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Abstract

The “Bioénergétique et Ingénierie des Protéine®)Blaboratory, CNRS (France), organized
its first French workshop on molecular chaperor@gins and protein folding in November
2017. The goal of this workshop was to gather $igEnworking in France on chaperone
proteins and protein folding. This initiative wasgeeat success with excellent talks and
fruitful discussions. The highlights were on thesa@tion of unexpected functions and
posttranslational regulation of known molecular pgranes (such as Hsp90, Hsp33, SecB,
GroEL) and on state-of-the-art methods to tacklestjons related to this theme, including
Cryo-electron microscopy, Nuclear Magnetic ResorafiiMR), Electron Paramagnetic
Resonance (EPR), simulation and modeling. We expemtganize a second workshop in two
years that will include more scientists workindrance in the chaperone field.

Keywords: Chaperone proteins, multifunctionality, plasticitglding/misfolding,

aggregation, structural dynamics.



1. Introduction

The concept of molecular chaperones originates titwrview that even though the structure
(or absence of structure) of proteins is encodedth®yr primary amino acid sequence,
sometimes they require “helper” proteins to redwhrtfunctional three-dimensional structure
and avoid aggregation or degradation. The term alkoular chaperone was first coined to
describe the function of a protein that assistsagsembly of folded subunits into oligomeric
protein complexes [1], and later was extended tepn folding [2]. A consensus now
emerges to define molecular chaperones as a divgnagp of proteins that assist the
folding/unfolding of other proteins and the fornoatidissociation of macromolecular
complexes without being a component of the finamptex. Molecular chaperones are
involved in a wide range of biological processed play key roles in all living organisms.
They can be used or targeted for many medical, remviental or biotechnological
applications.

At the end of November 2017, the Laboratory of ‘@iergétique et Ingénierie des Protéines”
(BIP, Marseille) organized a workshop bringing tibge about fifty participants with guest
speakers from France and one from Switzerland. @uacinitiative had already been carried
out in Europe, as for example in the United Kingd@) and in the Netherlands. Meetings
of this type are intended to improve communicatigthin an emergent community and to
increase collaborations and visibility at natioaatl international levels.

In this report, we give an overview of the lectu(Egyure 1). The first part focuses on the
large panel of functions general chaperones magnaglish in various cellular processes
under physiological as well as stressful conditjoeeowing an astonishing functional
diversity. The two following sections concern chapes that present particular features like
intrinsic disorder and flexibility, and specific agperones dedicated to a unique client. Here
again, the diversity of the function of chaperorgeslustrated. Finally, innovative techniques
and tools to study or simulate chaperone behailwas were exposed at the workshop are

recorded in the last section of the report.

2. Breakthrough in known chaperones

General chaperones are proteins that maintain getatsis in cells by preventing protein
aggregation, helping in the native folding, activatand targeting of a large array of client
proteins, in contrast to specific chaperones thatusually dedicated to a unique substrate.
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Some general chaperones require ATP for their fomctwhereas others are ATP-
independent proteins. General chaperones have betmsively studied. Therefore, to
continue making exciting breakthrough, original lasgof research including unexplored

model organisms and new chaperone discovery acedee

2.1. ATP and general chaperones

Protein homeostasis in cells depends on energydoang processes. For instance, novo
protein synthesis requires ATP hydrolysis for p#gtibond formation, and controlled
degradation by the chaperone-gated proteases esqAilP hydrolysis to unfold target
proteins and render their peptide bonds accessilaydrolysis. During and following
translation, different classes of molecular chapesorequire ATP hydrolysis to control the
conformational state of proteins and favor theildifty into their active conformation.
Furthermore, ATP-fueled unfolding chaperones, sashHsp70, Hsp110 and Hspl104 can
dynamically solubilize and reactivate stable protaggregates that are formed under certain
stress.

