70 interactions as well as on his design of en-
gineered J-domains. It is yet too early to state if any of
these will have therapeutic potential, but it is clear that
these efforts will provide the field with novel tools for
both biochemical experiments and modulating the
function of JDPs and Hsp70s in complex cellular
systems.

Hsp70-independent functions of JDPs

For Hsp70 to function, it has been long proposed that at
minimum 1 JDP and most commonly 1 nucleotide ex-
change factor was needed. Inversely, however, data are
emerging to suggest that JDPs have functional roles
beyond their partnership with Hsp70s. In fact, the
binding of JDPs to substrates does not require Hsp70
and, as stated above, provides some of them with a
chaperone-like activity that resembles that of small
Hsps. Whether this suffices to lead to productive effects
on their substrates remains elusive and, in many cases,
still requires transfer to, or clipping by, Hsp70s.
However, there are other new data emerging that JDPs
do indeed exhibit Hsp70-independent functions. One of
these was presented by Johannes Buchner and concerns
a novel coupling factor, NudC. NudC was identified in a

CRISPR screen in collaboration with the lab of Martin
Kampmann.” The results show that NudC, like Hsp70/
Hsp90 coupling factors, affects the folding and activa-
tion of the Glucocorticoid receptor (GR). Whereas GR
biogenesis is generally dependent on a sequentially
coupled activity of Hsp70 and Hsp90, the surprising
finding was that NudC binds not only to Hsp90 but also
to JDPs. This allows for the formation of a trimeric
NudC-JDP-GR complex in which GR is directly trans-
ferred from the JDP to Hsp90, without the involvement
of Hsp70.

Concluding remarks

This second specialized meeting on JDPs highlighted
many novel discoveries in the field, pointing toward a
much more central role of JDPs in protein quality
control than previously assumed. Even though JDPs are
the largest family of chaperones in most species, the
number of their representatives in each organism is
nonetheless limited, and thus, as the data show, in-
dividual JDP members show great flexibility in handling
multiple different substrates with great versatility to
orchestrate cellular protein quality control at many
different levels, with relevance to many different major
cellular functions. New modes of action, both with and
without engagement of Hsp70, are being discovered and
JDP-targeting drugs are on the horizon as research tools
and maybe as future therapeutics for diseases in which
protein quality control is impaired or overwhelmed

(Fig. 1).

Data Availability Statement No data was used for the research
described in the article.

Funding information The organizers would like to thank the Cell
Stress Society International for their generous financial support of
the workshop. We also thank the Rector of the University of
Gdansk, the Dean of the Intercollegiate Faculty of Biotechnology,
University of Gdansk and Medical University of Gdansk for
financial and organizational support. We thank the Journal of
Biological Chemistry for financial support.



J-domain proteins: From molecular mechanisms to diseases

Declaration of interests The authors declare that they have no
known competing financial interests or personal relationships
that could have appeared to influence the work reported in this
paper.

Acknowledgments The authors would like to gratefully thank the
other participants of this conference (Johannes Buchner, Yury
Bykov, Ofrah Faust, Johannes Herrmann, Dan Masison, Axel
Mogk, Doron Rapaport, Rina Rosenzweig) who preferred not to
be listed as co-authors, for sharing their, often unpublished, data.

References

10.

11.

12.

. Zylicz M, Yamamoto T, McKittrick N, Sell S, Georgopoulos

C. Purification and properties of the dnaJ replication protein
of Escherichia coli. J Biol Chem. 1985;260:7591-7598. https://
www.jbc.org/article/S0021-9258(17)39649-7/pdf.

. Liberek K, Georgopoulos C, Zylicz M. Role of the Escherichia

coli DnaK and Dnal heat shock proteins in the initiation of
bacteriophage lambda DNA replication. Proc Natl Acad Sci
USA. 1988;85:6632-6636. https://doi.org/10.1073/pnas.85.18.
6632

. Skowyra D, Georgopoulos C, Zylicz M. The E. coli dnaK gene

product, the hsp70 homolog, can reactivate heat-inactivated
RNA polymerase in an ATP hydrolysis-dependent manner.
Cell. 1990;62(1990):939-944. https://doi.org/10.1016/0092-
8674(90)90268-j

. Liberek K, Marszalek J, Ang D, Georgopoulos C, Zylicz M.

