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CHAPTER






1.1. PROTEIN CONFORMATIONAL DISORDERS

Proteins are the workforce of life, since they make most of the functions inside the
cell, from reaction catalysis to structural scaffolding. The full collection of proteins
in an organism, called proteome, is almost unfathomable, although all the needed
information is encoded in the genome. The central dogma of molecular biology
describes the transfer of information from DNA to mRNA and from mRNA to
proteins. The native structure of proteins is essential for them to be active, as every

protein must acquire its final conformation to be fully functional.

The process by which proteins lose their native conformation or are unable
toreachitis called protein misfolding. Misfolded proteins can be extremely harmful
to cells due to a dual behavior: the loss of their activity, which may support critical
cellular processes, and their gain of toxic function, as they can establish aberrant
interactions with different cell components (Chung, Lee, and Lee, 2018). Protein
misfolding is frequently a hallmark of disease in a large number of pathologies,
generally known as protein conformational disorders in humans, which collectively
affect nearly all types of tissues (Nillegoda, Wentink, and Bukau, 2018) (Figure 1.1).
Among the protein conformational diseases, neurodegenerative diseases (NDs) are
of special interest. These pathologies are characterized by the progressive
degeneration of both the structure and functions of the central and peripheral
nervous systems. The most common NDs are Alzheimer’s disease (AD), Parkinson’s
disease (PD), amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD), in
which one or several proteins misfold (Figure 1.1). For instance, AD is characterized

by the misfolding of amyloid-B (AB) peptides, which are cleavage products of the





Chapter 1: Introduction

amyloid precursor protein (APP) (Deyts, Thinakaran, and Parent, 2016), and tau
proteins (Ballatore, Lee, and Trojanowski, 2007; Nillegoda et al., 2018). In some
cases, misfolding of the same protein can generate several diseases. This is the case
of tau, which misfolds in a group of diseases collectively known as tauopathies
(Kovacs, 2018). Tau is the most abundant neuronal microtubule-associated protein
(MAP) found in axons, where it binds, stabilizes, and bundles microtubules (Conde
and Caceres, 2009). Under pathological circumstances, tau detaches from the
microtubules and accumulates in the cytosol, where it misfolds and exerts its toxic

effect (Gotz, Halliday, and Nisbet, 2019; Hoglinger, Respondek, and Kovacs, 2018).

Protein conformational diseases
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Figure 1.1. Examples of protein conformational diseases affecting different organs of the
human body. Misfolding of single/multiple, wild type/mutant proteins is the primary
histopathological feature of most protein conformational diseases. The misfolded proteins
for each of the indicated disorders are listed in parenthesis. Figure adapted from Nillegoda,
Wentink and Bukau, 2018.





NDs, as well as other protein conformational disorders, are increasingly
positioning as leading causes of global deaths. The accelerated aging of the
population and its strong relationship with neurodegeneration anticipate these
pathologies as a huge global health problem in the upcoming years (Heemels, 2016).
However, current treatments only manage the symptoms or attempt to delay the
progression of the disease. In this scenario, effective treatments are desperately
needed, but will only come with a deep understanding of the molecular mechanism

associated with such diseases (Gitler, Dhillon, and Shorter, 2017).

1.2. PROTEIN FOLDING, MISFOLDING AND AGGREGATION

Proteins are synthesized in the ribosomes as covalently linked, linear chains of
amino acids that must fold into their native structure to become functionally active
(Qadeer, Zaidi, and Khan, 2015). This is achieved through a complex process, known
as protein folding, which involves different events and specific folding pathways.
The most common statistical approach used to describe this complex process, the
energy landscape, is based on the energetics of protein conformation (Bryngelson,
Onuchic, Socci, and Wolynes, 1995; Frauenfelder, Fenimore, and Young, 2007;
Frauenfelder, Sligar, and Wolynes, 1991). This model of protein folding resembles a
funnel, but is usually rugged, as it contains traps (local energy minima) in which the
protein can transiently reside (Figure 1.2) (Bryngelson et al., 1995; Qadeer et al.,
2015). During folding, there is a cooperation of many weak, non-covalent
interactions between amino acids that can be close or far apart in the sequence. To
perform such contacts, proteins need to cross substantial kinetic energy barriers
and consequently, populate folding intermediates towards the thermodynamically
favorable native state. In this pathway, the polypeptide travels through structural
intermediates that typically expose hydrophobic residues and regions of
unstructured backbone to the solvent. The features of these intermediates could

lead to non-native intermolecular interactions and end in an aberrant process
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termed aggregation (David Balchin, Hayer-Hartl, and Hartl, 2016). Additionally, as
the energy barriers that separate native and non-native conformations are usually
small, subtle changes due to stress conditions can destabilize the native state,
leading to a partial (misfolded) or complete (unfolded) loss of ordered structures

and aggregation (Tyedmers, Mogk, and Bukau, 2010) (Figure 1.2).
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Figure 1.2. Energy landscape model of protein folding and aggregation. Starting from the
unfolded state(s), polypeptide chains funnel down the energy landscape to achieve their
native structure via intramolecular interactions. In the way of proper folding, or due to the
destabilization of conformations moving towards the native state, aberrant interactions of
polypeptide chains can occur, leading to the formation of amorphous aggregates or amyloid
fibrils by intermolecular interactions. These aggregates and especially amyloid fibrils are
energetically stable. Figure adapted from Balchin, Hayer-Hartl and Hartl, 2016.
Aggregation is a heterogeneous process that can generate a multiplicity of
protein aggregates, and its understanding is an important issue for several fields of
biology, ranging from basic research to medical and industrial applications. While
most proteins aggregate without forming a specific higher-order structure

generating amorphous aggregates (Stranks et al., 2009; Yoshimura et al., 2012),

some proteins known as amyloidogenic proteins can assemble into well-defined





and organized fibrillar aggregates called amyloids (Chiti and Dobson, 2017). These
fibrils are characterized by an extended B-sheet secondary structure in which
individual B-strands are arranged in an orientation perpendicular to the fiber axis.
Such a structure is known as cross-p structure and makes amyloids
thermodynamically the most stable aggregates (Chiti and Dobson, 2017) (Figure
1.2). Both types of aggregates are associated with different pathologies. Amyloids
are mostly related to neurodegenerative diseases including Alzheimer and
Parkinson (Ross and Poirier, 2004; Selkoe, 1991), but they are also found in other
pathologies such as cataracts (Meehan et al., 2004) or type |l diabetes mellitus
(Epstein, Johnson, O’Brien, Betsholtz, and Westermark, 1989). Amorphous
aggregates have also been linked to Alzheimer (Qureshi et al., 2013) and Parkinson
(Breydo, Wu, and Uversky, 2012), as well as to cataracts (Boatz, Whitley, Li,
Gronenborn, and Van Der Wel, 2017; Surguchev and Surguchov, 2010) and renal
failure (Demeule, Gurny, and Arvinte, 2006) among others. Furthermore,
amorphous aggregation is an issue of utmost importance in the production and
preservation of therapeutic proteins and industrial enzymes (Shaw, Moustakas,

Whitelegge, and Faull, 2010; W. Wang, 1999).