Pierre Goloubinoff (keynote lecture, Université de Lausanne, Swisret) explained how he
and his colleagues show, using various biochenasadys and physical modelling, that the
highly conserved chaperones Hsp60 and Hsp70 bygaas ATP-powered unfolding
enzymes, can inject the energy liberated by ATPlydis to destabilize misfolded
polypeptides. By doing so iteratively at each ATyele, these chaperones can artificially
repopulate and transiently maintain the nativeegpapulation of their substrate proteins, even
under conditions that according to equilibrium thedynamics, disfavor the native state. By
acting as catalytic polypeptide unfolding nano-maek that specifically target misfolded and
alternatively-folded protein substrates, chaperanayg use the energy of ATP hydrolysis to
reduce the cellular concentration of harmful nonetional protein aggregates and convert
them into functional proteins [3].

Recent quantitative proteomic studies show thah@tazoans, the main ATPase chaperones
Hsp90, Hsp70, Hsp60, correspond to 3-4 % of thal tptoteins of healthy terminally
differentiated adult cells. Chaperones may be dti@ally more abundant in healthy
undifferentiated embryonic cells and in cancers;edind much less abundant in aging and
diseased tissues. For Pierre Goloubinoff, the &itaf chaperone research lies in the
understanding of the fine-tune differences in chape and co-chaperone amounts and ratios
in healthy embryonic cells and in cancer cellshbutssively overexpressing chaperones, and



diseased neuronal cells in degenerative diseadies, Harkinson and Alzheimer, that

dramatically under-express chaperones and faéair or degrade toxic misfolded proteins.

2.2. The Hsp90 chaperone

The 90-kDalton heat-shock chaperone protein (Hsp@8) been well-studied in eukaryotes
[4]. This three-domain protein is essential andved in an ATP-dependent reaction the
folding and activation of more than 300 client pios with the assistance of about 20 co-
chaperones and the Hsp70 chaperone system. Amesg thents, Hsp90 participates in the
folding of oncoproteins in cancer cells. Therefargny studies focused on Hsp90 inhibitor
development to cure cancers. In addition, Hsp90bea® shown to regulate several amyloid
proteins; it is thus considered as new targetdattamyloid diseases [5]. For instance, Hsp90
interacts with the amyloid protein tau. The intéi@c of Hsp90 with tau has been suggested
to occur through tau aggregation-prone regionsjudieg the VQIVYK motif. This
hexapeptide Ac-VQIVYK-NH is responsible of tau amyloid character and islyidised as a
model to studyn vitro amyloid formation mechanisms; it is known to sedgregate and to
form amyloid fibrils [6]. Although it has been suegied that Hsp90 interacts with this
hexapeptide, the role of the chaperone on thelléiban process was still unknown. During
his conferenceCyrille Garnier (MMDN Inserm, Montpellier) showed that Hsp90 (fhiedl
from pig brain) modulatesn vitro the assembly and disassembly of amyloids strusture
formed from tau Ac-VQIVYK-NH hexapeptide. Hsp90 inhibited polymerization of the
hexapeptide maintaining it in its soluble form.MAgh hexapeptide concentration when Hsp90
was “overbooked”, polymerization occurred; Hsp9teiacted with mature fibrils preventing
their depolymerization. This important function tbudimit the spread of toxic amyloid
species. A model explaining the dual effect of Hsuh the Ac-VQIVYK-NH amyloid
fibrillation process has been proposed [7]. Ovetails study gives insight into the roles of
chaperone proteins in amyloid turnover.

In contrast to the great number of studies on euitar Hsp90, Hsp90 from bacteria
has been less investigated [8].Hacherichia coli Hsp90 is dispensable, few client proteins
are known, and no co-chaperone has been descubkd. S herefore, studying new bacterial
model is crucial to characterize better prokarybtgp90.0livier Genest (CNRS, Marseille)
presented experiments on the Hsp90 chaperoBbemwanella oneidensfsalled Hsp9g,), an
aquatic gamma proteobacterium that adapts to &itessditions. He showed that HspQ0s
essential inS. oneidensisinder heat stress, and that the ATPase activitys9Q, is
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required for this function [9]. To identify Hsp@{clients, a genetic screen using the growth
phenotype at high temperature of a strain lackisg3®, was designed, and it allowed the
identification of a protein involved in tRNA matti@n, TilS. In the absence of HspQ@&nd

at sub-lethal temperature, a significant decreasElS activity was measured and TilS was
degraded. Therefore, this study links the majoe @i Hsp90 inS. oneidensisinder stress
conditions with an essential client protein, anérgup new avenues to understand better the
role and mechanism of action of the Hsp90 chapeirobacteria.