Escherichia coli DnaJ and GrpE heat shock proteins jointly
stimulate ATPase activity of DnaK. Proc Natl Acad Sci USA.
1991;88:2874-2878. https://doi.org/10.1073/pnas.88.7.2874

. Malinverni D, Zamuner S, Rebeaud ME, Barducci A,

Nillegoda NB, De Los Rios P. Data-driven large-scale
genomic analysis reveals an intricate phylogenetic and
functional landscape in J-domain proteins. Proc Natl Acad
Sci USA. 2023;120:e2218217120. https://doi.org/10.1073/
pnas.2218217120

. Zhang R, Malinverni D, Cyr DM, Rios PL, Nillegoda NB. J-

domain protein chaperone circuits in proteostasis and dis-
ease. Trends Cell Biol. 2023;33:30-47. https://doi.org/10.1016/
j-tcb.2022.05.004

. Kampinga HH, Craig CA. The HSP70 chaperone machinery:

J proteins as drivers of functional specificity. Nat Rev Mol Cell
Biol. 2010;11:579-592. https://doi.org/10.1038/nrm2941

. Craig EA, Marszalek J. How do J-proteins get Hsp70 to do so

many different things? Trends Biochem Sci. 2017;42:355-368.
https://doi.org/10.1016/j.tibs.2017.02.007

. Barriot R, Latour J, Castanié-Cornet MP, Fichant G,

Genevaux P. J-domain proteins in bacteria and their viruses.
J Mol Biol. 2020;432:3771-3789. https://doi.org/10.1016/].
jmb.2020.04.014

Kmiecik SW, Le Breton L, Mayer MP. Feedback regulation of
heat shock factor 1 (Hsf1) activity by Hsp70-mediated trimer
unzipping and dissociation from DNA. EMBO J.
2020;39:2104096. https://doi.org/10.15252/embj.2019104096
Zhang Y, Valentin Gesé G, Conz C, et al. The ribosome-as-
sociated complex RAC serves in a relay that directs nascent
chains to Ssb. Nat Commun. 2020;11:1504. https://doi.org/10.
1038/s41467-020-15313-w

Gumiero A, Conz C, Gesé GV, et al. Interaction of the co-
translational Hsp70 Ssb with ribosomal proteins and rRNA

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

depends on its lid domain. Nat Commun. 2016;7:13563.
https://doi.org/10.1038/ncomms13563

Doring K, Ahmed N, Riemer T, et al. Profiling Ssb-nascent
chain interactions reveals principles of Hsp70-assisted folding.
Cell. 2017;170:298-311. https://doi.org/10.1016/j.cell.2017.06.
038

Galmozzi CV, Merker D, Friedrich UA, Déring K, Kramer G.
Selective ribosome profiling to study interactions of trans-
lating ribosomes in yeast. Nat Protoc. 2019;14:2279-2317.
https://doi.org/10.1038/s41596-019-0185-z

Jores T, Lawatscheck J, Beke V, et al. Cytosolic Hsp70 and
Hsp40 chaperones enable the biogenesis of mitochondrial -
barrel proteins. J Cell Biol. 2018;217:3091-3108. https://doi.
org/10.1083/jcb.201712029

Drwesh L, Heim B, Graf M, et al. A network of cytosolic (co)
chaperones promotes the biogenesis of mitochondrial signal-
anchored outer membrane proteins. Elife. 2022;11:€77706.
https://doi.org/10.7554/eLife.77706

Koch C, Rischle M, Prescianotto-Baschong C, Spang A,
Herrmann JM. The ER-SURF pathway uses ER-mitochondria
contact sites for protein targeting to mitochondria. BioRxiv;
2023. https://doi.org/10.1101/2023.08.10.552816.

Mokranjac D. How to get to the other side of the mitochon-
drial inner membrane: The protein import motor. Biol Chem.
2020;401:723-736. https://doi.org/10.1515/hsz-2020-0106
Zhang H, Gong W, Wu S, Perrett S. Hsp70 in redox
homeostasis. Cells. 2022;11:829. https://doi.org/10.3390/
cells11050829

Preissler S, Rohland L, Yan Y, Chen R, Read RJ, Ron D.
AMPylation targets the rate-limiting step of BiP’s ATPase
cycle for its functional inactivation. Elife. 2017;6:€29428.
https://doi.org/10.7554/eLife.29428