1.3. PROTEIN HOMEOSTASIS NETWORK

Preventing the accumulation of aggregation-prone misfolded proteins is the first
and most effective intervention to control protein aggregation. Thus, cells of all
kingdoms have evolved an elaborate protein quality control (PQC) system, named
proteostasis network (PN), to facilitate protein synthesis and folding,
conformational maintenance and degradation (Rubinsztein, 2006; Tyedmers et al.,
2010). The PN comprises molecular chaperones, proteolytic/degradation systems
and their regulators, which overall constitute around 2,000 proteins in human cells
(Hipp, Kasturi, and Hartl, 2019). Under proteotoxic stress, these types of

machineries aim to first identify and then, if feasible, rescue or degrade unfolded,
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misfolded or non-native polypeptides (Niforou, Cheimonidou, and Trougakos,
2014). If protein aggregation cannot be avoided, they are also able to reactivate
protein aggregates, extracting unfolded monomers from the aggregate for their

subsequent refolding (Nillegoda et al., 2018).
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Figure 1.3. Functions of the PN that ensure protein homeostasis. The PN contains all factors
required to control proteostasis by promoting the native state of proteins and minimizing
non-productive or harmful reactions (in red) that lead to the generation of unfolded,
misfolded or aggregated proteins. Molecular chaperones assist in the three main processes
of the PN: protein synthesis and folding (green), maintenance (blue) and degradation
(purple). They function in folding, refolding and disaggregation processes, and they
cooperate with the ubiquitin-proteasome system and autophagosomal-lysosomal system in
the degradation of misfolded and aggregated proteins. Figure adapted from Hipp, Kasturi
and Hartl, 2019.

A proper balance between the components of the PQC system is essential
for proteostasis, and its exhaustion results in protein aggregation (Powers,
Morimoto, Dillin, Kelly, and Balch, 2009). The PN manages misfolded proteins by
refolding, disaggregating and/or degrading them (Figure 1.3). However,

environmental stress, some lifestyles (such as obesity), protein mutants with high





propensity to aggregate or aberrant proteolytic cleavage among others, promote
aggregation due to their ability to generate misfolded proteins (Chiti and Dobson,
2017). Because of these factors, misfolded conformers accumulate and the PN
starts to overwhelm, leading to aberrant interactions and aggregate deposition,
which causes an even more pronounced decline of the PN. Indeed, aggregates are
seeds for further aggregation and sequester PN components, so that their
housekeeping functions get stuck, thus favoring additional aggregation. As a result,
the PN enters into a vicious cycle that can end in its collapse (Labbadia and

Morimoto, 2015; Balchin, Hayer-Hartl and Hartl, 2016).

Aging is considered the major risk factor for aggregate-related diseases, as
evidence points that progressive fall of the PN is closely related to aging (Brehme et
al., 2014). Indeed, aging leads to the downregulation of chaperone expression and
the decline of the degradation pathways (Brehme et al.,, 2014; McKinnon and
Tabrizi, 2014). It also results in an increase in oxidative stress and a decrease in ATP
production, which further reduces the efficiency of the PN (Cui, Kong, and Zhang,

2012). All these factors make proteostasis more challenging as we grow old.

Molecular chaperones, also referred as heat shock proteins (Hsps), are key
players of the PN since they are the main cellular components responsible for the
above functions (Bukau, Weissman, and Horwich, 2006). Indeed, they have been
considered a group of structurally unrelated proteins that share the function of
assisting in the folding and assembly of other proteins without being part of their
final structure (Hartl, 1996). However, they take part in more processes to ensure
protein homeostasis inside cells, including protein transport, degradation and
disaggregation (Hipp et al., 2019). Therefore, their regulation must be effective to
avoid potentially reactive protein species that may promote a significant amount of
stress into cells, which can lead to pathological events such as NDs (Stetler et al.,

2010). They are tightly regulated at both transcriptional and post-translational





levels, being post-translational modifications (PTMs) the fastest way to modulate

their functions (Niforou et al., 2014).

There are several Hsp families that are classified by their molecular masses:
small Hsps (sHsps), Hsp40s, Hsp60s, Hsp70s, Hsp90s or Hsp100s, which cooperate
to carry out their functions (Kim, Hipp, Bracher, Hayer-Hartl, and Ulrich Hartl, 2013).
Table 1.1 summarizes the functions and features of the different Hsps. Such a
variety of chaperone families and their diverse functions allow the regulation of

proteins during their whole lifetime, from synthesis to degradation.

Table 1.1. General features and functions of the different Hsp families.
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1.3.1. Folding assistance of newly synthesized proteins

How proteins adopt their native conformation has long been the subject of debate.
At first, it was believed that protein folding was always a spontaneous process in
which the amino acid sequence encodes its three-dimensional structure (Anfinsen,
1973). However, it is now clear that protein folding sometimes requires the
assistance of molecular chaperones, and that it cannot proceed via random
sampling of all the conformations. Indeed, assuming that polypeptide chains
randomly search for all the possible configurations, the total number of
configurations searched by a small protein of 100 amino acids would be 3 (each
peptide bond has three possible states), and the time necessary to try all these
configurations (considering a rate of 10® tries per second) would be 10?” years
(Levinthal, 1969; Qadeer et al., 2015). This time is far from that estimated for
protein folding in vitro and in vivo (us to min), and therefore, the polypeptide chain
does not prove all possible conformations but rather a small subset of conformers
that populate a given folding pathway. Some of these conformations or folding
intermediates expose transiently hydrophobic patches to the solvent, being
therefore prone to aggregation. Molecular chaperones that participate in de novo
folding recognize these hydrophobic residues and promote their folding through
ATP-regulated cycles of protein binding and release. While the release of
hydrophobic elements allows proper folding, binding of the unfolded or misfolded

protein avoids its aggregation (Hipp et al., 2019).