2.3. SecB-like chaperone

In Proteobacteria, the SecB chaperone assistsipetport and participates in the folding of
certain cytosolic proteins [10]Pierre Genevaux (CNRS, Toulouse) talked about the
specialization of a SecB like chaperondvincobacterium tuberculosend its link with toxin-
antitoxin (TA) systems. Bacterial type Il toxin-dokin systems are small genetic modules
typically composed of a toxin and a more labileratg antitoxin, which binds and inhibits
the toxin. In response to certain stress the amtitis rapidly degraded by proteases and the
free active toxin generally targets essential tallprocesses, leading to a reversible growth
inhibition known to facilitate bacterial persistenio drugs, virulence and survival in response
to environmental insults. Tripartite TAC (Toxin-Ataixin-Chaperone) modules are atypical
TA systems composed of a conserved two-componenth@iis specifically controlled by a
molecular chaperone related to the canonical Sdwperone. In this case, the SecB-like
chaperone interacts with the antitoxin and protédi®m both aggregation and degradation,
and is thus strictly required for neutralizationtleé toxin by the antitoxin. In his talk, Pierre
Genevaux presented some aspects of the molecutdramiem by which TA systems become
chaperone-addicted [11], the specialization evémis redirect a generic export chaperone
towards the control of TA systems [12] and somacsirral insights into the complex formed
between the chaperone and the antitoxin. In addiBome part of the talk also concerned the
direct evolution of the GroEL chaperone toward #peqrotein aggregates irfE. coli

(Castanié-Cornet et ain preparatior).

2.4. Protein reparation

Beside their role in protein folding, some chapeoallow the reparation of other proteins.
Gilbert Richarme (keynote lecture, Université Paris Descartes-Surbd reported that DJ-
1/Park7, whose deficiency results in early onsekipaonism, and previously described as a

chaperone, repairs proteins from glycation. Glywpatis a non-enzymatic covalent reaction
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discovered by Maillard in 1912, between reactiveboayls (glucose and glyoxals (R-CO-
CHOQO)), and amino acids (cysteine, arginine andnBjsior nucleotides (guanine), which
results in the formation of Maillard adducts, felled by their maturation into the so-called
advanced glycation end products (AGEs). Glycat®mesponsible for protein and nucleic
acid inactivation, and is involved in aging, can@herosclerosis, cataracts, neurovegetative,
renal and autoimmune diseases. DJ-1 family prat@iased the “Maillard deglycases”, are
expressed in all organisms, and repair glycatiomlggxals, which represents about 70% of
glycation damage [13]. Maillard deglycases alsairepucleic acids, especially the primary
amino group of guanine, in a similar manner as trepair the lysine amino group [14].
Deglycases from thermophilic organisms may alsaded to prevent AGEs and acrylamide
formation during food processing sterilization aorage [15].
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Figure 1: Overview of the topics discussed duringhie meeting. The scheme showing the disordered and
ordered protein structures has been reprinted fiefarence [16] (Figure 1, Copyright (2018), withripéssion
from Elsevier). In the panel “Tools to study chagme structural dynamics”, the NMR spectrum hasnbee
modified from reference [17], the Molecular Dynami8imulations image has been reprinted from reéeren
[18], the Cryo-EM maps have been reprinted frorenexice [19].