Rebelo AP, Ruiz A, Dohrn MF, et al. BiP inactivation due to
loss of the deAMPylation function of FICD causes a motor
neuron disease. Genet Med. 2022;24:2487-2500. https://doi.
0rg/10.1016/.gim.2022.08.019

Perera LA, Hattersley AT, Harding HP, et al. Infancy-onset
diabetes caused by de-regulated AMPylation of the human
endoplasmic reticulum chaperone BiP. EMBO Mol Med.
2023;15:e16491. https://doi.org/10.15252/emmm.202216491
Ushioda R, Hoseki J, Araki K, Jansen G, Thomas DY, Nagata
K. ERdj5 is required as a disulfide reductase for degradation of
misfolded proteins in the ER. Science. 2008;321:569-572.
https://doi.org/10.1126/science.1159293

Ushioda R, Miyamoto A, Inoue M, et al. Redox-assisted reg-
ulation of Ca2+ homeostasis in the endoplasmic reticulum by
disulfide reductase ERdj5. Proc Natl Acad Sci USA.
2016;113:E6055-E6063. https://doi.org/10.1073/pnas.1605818113
Fujii S, Ushioda R, Nagata K. Redox states in the endoplasmic
reticulum directly regulate the activity of calcium channel, in-
ositol 1,4,5-trisphosphate receptors. Proc Natl Acad Sci USA.
2023;120:€2216857120. https://doi.org/10.1073/pnas.2216857120
He L, Kennedy AS, Houck S, et al. DNAJB12 and Hsp70 triage
arrested intermediates of N1303K-CFTR for endoplasmic re-
ticulum-associated autophagy. Mol Biol Cell. 2021;32:538-553.
https://doi.org/10.1091/mbc.E20-11-0688

Kennedy A, Ren HY, Madden VJ, Cyr DM. Lysosome docking
to WIPI1 rings and ER-connected phagophores occurs during
DNAJB12- and GABARAP-dependent selective autophagy of
misfolded P23H-rhodopsin. Mol Biol Cell. 2022;33:ar84.
https://doi.org/10.1091/mbc.E21-10-0505

Sopha P, Ren HY, Grove DE, Cyr DM. Endoplasmic re-
ticulum stress-induced degradation of DNAJB12 stimu-
lates BOK accumulation and primes cancer cells for



Marszalek et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

apoptosis. J Biol Chem. 2017;292:11792-11803. https://doi.
org/10.1074/jbc.M117.785113

Yu HY, Ziegelhoffer T, Osipiuk J, et al. Roles of in-
tramolecular and intermolecular interactions in functional
regulation of the Hsp70 J-protein co-chaperone Sisl. J Mol
Biol. 2015;427:1632-1643. https://doi.org/10.1016/j,jmb.2015.
02.007

Cyr DM, Ramos CH. Specification of Hsp70 Function by
Hsp40 Co-chaperones. Subcell Biochem. 2023;101:127-139.
https://doi.org/10.1007/978-3-031-14740-1_4

Faust O, Abayev-Avraham M, Wentink AS, et al. HSP40
proteins use class-specific regulation to drive HSP70 func-
tional diversity. Nature. 2020;587:489-494. https://doi.org/10.
1038/s41586-020-2906-4

Matos CO, Pinheiro GMS, Ramos CHI, Almeida FCL.
Backbone and sidechain NMR assignments of residues 1-81
from yeast Sisl in complex with an Hsp70 C-terminal EEVD
peptide. Biomol NMR Assign. 2023;17:239-242. https://doi.
org/10.1007/s12104-023-10148-0

Kleczewska M, Grabinska A, Jelen M, et al. Biochemical
convergence of mitochondrial Hsp70 system specialized in
iron-sulfur cluster biogenesis. Int J Mol Sci. 2020;21:3326.
https://doi.org/10.3390/ijms21093326

Fotin A, Cheng Y, Grigorieff N, Walz T, Harrison SC,
Kirchhausen T. Structure of an auxilin-bound clathrin coat
and its implications for the mechanism of uncoating. Nature.
2004;432:649-653. https://doi.org/10.1038/nature03078