Chaperones can assist folding during or after translation of the nascent
polypeptide by the ribosome. In cotranslational folding, ribosome-binding
chaperones interact first with the nascent polypeptide, followed by chaperones that
have no direct affinity for the ribosome (Balchin, Hayer-Hartl and Hartl, 2016).
Cotranslational folding is especially important for large proteins, as thanks to the

chaperones, the chain compaction is delayed during the synthesis process,





preventing misfolding until enough structural elements are available to ensure a

productive folding (Balchin, Hayer-Hartl and Hartl, 2016).

1.3.2. Prevention of aggregation

Once the native structure is achieved, folded structures may also misfold
because of the small energy barriers that separate native and non-native
conformations. As the folded structures of proteins are marginally stable, subtle
changes due to stress conditions or mutations can destabilize the native state,
leading to partially folded and misfolded states with a more or less marked
tendency to aggregate (Tyedmers et al., 2010). Chaperones prevent aggregation by
different strategies including holdase and foldase activities. While the holdase
activity is ATP-independent, foldase is ATP-dependent (De Graff, Mosedale, Sharp,
Dill, and Grainger, 2020).

The holdase activity consists in the transient interaction of chaperones with
different protein species that populate the aggregation process and expose
hydrophobic, aggregation-prone regions, thus avoiding the generation of
aggregates (Wentink, Nussbaum-Krammer, and Bukau, 2019). The classical holdase
activity, in which chaperone binding to these regions sterically interferes with the
aggregation process, is performed by sHsps, canonical Hsp40s and other Hsps as
Hsp70s and Hsp110 (Mattoo and Goloubinoff, 2014). Alternatively, the stabilization
of primary nucleation intermediates before their conversion into aggregation seeds
is executed by the non-canonical Hsp40 proteins DnaJB6 and DnalB8 (Wentink et
al., 2019). Both proteins form higher oligomeric complexes, and therefore present
multiple substrate interfaces (Gillis et al., 2013; Séderberg et al., 2018), suggesting
that their oligomeric status could give them the ability to specifically recognize

amyloidogenic oligomers.

Chaperones that are engaged in protein folding are termed foldases.

Holdases hold unfolded proteins, avoiding their aggregation, until an ATP-
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consuming foldase arrives, which will remodel protected substrates back to their
native state (De Graff et al., 2020). The recovery of the holdase-bound substrate
proteins requires the collaboration of holdases with foldases, such as Hsp70s, which
favor productive folding (Hartl, Bracher, and Hayer-Hartl, 2011) and rescue
destabilized or misfolded protein species back to their native structure (Wentink et

al., 2019).

1.3.3. Protein degradation and chaperone-mediated disaggregation

Although the cellular PQC system promotes protein folding to ensure protein
homeostasis, not all newly synthesized or stress-misfolded proteins can successfully
attain their native state, not even with the help of molecular chaperones. At this
point, molecular chaperones play an essential role in facilitating the degradation of
selected substrates by interacting with components of the two known protein
degradation pathways (the ubiquitin-proteasome system and the autophagy-
lysosome pathway). This leads to the removal of defective proteins and their
cytotoxic activity from the cell (Ciechanover and Kwon, 2017). Soluble, chaperone-
bound substrates are ubiquitinated by ubiquitin ligases and degraded through the
proteasome complex. In contrast, insoluble and/or untagged misfolded proteins are
directed to autophagy, where they are collected by adaptors, such as
p62/Sequestosome-1 (SQSTM-1), and delivered to the autophagosome for

lysosomal degradation.

Misfolded proteins that survive the attempts of molecular chaperones to
refold or degrade eventually form aggregates. An alternative defense mechanism
of the PQC system to deal with protein aggregates are the molecular chaperones
known as disaggregases, which can directly disaggregate the already formed
aggregates, recycling proteins and avoiding the energetic cost of novel biosynthesis
(Ciechanover and Kwon, 2017). Bacteria, protists, plants and fungi posse a powerful

bi-chaperone disaggregase composed of the ring-shaped AAA+ (ATPases Associated
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with diverse cellular Activities) Hsp100 chaperone (ClpB in bacteria and Hsp104 in
yeast) and the Hsp70 system (Doyle and Wickner, 2009). Hsp100 chaperones form
a hexameric ring-shaped structure with two ATP-binding sites per monomer that
uses energy from ATP hydrolysis to catalyze aggregate disassembly (Haslberger et
al., 2007). The hexameric form of Hspl00 cooperates with the Hsp70 system,
composed of members of Hsp70 and Hsp40 families, in the efficient reactivation of
aggregates (Ferndndez-Higuero, Aguado, Perales-Calvo, Moro, and Muga, 2018;
Mogk, Kummer, and Bukau, 2015; Winkler, Tyedmers, Bukau, and Mogk, 2012)
(Figure 1.4). Indeed, although the reactivation of aggregated proteins by Hsp70 was
first reported for the E. coli DnaK system (Skowyra, Georgopoulos, and Zylicz, 1990),
the bacterial Hsp70 system alone has a limited disaggregase activity that is
significantly enhanced in cooperation with Hsp100 proteins (Glover and Lindquist,
1998). The bi-chaperone disaggregase thread trapped polypeptides in an ATP-
dependent manner through the central pore of the Hsp100 component (Avellaneda
et al., 2020). Once extracted, unfolded polypeptides are released to the medium so
that they can be refolded either spontaneously or assisted by other chaperones,

such as the Hsp70 system (Aguado, Fernandez-Higuero, Moro, and Muga, 2015).

Metazoans lack an Hsp100 homolog, but they are still able to clear protein
aggregates using a different disaggregase activity (Yakubu and Morano, 2021). The
metazoan Hsp70 system is composed of representatives of Hsp70, Hsp40 and
Hsp110 families, and is capable of reactivating protein aggregates. Thanks to this
Hsp70-based disaggregase machinery, aggregation is not necessarily a dead-end
situation for proteins in humans (Aguado et al., 2015; Mogk, Bukau, and Kampinga,
2018; Rampelt et al., 2012; Shorter, 2011). The ATP-dependent cooperation of the
components of the Hsp70 system results in the reactivation of aggregated proteins,
through their forceful disaggregation and subsequent refolding (Gao et al., 2015;
Zietkiewicz, Krzewska, and Liberek, 2004).
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Figure 1.4. Molecular chaperones involved in protein recovery from aggregates. Hsp100
proteins form multi-chaperone complexes with Hsp70s and Hsp40 cochaperones to
disaggregate protein aggregates. However, Hsp1l00s are absent in metazoan, where
disaggregation (dotted lines) is performed by the Hsp70-based machinery that includes
Hsp70s, Hsp40s and Hsp110s. Figure adapted from Batista, Dores-Silva and Borges, 2018.