3. Plasticity in chaperone proteins

Some proteins challenge the classical structuretiium paradigm because they do not have a
well-defined three-dimensional structure. Thesdging were originally termed intrinsically
unstructured proteins (IUPs) and nowadays arectaiteinsically disordered proteins (IDPSs).
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Despite their lack of a well-defined three-dimemnsibstructure, many proteins containing
disordered regions/domains (IDRs) or completelymdisred proteins are functional. These
proteins carry out basic functions such as reguiatf metabolic pathways, transcription,
translation, cellular signal transduction; they @t as scavengers of toxic molecules and
they play a key role in the assembly of multi-pioteomplexes. Moreover, recently they
were shown to have other functional capacity ay tten act as chaperones assisting the
folding of other proteins and preventing their aggtion. For some proteins, a
conformational switch between disordered and foldsates or reciprocally, is redox-
controlled by the formation/breakage of disulfidets (oxidation/reduction). These proteins
belong to the conditionally disordered protein (GDd&mily. Hsp33 and CP12 are two CDPs
that both have chaperone activity [20].

3.1. Hsp33 chaperone

Marianne llbert (CNRS, Marseille) described the molecular mechanisf Hsp33, a
molecular chaperone specifically activated by otaastress conditions that lead to protein
unfolding. Exposure to peroxide stress at elevegatperature activates Hsp33. To respond to
this dual stress, Hsp33 has developed a very ingsrsystem with (i) a C-terminal redox
switch domain which detects oxidizing conditions digulfide bond formation and (ii) an
adjacent metastable linker region which respondmfolding conditions [21]. Hsp33 is then
turned into an active chaperone that protects éls against oxidative protein aggregation.
Use of a faster oxidative agent, hypochlorous @di@dCl) produced by the immune system in
response to bacterial attacks, can activate th@ecbme function of Hsp33 without the
requirement of elevated temperature, underlying\ean more interesting mode of regulation
[22].

3.2. CP12 protein

Brigitte Gontero (CNRS, Marseille) presented a small chloroplastein called CP12 found
in most photosynthetic organisms [23]. In the gralya,Chlamydomonas reinhardtiCP12

is constituted of about 80 amino acids and has paws of cysteine residues that under
oxidizing conditions can form two disulfide bridgeme at the N-terminus and one at the C-
terminus. Oxidized CP12 is present under dark d¢mmd$i, and plays a vital role in the
assembly of a complex involving phosphoribulokina@®RK) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), two enzymes halpng the Calvin cycle responsible
for CO, assimilation. CP12 is required for the ternary ptam assembly [24]. Its release from
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the complex is triggered by reducing conditionsregponding to light. Under these
conditions, the ternary complex is dissociated, tfleased enzymes are fully active and
reduced CP12 is fully disordered and highly flegilCP12, besides its role in the assembly of
the supra-molecular complex, can preventitheétro thermal inactivation and aggregation of

GAPDH and as such has a chaperone activity [25].

4. Specific chaperones

During the workshop, a session was dedicated toifspehaperones. In contrast to a general
chaperone that acts on a broad panel of clienepr®ta specific chaperone is dedicated to a
targeted client. During this workshop, two familie$ specific chaperones have been
highlighted. One is dedicated to histones durireydaksembly process of chromatin, and the
second is involved in the maturation of bacteredpiratory molybdoenzymes. These two
examples show the large impact that specific cloa@= possess in various cellular processes
just as do general chaperones.

4.1. Histone chaperones

Chromatin assembly and disassembly processes mwlmumber of chaperoning factors
playing crucial roles in the maintenance of theayee. Factors that assemble and remodel
chromatin are fascinating machineries that not aalyin the mechanical packaging of DNA
but are also involved in the tight regulation of ANiccessibility in processes such as
transcription, replication and repakrancoise OchsenbeinCEA, Gif-sur-Yvette) focused
her talk on Asfl (Anti-silencing function 1) a higlconserved histone chaperone that binds
and assembles histones H3-H4 onto the DNA, aneqsired for cell proliferation, cell cycle
progression, resistance to genotoxic stresses hedestablishment of specific histone
epigenetic marks [26]. During her talk, Francoisgh§€enbein exposed an innovative peptidic
development on the interaction between Asfl chapmerand H3-H4. This high-affinity
peptide competes with Asfl bindimg vitro, and binds Asfl in human cells. On cell cultures,
the inhibitory peptide was found to be toxic for@& cancer cells impeding proliferation by
slowing down the cell cycle progression but remdigensitive to proteolysis. Since a recent
study showed a striking correlation between theesgvof breast cancers and the level of
Asfl expression, this phenotype highlights the Bp#y of the peptide action and opens
major perspectives in chaperone targeted therapies.