Xing Y, Bocking T, Wolf M, Grigorieff N, Kirchhausen T,
Harrison SC. Structure of clathrin coat with bound Hsc70 and
auxilin: Mechanism of Hsc70-facilitated disassembly. EMBO J.
2010;29:655-665. https://doi.org/10.1038/emboj.2009.383
Sousa R, Liao HS, Cuéllar J, et al. Clathrin-coat disassembly
illuminates the mechanisms of Hsp70 force generation. Nat
Struct Mol Biol. 2016;23:821-829. https://doi.org/10.1038/
nsmb.3272

Wentink AS, Nillegoda NB, Feufel J, et al. Molecular dissec-
tion of amyloid disaggregation by human HSP70. Nature.
2020;587:483-488. https://doi.org/10.1038/s41586-020-2904-6
De Los Rios P, Ben-Zvi A, Slutsky O, Azem A, Goloubinoff P.
Hsp70 chaperones accelerate protein translocation and the
unfolding of stable protein aggregates by entropic pulling.
Proc Natl Acad Sci USA. 2006;103:6166-6171. https://doi.org/
10.1073/pnas.0510496103

Karamanos TK, Tugarinov V, Clore GM. Unraveling the
structure and dynamics of the human DNAJB6b chaperone by
NMR reveals insights into Hsp40-mediated proteostasis. Proc
Natl Acad Sci USA. 2019;116:21529-21538. https://doi.org/10.
1073/pnas.1914999116

Ryder BD, Matlahov I, Bali S, Vaquer-Alicea J, van der Wel
PCA, Joachimiak LA. Regulatory inter-domain interactions
influence Hsp70 recruitment to the DnaJB8 chaperone. Nat
Commun. 2021;12:946. https://doi.org/10.1038/s41467-021-
21147-x

Jelen M, Grochowina I, Grabinska-Rogala A, et al. Analysis of
reconstituted tripartite complex supports avidity-based re-
cruitment of Hsp70 by substrate bound J-domain protein. J
Mol Biol. 2023;435:168283. https://doi.org/10.1016/j.jmb.2023.
168283

Maillot NJ, Honoré FA, Byrne D, Méjean V, Genest O. Cold
adaptation in the environmental bacterium Shewanella onei-
densis is controlled by a J-domain co-chaperone protein net-
work. Commun Biol. 2019;2:323. https://doi.org/10.1038/
$42003-019-0567-3

Weber L, Gilat A, Maillot N, et al. Bacterial adaptation to
cold: Conservation of a short J-domain co-chaperone and its

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

protein partners in environmental proteobacteria. Environ
Microbiol. 2023;25(11):2447-2464. https://doi.org/10.1111/
1462-2920.16478

. Singh H, Almaazmi SY, Dutta T, Keyzers RA, Blatch GL. In

silico identification of modulators of J domain protein-Hsp70
interactions in Plasmodium falciparum: A drug repurposing
strategy against malaria. Front Mol Biosci. 2023;10:1158912.
https://doi.org/10.3389/fmolb.2023.1158912

Rebeaud ME, Mallik S, Goloubinoff P, Tawfik DS. On the evo-
lution of chaperones and cochaperones and the expansion of
proteomes across the Tree of Life. Proc Natl Acad Sci USA.
2021;18:€2020885118. https://doi.org/10.1073/pnas.2020885118
Hammond CM, Bao H, Hendriks IA, et al. DNAJC9 integrates
heat shock molecular chaperones into the histone chaperone
network. Mol Cell. 2021;81:2533-2548. https://doi.org/10.
1016/j.molcel.2021.03.041

Pink D, Donnelier J, Lewis JD, Braun JEA. Cysteine string
protein controls two routes of export for misfolded huntingtin.
Front Neurosci. 2022;15:762439. https://doi.org/10.3389/fnins.
2021.762439

Lee J, Xu Y, Ye Y. Safeguarding lysosomal homeostasis by
DNAJC5/CSPa-mediated unconventional protein secretion
and endosomal microautophagy. Front Cell Dev Biol.
2022;10:906453. https://doi.org/10.3389/fcell.2022.906453

Lee J, Xu Y, Saidi L, Xu M, Zinsmaier K, Ye Y. Abnormal
triaging of misfolded proteins by adult neuronal ceroid lipo-
fuscinosis-associated DNAJC5/CSPa mutants causes lipo-
fuscin accumulation. Autophagy. 2023;19:204-223. https://doi.
org/10.1080/15548627.2022.2065618