1.4. HSP70 SYSTEM

The Hsp70 chaperone system controls diverse cellular functions, including
prevention of protein misfolding and aggregation and reactivation of protein
aggregates. Thus, during normal growth and especially under stress conditions, the
Hsp70 system protects cells from proteostasis imbalance caused by a wide range of
proteotoxic stresses, pathophysiological conditions and aging (Balchin et al., 2016;
Mogk et al., 2018; Nillegoda et al., 2018; Walther et al.,, 2015). The Hsp70
component is the heart of the system, but it requires the assistance of the Hsp40 or
J domain protein (JDP) family and nucleotide exchange factors (NEFs) to function
properly (Kampinga and Craig, 2010). Indeed, all cellular functions of Hsp70s use an
ATP-driven substrate protein binding and release functional mechanism that is
regulated by these accessory proteins, Hsp40s and NEFs (Hartl et al., 2011; Shorter,
2011).
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1.4.1. Molecular mechanism of the Hsp70 system

All Hsp70s functions are ATP-dependent, as they require nucleotide cycling to
modulate their interactions with unfolded or aggregated proteins (Kampinga and
Craig, 2010; Mogk, Bukau and Kampinga, 2018). They are allosteric chaperones that
undergo a large conformational rearrangement depending on the nucleotide (ADP
or ATP) bound to their nucleotide-binding domain (NBD). The ATP-dependent
allosteric rearrangement is essential for the chaperone function, as it allows Hsp70
to acquire two conformations (open and close) with different affinities for both the

cochaperones and the client proteins (Jiang, Prasad, Lafer, and Sousa, 2005).

Hsp40 is the first component interacting with the client protein, which will
be then delivered to Hsp70 for its subsequent (re)folding, the transfer process
depending on the productive interaction of both proteins (Summers, Douglas,
Ramos, and Cyr, 2009). Therefore, the Hsp40-Hsp70 interaction is at the heart of
the function of the Hsp70 system (Kityk, Kopp, and Mayer, 2018). The cycle starts
with Hsp70 in the ATP state, in which the alpha-helical lid of the chaperone is in the
open conformation and the substrate-binding domain (SBD) is docked onto the NBD
(Golas, Czaplewski, Scheraga, and Liwo, 2015; Kityk, Kopp, Sinning, and Mayer,
2012) (Figure 1.5). The Hsp40 cochaperone interacts with Hsp70(ATP), modulating
its activity by strongly accelerating ATP hydrolysis and transferring the client protein
to Hsp70 (Kampinga and Craig, 2010). Due to the stimulation of the ATPase activity
of Hsp70 by both the Hsp40 and the substrate, ATP is hydrolyzed (Liu, Liang, and
Zhou, 2020; Russell, Karzai, Mehl, and McMacken, 1999), inducing a conformational
rearrangement in Hsp70 that involves dissociation of the NBD and SBD and the
closure of the lid (Mayer, 2013; Zhuravleva and Gierasch, 2015). The lid regulates
the interaction of the SBD with the substrate, since the on and off rates for the
substrate are low when the lid is closed, and thus, the substrate gets trapped in the

SBD of the Hsp70(ADP) state (Yang et al., 2015). Additionally, ATP hydrolysis leads
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to dissociation of the transient complex between Hsp70 and Hsp40, due to the low

affinity of Hsp40s for the Hsp70(ADP) state (Kityk et al., 2018).

Misfolded substrate

Folded
substrate

Figure 1.5. The ATPase cycle of the Hsp70 system. The unfolded substrate enters the cycle
by binding to Hsp40, and then, it is transferred to the Hsp70(ATP) state. ATP hydrolysis
closes the lid of Hsp70 and the Hsp40 cochaperone is released from the Hsp70-Hsp40
complex. Then, the NEF enters the cycle by interacting with Hsp70 and accelerating
nucleotide (ADP by ATP) exchange. Finally, the ATP-dependent conformational change of
Hsp70 leads to the release of the substrate, giving rise to another cycle starting from the
Hsp70(ATP) state. Adapted from Kampinga and Craig, 2010.

At this point, the NEF enters the cycle by interacting with Hsp70(ADP) state
and enabling the rapid ADP-ATP exchange in the chaperone (Shorter, 2011). This
ATP-dependent conformational rearrangement leads to substrate release, since the
affinity of the Hsp70(ATP) state, in which the lid is opened, for the client protein is
low and peptide association and dissociation rates are high (Kityk et al., 2012).
Finally, the Hsp70(ATP) is recycled back for the next cycle, where a new client
protein or the substrate released in a non-native form could go for further

binding/release rounds (Tamadaddi and Sahi, 2016).
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The steps for the disaggregase activity of the Hsp70 system are similar to
those described above for misfolded or unfolded proteins, with some differences
due to the characteristics of the aggregated substrates. The first step is the binding
of Hsp40s to the aggregated protein, followed by the recruitment of the Hsp70 to
the aggregate surface (Gao et al., 2015; Nillegoda et al., 2017). Hsp70-mediated
disaggregation requires the energy of ATP hydrolysis to pull the unfolded
monomers out of the aggregate. The entropic pulling is the most accepted model
to explain how Hsp70s use nucleotide hydrolysis to generate the forces necessary
to disassemble protein complexes and aggregates (Sousa and Lafer, 2019) (Figure
1.6). This model postulates that stimulation of the ATP hydrolysis of Hsp70s by
Hsp40s increases the affinity of Hsp70s for the substrate and contributes to
overcoming the energetic barrier of chaperone binding to the aggregate, which is
unfavorable in terms of entropy (Goloubinoff and Rios, 2007). Aggregate-bound
Hsp70 would apply a force on the bound substrate to gain conformational freedom,
which would result in monomer release from the aggregate surface (Sousa and
Lafer, 2019). The NEF-accelerated ADP/ATP exchange would promote Hsp70
dissociation from the widened unfolded region, which could reach a low-affinity
native structure or misfold again and rebind Hsp40 and Hsp70 to undergo another
unfolding cycle. When the probability of the first alternative becomes higher, the
protein will adopt the active and stable native structure. The simultaneous
recruitment of several Hsp70s on the same substrate molecule would favor the
disaggregation process, as more pulling forces would be applied at the same time,
enabling the repeated and simultaneous chaperone cycles to destabilize and