4.2. Chaperones of metalloenzymes

Bacterial metalloenzymes and especially molybdoeresy are fully involved in
environmental purposes since they have crucial tiome in respiration, detoxification
processes and are part of various geochemical sycle bacteria, most of the
molybdoenzymes require specific chaperones for stability and maturation.é. insertion

of a complex molybdenum cofactor) [27]. The knowjedacquired on both the function and
the mechanism of these dedicated auxiliary protemsf great applied interest. The
molybdoenzyme TorA and its mate chaperone TorD Hazeen studied irE. coli and S.
oneidensisin particular byMarianne Ilbert, Olivier Genest, and Chantal lobbi-Nivol
(CNRS, Marseille). These studies allowed: (i) tdirde a family of specific chaperones for
molybdoenzymes, the TorD like family; (ii) to densbrate that the specific chaperone TorD
prevents the degradation of the non-mature forri@®A by the Lon protease [28]; (iii) to
understand the mechanism of insertion of the mayindh cofactor into TorA [29].

Other studies performed on the membranous nitratkictase NarGHI showed that its
specific chaperone NarJ is also involved in theemaddy of the three subunits and the
anchoring of the enzymatic complex to the membrdines chaperone protein has been the
focus of another talk (see part 5). Altogetherdigs performed on the various members of
the TorD-like family highlight the wide panel of sks undertaken by these specific
chaperones and that they share a highly consemestr8cture although they present a low

level of amino acid sequence homology [29].

5. Experimental challenges and biophysical tools fortadying chaperone structural

dynamics and their interactions

Protein structural flexibility and dynamics playcentral role in biological functions. Indeed,
there is an intimate relation between dynamics rantecular function. Structural transitions
are involved in many key biological processes aftal @n important role in molecular
recognition processes, catalysis, ligand bindisgembly of complex structures and disorder-
to-order transitions, as already mentioned for C&i®Hsp33 (see part 3).

Chaperones are a fascinating group of proteins ekhibit different degrees of structural
flexibility and are able to interact with differepiartners or different regions of the same
partner thereby modulating their properties. Uni@ding chaperone dynamics and their

interaction with other biomacromolecules is a kéyeotive to decipher how they function
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and how their dynamics is related to their biolagjiactivity. However, due to the intrinsic
dynamics and to the high structural fluctuationsldperones, this kind of studies is currently
difficult. During the workshop, several talks foedson the importance of biophysical

approaches and on emerging experimental techniguesdying chaperone dynamics.

5.1. Modeling

Alessandro Barducci (INSERM, Montpellier) showed how the combinatioh amalytical
models, multi-scale molecular simulations and stigil analysis of protein sequences is a
powerful approach to shed light on the complex fiomal cycle of Hsp70 chaperones. The
ubiquitous Hsp70s are highly versatile, ATP-depahaeolecular machines in the chaperone
toolbox that assist a plethora of cellular processeluding co-translational folding, refolding
of misfolded and aggregated proteins, protein tomagion, and protein degradation.
Particularly, A. Barducci explained how rate modadsed on biochemical rates can be used
to quantitatively investigate the non-equilibriumpcling of Hsp70 chaperones, which take
advantage of the energy released by ATP-hydrolysiachieve ultra-affinity for the client
proteins [30]. Furthermore, it was discussed howtirsaale molecular simulations can be
profitably combined with co-evolutionary sequencealgsis to characterize large-scale
conformational dynamics and homo-dimerization irpHs [31], as well as to elucidate key
structural features of the transient complex forniydthis chaperone with essential co-

chaperones, such as J-domain proteins [18].