Romano LEL, Aw WY, Hixson KM, et al. Multi-omic profiling
reveals the ataxia protein sacsin is required for integrin traf-
ficking and synaptic organization. Cell Rep. 2022;41:111580.
https://doi.org/10.1016/j.celrep.2022.111580

Ungelenk S, Moayed F, Ho CT, et al. Small heat shock
proteins sequester misfolding proteins in near-native
conformation for cellular protection and efficient re-
folding. Nat Commun. 2016;7:13673. https://doi.org/10.
1038/ncomms13673

Zwirowski S, Klosowska A, Obuchowski I, et al. Hsp70 dis-
places small heat shock proteins from aggregates to initiate
protein refolding. EMBO J. 2017;36:783-796. https://doi.org/
10.15252/embj.201593378

Haslbeck M, Weinkauf S, Buchner J. Small heat shock
proteins: Simplicity meets complexity. J Biol Chem.
2019;294:2121-2132. https://doi.org/10.1074/jbc.REV118.
002809

Preusser de Mattos E, Kolbe Musskopf M, Bergink S,
Kampinga HH. In vivo suppression of polyglutamine ag-
gregation via co-condensation of the molecular chaperone
DNAJB6. bioRxiv; 2022. https://doi.org/10.1101/2022.08.23.
504914.

Kuiper EFE, Gallardo P, Bergsma T, et al. The chaperone
DNAJB6 surveils FG-nucleoporins and is required for interphase
nuclear pore complex biogenesis. Nat Cell Biol
2022;24:1584-1594. https://doi.org/10.1038/s41556-022-01010-x
Guerrero EN, Wang H, Mitra J, et al. TDP-43/FUS in motor
neuron disease: Complexity and challenges. Prog Neurobiol.
2016;145-146:78-97. https://doi.org/10.1016/j.pneurobio.2016.
09.004

Rozales K, Younis A, Saida N, et al. Differential roles for
DNALJ isoforms in HTT-polyQ and FUS aggregation modula-
tion revealed by chaperone screens. Nat Commun.
2022;13:516. https://doi.org/10.1038/s41467-022-27982-w
Wyszkowski H, Janta A, Sztangierska W, et al. Class-specific
interactions between Sisl J-domain protein and Hsp70



J-domain proteins: From molecular mechanisms to diseases

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

chaperone potentiate disaggregation of misfolded proteins.
Proc Natl Acad Sci USA. 2021;118:€2108163118. https://doi.
0rg/10.1073/pnas.2108163118

Mogk A, Bukau B, Kampinga HH. Cellular handling of pro-
tein aggregates by disaggregation machines. Mol Cell
2018;69:214-226. https://doi.org/10.1016/j.molcel.2018.01.004
Nillegoda NB, Kirstein J, Szlachcic A, et al. Crucial HSP70 co-
chaperone complex unlocks metazoan protein disaggregation.
Nature. 2015;524:247-251. https://doi.org/10.1038/
naturel4884

Mathangasinghe Y, Alberts N, Rosado CJ, et al. Replicative
aging impedes stress-induced assembly of a key human pro-
tein disaggregase. bioRxiv; 2023. https://doi.org/10.1101/2022.
06.25.497591.

Scior A, Arnsburg K, Iburg M, et al. Complete suppression of
Htt fibrillization and disaggregation of Htt fibrils by a trimeric
chaperone complex. EMBO J. 2021;40:e109413. https://doi.
0rg/10.15252/embj.2021109413

Ayala Mariscal SM, Pigazzini ML, Richter Y, et al
Identification of a HTT-specific binding motif in DNAJB1
essential for suppression and disaggregation of HTT. Nat
Commun. 2022;13:4692. https://doi.org/10.1038/s41467-022-
32370-5

Nachman E, Wentink AS, Madiona K, et al. Disassembly
of Tau fibrils by the human Hsp70 disaggregation ma-
chinery generates small seeding-competent species. J Biol
Chem. 2020;295:9676-9690. https://doi.org/10.1074/jbc.
RA120.013478

Tittelmeier J, Sandhof CA, Ries HM, et al. The HSP110/HSP70
disaggregation system generates spreading-competent toxic a-
synuclein species. EMBO J. 2020;39:103954. https://doi.org/
10.15252/embj.2019103954

Ryder BD, Boyer DR, Ustyantseva E, et al. DNAJBS oligo-
merization is mediated by an aromatic-rich motif that is dis-
pensable for substrate activity. bioRxiv; 2023. https://doi.org/
10.1101/2023.03.06.531355.