solubilize more easily the aggregate (Nillegoda et al., 2018).
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Figure 1.6. Schematic representation of the Hsp70-based entropic pulling model. The

aggregate is first recognized by Hsp40 (blue), which recruits Hsp70(ATP) state (red) to the
aggregate surface. Both Hsp40 and the substrate stimulate ATP hydrolysis by Hsp70, leading
to the Hsp70(ADP) state (gray). At this point, the Hsp70(ADP)-aggregate complex is “locked”
and the dissociation of Hsp40 occurs. Due to the random movements performed by several
aggregate-bound Hsp70(ADP) molecules, local unfolding forces are applied on misfolded
segments flanking the chaperone-binding site. The NEF-accelerated ADP/ATP exchange
promotes Hsp70 dissociation from the widened unfolded region (green), which is more likely
to reach a native structure than to misfold again (dotted line). Adapted from Goloubinoff
and Rios, 2007.

1.4.2. Hsp70

The Hsp70s function at all stages of the life of proteins to ensure proteostasis
(Rosenzweig et al., 2019). The high versatility of Hsp70s resides in different
mechanistic properties: their ability to bind to degenerate motifs of their client
proteins, their ATP-dependent mechanism of action, the regulation of their client
proteins by a large number of Hsp40 and the modulation of the Hsp70-client
complex by NEFs (Mayer, 2021). Recent studies showed that PTMs also modulate
Hsp70’s activity and its interactions with accessory and client proteins (Velasco et

al., 2019).

In prokaryotes, there are three different Hsp70s: HscA, HscC and DnaK
(Mayer, 2021). The human Hsp70 family comprises 13 different Hsp70s that differ
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in the expression level, subcellular location and amino acid composition (Radons,
2016). Hsc70 (HSPAS) is the cognate Hsp70 family member that acts as a central
hub and exhibits essential housekeeping functions such as folding, regulation of
protein-protein interactions and transport of polypeptides across intracellular
membranes (Radons, 2016). Moreover, it functions under stress conditions, by
taking part in the degradation of misfolded proteins and the reactivation of protein

aggregates (Liao and Tang, 2014; Rosenzweig et al., 2019; Shorter, 2011).

1.4.2.1. Structure and domain organization

The domain architecture and organization of Hsp70s is highly conserved in all
kingdoms, from bacteria to humans (Bar-Lavan, Shemesh, and Ben-Zvi, 2016).
Bacterial DnaK is the most studied Hsp70 and due to their sequence and structure
conservation, most of its features could be translated to other Hsp70s (Anastasia
Zhuravleva, Clerico, and Gierasch, 2012). All Hsp70s consist of an N-terminal NBD of
approximately 44 KDa connected by a conserved linker to an SBD of around 30 KDa

(Mayer and Bukau, 2005) (Figure 1.7).

The NBD is composed of four subdomains or lobes (IA, 1B, IIA and IIB) that
surround the ATP-binding pocket (Flaherty, DelLuca-Flaherty, and McKay, 1990),
where ATP hydrolysis is performed in the presence of Mg? and K* (Palleros, Raid,
Shi, Welch, and Fink, 1993). The linker plays an important role in the allosteric
transmission of the signal from the NBD to the SBD, which is essential for the
functional cycle of the chaperone (English, Sherman, Meng, and Gierasch, 2017).
Indeed, allosteric communication between the NBD and SBD subdomains allows
Hsp70 to perform the characteristic structural rearrangement observed for this
chaperone family. Most eukaryotic Hsp70s also have an unstructured and dynamic
C-terminal region that is believed to interact with other chaperones to form multi-

chaperone complexes (Radons, 2016).
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Figure 1.7. Schematic and structural representation of the domain organization of Hsp70s.
The NBD (pink) is connected to the SBD by a conserved linker (gray). The SBD is composed
of two different subdomains: the SBD-B (blue) and the SBD-a or lid (orange). The schematic
and structural representations correspond to Hsc70, the constitutive Hsp70 in humans, used
as a representative of the Hsp70 family. The structures in both ATP and ADP states were
generated by homology modeling using as templates 1KAX (O’Brien, Flaherty, and McKay,
1996) and 5E84 (Yang et al., 2015) or 2KHO (Bertelsen, Chang, Gestwicki, and Zuiderweg,
2009) and 4P0O2 (Zhang, Leu, Murphy, George, and Marmorstein, 2014) PDB IDs,
respectively.

The three-dimensional structure of Hsp70s differs depending on which
nucleotide is bound to the NBD (Figure 1.7). As shown in the ATPase cycle (Figure
1.5), Hsp70s switch in a nucleotide-dependent manner between a state with low
affinity for substrates and fast exchange rate (Hsp70(ATP) state, open
conformation) and another one with higher affinity and slower exchange rates
(Hsp70(ADP) state, close conformation) (Mayer, 2021). The SBD is subdivided into
a B subdomain (SBD-B) composed of two antiparallel B-sheets that binds substrates,
and an a-helical subdomain (SBD-a) containing four a-helices that acts as a flexible
lid (Yang et al., 2015; Radons, 2016). The major difference between these states is
the location of the SBD-0, also referred to as lid. Whereas the lid does not interact
with the SBD-B in the ATP state, the structural rearrangement brought about by ATP
hydrolysis induces docking of the lid onto the SBD-B in the ADP state, with the

subsequent trapping of the substrate (Zhuravleva and Gierasch, 2011). Accordingly,
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substrate binding to the SBD-f alters the structure of the SBD and the signal is
transmitted to the NBD, leading to the stimulation of ATP hydrolysis and thus,
increasing its affinity for Hsp70 (Sharma and Masison, 2009). Therefore, the
transmission of the allosteric signal is bidirectional and is regulated by both,

nucleotide and client protein binding to Hsp70.