5.2. Cryo-electron microscopy

In bacteriatranstranslation is the primary quality control mechamifr rescuing bacterial
ribosomes arrested during translation. This keyss is universally conserved and plays a
critical role in the viability and virulence of mampathogens. Taking into account the
necessity for bacterial survival to avoid ribososteling and the absence tohnstranslation

in eukaryotes, this process is a promising targetnbvel antibiotics or for increasing the
activity of currently used protein synthesis inholos. Reynald Gillet (Université de Rennes)
presented recent results obtained on structuracsspftranstranslation using cryo-electron
microscopy, addressing the movements of the compkiween transfer-messenger RNA
(tmRNA) and SmpB protein (tmRNA-SmpB) through allsth ribosome, and more
particularly the conformational changes neededdnsit from one ribosomal site to another

[32]. The data obtained from this study were useddvelop arn vivo double fluorescent
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reporter system for simultaneous quantificatiotrahs-translation and associated proteolysis
activities in bacteria [33]. This assay can be usedliscover potent inhibitors dfans

translationn vivo.

5.3. Magnetic Resonance Studies

Francoise Ochsenbeir(CEA, Gif-sur-Yvette), whose work has been alreaudsoduced (see
part 4), showed the importance of integrating NMiecsroscopy, X-ray crystallography and
modeling methods to characterize the structure rotepm complexes. In particular, she
highlighted how the characterization and the urtdading of the interaction network
between Asfl histone chaperone and histones H3-&Blpossible thanks to this integrative
biophysical approach [34,35].

Concerning the “emerging experimental techniquéts,study of biomolecules in living cells
appears as the most reliable approach to investitpair structural properties and dynamic
features. The macromolecular crowding and the istéds of the cytoplasm, non-specific
weak protein-protein interactions, as well as a iadyrof potential interactors constitute
parameters that can perturb protein structure amaardics. Over the last years, several
studies have highlighted the importance of expbpriniomolecules directly in their
intracellular environment [36]. However, a numbdr noethodological and spectroscopic
challenges still need to be addressed to makeafipsoach broadly applicable to NMR, EPR
and fluorescence, for instancglisabetta Mileo (CNRS, Marseille) presented how EPR
spectroscopy can be used to investigate chaperonastions directly inside cells [37]. In
particular, Site-Directed Spin Labeling (SDSL)-ERfiluding Double Electron-Electron
Resonance (DEER) techniqgues were used to get iatem on the structure and
conformational dynamics of the NarJ chaperone [3dicated to the assembly of the
membrane-bound respiratory nitrate reductase comparGHI, a molybdenum-iron
containing metalloprotein ifE. coli. Thanks to the development of an efficient methmd
deliver the paramagnetic-labeled—NarJ ing&deoli cells, E. Mileo and coworkers succeeded
in performing intracellular EPR experiments at rodemperature and at endogenous
concentration (30-40 uM), and they were able toWlthe EPR signal in cells for more than
2 hours. These exciting results open up the petispeof achieving high resolution EPR

studies of other chaperone proteins and their cexeglin their native environment.
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Figure 2: Group picture of the first French workshop on chaperone proteinsand protein folding.

6. Outlook

This workshop demonstrated the different areas iofofgy and the growing number of
technologies that the chaperone field now involvEse different talks presented at this
conference highlighted the complexity hidden withimese proteins and their variable
functions. It is clear that emerging tools appliedlifferent model organisms are necessary to
understand better the ubiquitous role of chaperones

There are still many outstanding questions in tielsl and we still have lots of work to do
before solving all the mysteries of chaperonescé&this event was highly successful (Figure
2), we are looking forward to organize a seconchew¥e are aware that there are many other
scientists working in France in the field of chaper proteins who were not present at this
first workshop. Therefore, the next challenge toe second edition will be to gather new

people to increase the French chaperone community.
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