Kettern N, Dreiseidler M, Tawo R, Hohfeld J. Chaperone-as-
sisted degradation: Multiple paths to destruction. Biol Chem.
2010;391:481-489. https://doi.org/10.1515/BC.2010.058
Abildgaard AB, Voutsinos V, Petersen SD, et al. HSP70-
binding motifs function as protein quality control degrons.
Cell Mol Life Sci. 2023;80:32. https://doi.org/10.1007/s00018-
022-04679-3

Barbitoff YA, Matveenko AG, Zhouravleva GA. Differential
interactions of molecular chaperones and yeast prions.
J Fungi. 2022;8:122. https://doi.org/10.3390/jof8020122

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Chernoff YO, Grizel AV, Rubel AA, Zelinsky AA,
Chandramowlishwaran P, Chernova TA. Application of yeast
to studying amyloid and prion diseases. Adv Genet.
2020;105:293-380.  https://doi.org/10.1016/bs.adgen.2020.01.
002

Astor MT, Kamiya E, Sporn ZA, Berger SE, Hines JK. Variant-
specific and reciprocal Hsp40 functions in Hsp104-mediated
prion elimination. Mol Microbiol. 2018;109:41-62. https://doi.
0rg/10.1111/mmi.13966

Berger SE, Nolte AM, Kamiya E, Hines JK. Three J-proteins
impact Hsp104-mediated variant-specific prion elimination: A
new critical role for a low-complexity domain. Curr Genet.
2020;66:51-58. https://doi.org/10.1007/s00294-019-01006-5
Kaganovich D, Kopito R, Frydman J. Misfolded proteins
partition between two distinct quality control compartments.
Nature. 2008;454:1088-1095. https://doi.org/10.1038/
nature07195

Miller SBM, Mogk A, Bukau B. Spatially organized aggrega-
tion of misfolded proteins as cellular stress defense strategy.
J Mol Biol. 2015;427:1564-1574. https://doi.org/10.1016/j.jmb.
2015.02.006

Tak Y, Lal SS, Gopan S, et al. Identification of sub-
functionalized aggregate-remodeling J-domain proteins in
Arabidopsis thaliana. J Exp Bot. 2023;74:1705-1722. https://
doi.org/10.1093/jxb/erac514

Sabnis AJ, Guerriero CJ, Olivas V, et al. Combined chemical-ge-
netic approach identifies cytosolic HSP70 dependence in rhab-
domyosarcoma. Proc Natl Acad Sci USA. 2016;113:9015-9020.
https://doi.org/10.1073/pnas.1603883113

Shao H, Taguwa S, Gilbert L, et al. A campaign targeting a
conserved Hsp70 binding site uncovers how subcellular
localization is linked to distinct biological activities. Cell
Chem Biol. 2022;29:1303-1316.e3. https://doi.org/10.1016/j.
chembiol.2022.06.006

Wisén S, Bertelsen EB, Thompson AD, et al. Binding of a
small molecule at a protein-protein interface regulates the
chaperone activity of hsp70-hsp40. ACS Chem Biol.
2010;5:611-622. https://doi.org/10.1021/cb1000422

Chiang AN, Liang M, Dominguez-Meijide A, et al. Synthesis
and evaluation of esterified Hsp70 agonists in cellular models
of protein aggregation and folding. Bioorg Med Chem.
2019;27:79-91. https://doi.org/10.1016/j.bmc.2018.11.011
Biebl MM, Delhommel F, Faust O, et al. NudC guides client
transfer between the Hsp40/70 and Hsp90chaperone systems.
Mol Cell. 2022;82:555-569. https://doi.org/10.1016/j.molcel.
2021.12.031



	J-domain proteins: From molecular mechanisms to diseases
	Introduction to the meeting
	JDP evolution
	JDP involvement in the regulation of the heat shock response
	The Hsp70 cycle—co-translational folding
	Biogenesis of mitochondrial proteins
	ER-resident JDPs
	JDP—Hsp70 interaction and regulation
	Class C JDPs
	Protein aggregation related to acute stress and chronic diseases
	Yeast prions
	Drugs modulating JDP-Hsp70 activity
	Hsp70-independent functions of JDPs
	Concluding remarks
	Data Availability Statement
	Funding information
	Declaration of interests
	Acknowledgments
	References