1.4.3. Hsp40

Hsp40s, also known as JDPs, drive much of the versatility of the Hsp70s through
their cochaperone action (Kampinga and Craig, 2010; Tomiczek et al., 2020), as
depending on which Hsp40 interacts with Hsp70, the system will be engaged in
different functions (Rosenzweig et al., 2019). This possibility is mainly because the
Hsp40 representative interacts first with client proteins, explaining why they have
been proposed to serve as substrate scanning factors for Hsp70s (Rldiger,
Schneider-Mergener, and Bukau, 2001). Hsp40 cochaperones direct Hsp70
chaperones to specific functions by presenting distinct client proteins to them
(Kampinga et al., 2019). In humans, there are 49 different estimated genes for
Hsp40s while only 17 genes have been described for Hsp70s (Rosenzweig et al.,
2019; Sahi et al., 2013), supporting that they play a key role in the regulation of the
diverse activities of the Hsp70 system. A recent study showed that 30 different
Hsp40s could interact with a single Hsp70 protein, a number that is likely to be
underestimated taking into account the transient interaction between Hsp40s and

Hsp70s (Piette et al., 2021).

Hsp40s are more diverse than Hsp70s in both sequence and function (Liu et
al., 2020). They all share a conserved J domain (JD) of around 75 amino acids that is
critical for stimulating the ATPase activity of the Hsp70s (Cyr, Lu, and Douglas, 1992;
Kityk et al., 2018). Despite their JD, Hsp40s constitute a diverse cochaperone family
that is challenging to classify due to their complex evolutionary history (Kampinga

et al., 2019; Sahi et al., 2013). They are typically subdivided into three classes based
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on their domain organization: A, B and C, also named classes |, Il and Ill, respectively

(Tamadaddi and Sahi, 2016) (Figure 1.8).

Members of classes A and B Hsp40s are relatively more conserved than
those included in class C from the structural and functional viewpoints (Figure 1.8).
Class A Hsp40s have five domains: the JD, the glycine/phenylalanine rich (G/F)
domain, the carboxyl-terminal domain | (CTDI), which holds a zinc finger domain
(ZFD), the carboxyl-terminal domain Il (CTDII) and the dimerization domain (DD) (Li,
Qian and Sha, 2009; Kampinga and Craig, 2010). Class B proteins have the same
domain organization but lack the four CXXCXGXG motifs that form the ZFD (Liu et
al., 2020). Class C groups the most divergent Hsp40s. Indeed, all Hsp40s lacking an
N-terminal JD followed by a G/F region are classified in class C, granting a great

heterogeneity to this group (Craig and Marszalek, 2017).

cassa  ~n{0B - 6/F | coilZd - con BB -

casse v B e - coi - con B

Figure 1.8. Schematic representation of the domain architecture and organization of the

three different Hsp40 classes in humans. The Hsp40 family is divided into three classes, all
sharing the conserved JD (orange). Classes A and B share most of their domains: the G/F
domain (blue), the CTDI and CTDII (yellow) and the DD (green), differing in the ZFD (pink),
which is only present in class A Hsp40s. Class C Hsp40s are the most heterogeneous group,
being the JD the only common feature among them.

The JD, which is located at the N-terminus in classes A and B and anywhere
in class C, contains four a-helices with a conserved HPD tripeptide motif between
helices Il and lll, (Kampinga et al., 2019). This domain is crucial to interact with
Hsp70 and stimulate the ATPase activity of the chaperone (Kityk et al., 2018; Wall,
Zylicz, and Georgopoulos, 1994). The crystal structure of DnaK(ATP), which is the

homolog of Hsp70s in E. coli, in complex with the JD of Dnal, the homolog of Hsp40s
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in E. coli (PDB ID: 5NRO), shows that the JD is buried between the NBD and the SBD
of DnakK, and that the binding region of the JD involves mainly helices Il and Ill and
the loop with the conserved HDP tripeptide that connects them (Kityk et al., 2018)
(Figure 1.9). More precisely, the structure shows that residues in the JD of Dnal
(R22, Y25, K26, R27, M30, H33, P34, D35, R36, F47, K48 and K51) establish polar
interactions with residues of the NBD (R167, E206, D211, E217, Q378), the linker
(K387, V389, L390, L391 and L392) and the SBD-B (P419, T420 and D477) of DnaK
(Kityk et al., 2018).

Figure 1.9. Binding of the J domain to Hsp70. Crystal structure of the JD (white) of Dnal in
complex with the DnaK(ATP) state (PDB ID: 5NRO) (Kityk et al., 2018). The binding surface
of the JD with DnaK involves mainly helices Il and Ill and the loop connecting them, which
interact with residues from the NBD (pink), SBD-B (blue) and the connecting linker (gray) of
DnakK.

Besides the JD, other regions of Hsp40s also interact with Hsp70s, further
regulating its allosteric cycle. For example, the EEVD motif present in eukaryotic,
cytosolic Hsp70s interacts with the CTD of some Hsp40s, and thus, its deletion
hampers the interaction between the chaperone with those specific Hsp40s, leading

to a reduced refolding capacity (Yu, Ziegelhoffer, and Craig, 2015).
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1.4.3.1. Classes A and B Hsp40s: the class-specific regulation

Hsp40s of classes A and B are considered canonical cochaperones that bind a wide
variety of unfolded, misfolded or aggregated substrates and assist Hsp70s in their
foldase and disaggregase activities. Due to the high conformational dynamics of
these multidomain proteins, there is no high-resolution structure available for full-
length class A or class B Hsp40s (Liu et al., 2020). There are crystal structures of the
isolated JDs (Jiang et al., 2003; Yu, Ziegelhoffer, Osipiuk, et al., 2015), which are very
conserved in all Hsp40s, and the CTDs of class A and class B Hsp40s (Li, Qian and
Sha, 2003; Wu et al., 2005; Hu et al., 2008; Suzuki et al., 2010). The structure of the
CTDs, including CTDI and CTDII, is relatively conserved in both classes and consists
of two B-barrels with a short a-helical hinge connecting both subdomains (Figure
1.10). The biggest difference between them resides in the presence of the ZFD
inserted in the CTDI of class A JDPs (Figure 1.10.A). The functional conformation of
Hsp40s is believed to be the dimer (Wu et al., 2005; Kampinga and Craig, 2010;
Alderson, Kim and Markley, 2016), which adopts a V-shaped structure with a large
cleft between the two monomers (Barends et al., 2013), as shown in Figure 1.10.B.
However, different studies suggest that some JDPs could also form oligomeric

assemblies (Chen et al., 2017; Ryder et al., 2021; Séderberg et al., 2018).

Hsp40s bind substrates through the intrinsically disordered G/F region
(Perales-Calvo, Muga, and Moro, 2010) and mainly through the CTDs, which are
structurally conserved (Qiu, Shao, Miao, and Wang, 2006). Additionally, class A
Hsp40s also use the ZFD to interact with client proteins (Fan, Ren, Lee, Caplan, and
Cyr, 2005) and to transfer them to Hsp70s (Baaklini et al., 2012; Linke, Wolfram,
Bussemer, and Jakob, 2003). A recent study of DnaJA2 and DnalB1 indicates that
the class-specific binding profiles are complementary in preventing amyloid
formation (lrwin, Faust, Petrovic, Wolf, and Hofmann, 2021). Thus, it might be

proposed that Hsp40s of classes A or B could regulate differently the functions of
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Hsp70s by recognizing and transferring distinct client substrates to the chaperone

(Irwin, Faust, Petrovic, Wolf, Hofmann, et al., 2021; Liu et al., 2020).

c ni T H e H oo - con HBBc

Figure 1.10. The conserved structure of class A and class B Hsp40s. (A) Crystal structure of
yeast Ydj1 (PDB ID: INLT)(Li et al., 2003), as representative of class A Hsp40, showing the
CTDs (yellow) and ZFD (pink). (B) Crystal structure of DnalB1 dimer (PDB ID: 2QLD) (Hu et
al., 2008) showing the CTDs (yellow) and the DD (green).

Furthermore, only cytosolic class B Hsp40s contain in the CTDI the binding
site for the conserved EEVD tetrapeptide found at the C-terminus of cytosolic
Hsp70s (Faust et al., 2020; Yu, Ziegelhoffer, Osipiuk, et al., 2015). Indeed, yeast
Hsp70 Ssal lacking the EEVD motif is able to refold misfolded substrates in vitro
when partnering with yeast Hsp40 of class A Ydj1, while it is deficient when
cooperating with yeast Hsp40 of class B Sis1 (Yu, Ziegelhoffer, Osipiuk, et al., 2015).
A recent NMR study performed with human DnalJA2 and DnalB1 cochaperones
indicates that DnaJB1 employs the same strategy to bind Hsc70, pointing that those
class-specific interactions with the chaperone provide another layer of complexity

to drive the functions of the system (Faust et al., 2020).
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1.4.3.1.1. Class A: DnaJA2

The most studied Hsp40 is Dnal of Escherichia coli, which is the bacterial homolog
of yeast Ydj1 and human class A Hsp40s (Liu et al., 2020; Whitmore et al., 2020).
There are four class A Hsp40s in humans: DnaJAl, DnalJA2, DnaJA3 and DnalA4,
being DnalJA1 and DnalA2 the best characterized (Sterrenberg, Blatch, and Edkins,
2011) and the evolutionary closest to Dnal and Ydjl1 (Kotlarz, Tukaj, Krzewski,
Brycka, and Lipinska, 2013; Whitmore et al., 2020).

DnalA2 is the most investigated cytosolic class A Hsp40 and has been used
in different studies as the representative of its class (Irwin, Faust, Petrovic, Wolf,
and Hofmann, 2021; Mok et al., 2018; Torrente and Shorter, 2013; Yu, Ziegelhoffer,
and Craig, 2015). DnalA2 is a potent holdase, being considered one of the best
suppressors of tau aggregation (Mok et al., 2018). However, it is not good in
assisting Hsp70 in aggregate/fibril reactivation (Faust et al., 2020; Nachman,
Wentink, Madiona, Bousset, Katsinelos, Allinson, et al., 2020; Yu, Ziegelhoffer, and
Craig, 2015). No high-resolution structures of DnaJA2 have been reported so far,
most likely due to its higher molecular mass and inherent flexibility compared to

other Hsp40s.

1.4.3.1.2. Class B: DnaJB1

Class B are more abundant and diverse than class A Hsp40s, with a total of 14
different members identified in humans so far (Kampinga et al., 2009). Class B
Hsp40s have been subdivided into two subgroups referred to as DnalB1-like or
canonical class B Hsp40 proteins and DnalB6-like or non-canonical class B Hsp40s
(Ayala Mariscal and Kirstein, 2021). Hsp40s of the canonical class B subgroup
contain a CTDI and a CTDII, with a double B-barrel structure similar to that of class
A proteins, and a DD. Non-canonical class B Hsp40s hold a characteristic serine-
threonine rich region (S/T) followed by a short CTD that does not adopt a B-barrel

structure, and lack the DD (Ayala Mariscal and Kirstein, 2021). Furthermore,
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DnalB1-like Hsp40s are known to function as dimers, while DnaJB6-like Hps40s form
oligomers with a varying number of monomers as building blocks (Ayala Mariscal
and Kirstein, 2021; Soderberg et al., 2018). Yeast Sisl is the most studied class B
Hsp40, and interestingly resembles human DnalB1 in terms of domain structure and

DnalB6 from the functional point of view (Klaips, Gropp, Hipp, and Hartl, 2020).

DnalB1 is the most studied human, class B Hsp40 and like DnalA2, it has
been used as representative of this JDP class (lrwin, Faust, Petrovic, Wolf, and
Hofmann, 2021; Mok et al., 2018; Torrente and Shorter, 2013; Yu, Ziegelhoffer, and
Craig, 2015). DnaJB1 is worse than DnaJA2 in preventing protein aggregation (Irwin,
Faust, Petrovic, Wolf, and Hofmann, 2021), but it better assists Hsp70 in substrate
remodeling (Mok et al., 2018; Yu, Ziegelhoffer, and Craig, 2015). In contrast to
DnalJAl or DnalA2, DnalB1 aids Hsp70 in the disassembly of fibrils (Nachman,
Wentink, Madiona, Bousset, Katsinelos, Allinson, et al., 2020), which is believed to
be due to a class-specific regulation that drives Hsp70 functional diversity (Faust et
al., 2020). This class-specific regulation seems to involve a region of the G/F domain
only present in class B Hsp40s, which forms an additional (fifth) a-helix that
modulates the interaction of the JD with Hsp70 (Faust et al.,, 2020). The
autoinhibitory interaction of this a-helix with the JD is regulated by binding of the
CTDI, only observed in class B proteins, to the conserved EEVD tetrapeptide found

at the C-terminus of Hsp70s (Li et al., 2006; Suzuki et al., 2010; Faust et al., 2020).

1.4.3.2. Class C Hsp40s

Consistent with the sequence and domain diversity, many class C Hsp40s have
specialized roles in assisting Hsp70s (Liu et al., 2020). For instance, eukaryotic-
specific auxilin, one of the best studied class C JDPs, is specialized in clathrin removal
from vesicles during transport between membrane compartments (Fotin et al.,
2004). Endoplasmatic reticulum resident J proteins (ERdjs) are another example of

how Hsp40s regulate the functional diversity of Hsp70. Human cells have seven
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known ERdjs (most of class C, but also some of class B), and only one Hsp70, BiP
(Pobre, Poet, and Hendershot, 2019). These ERdjs enable BiP to perform diverse
functions in the endoplasmatic reticulum (ER), since depending on which ERd]
complexes the chaperone, it drives BiP to different functions. ERdj1 and ERdj2 assist
BiP in protein import into the ER (Dudek et al., 2015); ERdj3 and ERd]j6 in protein
folding (Chen et al., 2017; Rutkowski et al., 2007); ERdj4 and ERdj5 in protein
degradation (Dong, Bridges, Apsley, Xu, and Weaver, 2008), the function of ERdj7

being still unclear (Pobre et al., 2019).

1.4.4. NEFs

The Hsp70 folding cycle is regulated by two types of accessory proteins: JDPs, which
stimulate ATP hydrolysis by Hsp70, and NEFs, which promote ADP/ATP exchange in
Hsp70. Bacteria and organelles of bacterial origin have only one known NEF type for
Hsp70, GrpE. In contrast, eukaryotic cells contain a large diversity of Hsp70 NEFs.
These NEFs belong to the Hsp110/Grp170, HspBP1/Sil1, and BAG domain protein

families (Bracher and Verghese, 2015).

Hsp110 chaperones are the most abundant and potent NEFs in eukaryotes
that assist the foldase and disaggregase activities of Hsp70 (Rudiger et al., 2001;
Shorter, 2011). There are three different Hsp110s in humans: Apgl, Apg2 and
Hsp105 (Bracher and Verghese, 2015). This family constitutes a divergent branch of
the Hsp70 superfamily, as it shares the overall structure and two-domain
architecture of Hsp70s (Easton, Kaneko, and Subjeck, 2000). They are also
composed of an N-terminal NBD and a C-terminal SBD, but they differ from Hsp70
in some remarkable differences (Bracher and Verghese, 2015; Young, 2010). The
linker that connects both domains is positively charged, being more hydrophilic
than that of Hsp70s. This feature of the linker is thought to be related to the lack of
allosteric signaling between the NBD and SBD domains of Hsp110s, since they do

not cycle between close and open conformations, a characteristic of the Hsp70
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family that allows allosteric regulation (English et al., 2017). The SBD of Hsp110s
differs from that of Hsp70s by the presence of two intrinsically disordered
insertions: one in the SBD-B (between 37 and B8) and the other in the C-terminus

(Liu and Hendrickson, 2007) (Figure 1.11.A).
A

Hsc70
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Figure 1.11. The domain architecture of Hsp110 and the structure of its complex with
Hsc70. (A) Schematic representation and domain organization of human Hsc70 and Apg2,
as representatives of the Hsp70 and Hsp110 families. Hsp70s and Hsp110s share the domain
structure, but Hsp110s contain two insertions: an acidic subdomain or loop (green) inserted
in the SBD-B, and an intrinsically disordered C-terminal extension. (B) Crystal structure of
the complex between the ATP state of yeast Hsp110 (Sselp) (colored following the domain
organization) and human Hsc70(ADP) (gray) (PDB ID: 3C7N). The NBD(ATP) and the SBD-a
of Hsp110 interact with the NBD(ADP) of Hsc70 to induce nucleotide release (Kityk et al.,
2018).

The interaction of Hspl11l0 with Hsp70(ADP) accelerates nucleotide
exchange in Hsp70, modulating the conformational/functional cycle of the
chaperone (Hartl et al.,, 2011; Liu et al., 2020). The Hsp110/Hsp70 complex is
stabilized by the interaction between the NBD domains of both proteins, which bind

to each other face to face, generating multiple contacts on the surfaces of both NBD
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lobes (Polier, Dragovic, Hartl, and Bracher, 2008). The interaction between Hsp70
and Hsp110 requires nucleotide binding to Hsp110, but it seems that the intrinsic
ATPase activity of Hsp110s is not necessary for complex formation (Rampelt et al.,
2012). The crystal structure of yeast Hsp110 (Sselp) in complex with the NBD of
human Hsc70 (PDB ID: 3C7N) showed that IB and IIB lobes of the Hsp110 NBD cover
the NBD subdomain IIB of Hsc70 (Figure 1.11.B), leading to nucleotide exchange via

rotation of lobe 1B of Hsc70.

Apg2 (HSPA4) is one of the three different Hsp110 isoforms in humans, and is
considered the representative NEF of the Hsp70 system (Rosenzweig et al., 2019).
It accelerates ADP/ATP exchange in Hsc70, increasing its recruitment to unfolded,
misfolded or aggregated substrates (Cabrera et al., 2019; Rampelt et al., 2012), and
thus, enhancing the foldase and disaggregase activities of the system. Apg2
regulates the Hsp70 system in a dual manner, as it enhances the ATPase cycle of
Hsc70, binding of the chaperone to aggregates and the substrate remodeling
activity at low concentrations, whereas it inhibits these processes at high
concentrations (Cabrera et al., 2019). This dual behavior has been related to the
precise timing of the ATPase cycle required for proper substrate folding (Cabrera et
al., 2019; Tzankov, Wong, Shi, Nassif, and Young, 2008; Yamagishi, Ishihara, and
Hatayama, 2004).

1.5. PHOSPHORYLATION AS PART OF THE CHAPERONE CODE

The amino acid sequence does not always dictate the final chemical composition of
proteins, as many of them undergo PTMs to generate mature polypeptides that
define the cellular proteome (Olsen et al., 2010). Through PTMs, cells expand and
diversify their proteome way beyond their genome. Indeed, PTMs regulate different
functions including the location, signaling, stability and degradation of proteins.

PTMs occur on amino acid side chains or at the protein N- or C-terminus, extending
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the chemical properties of the standard residues by modifying existing functional
groups or introducing new ones, and they can simultaneously affect multiple amino
acids that are crucial for function (Walsh, Garneau-Tsodikova, and Gatto, 2005).
Proteome diversification by these covalent modifications occurs in prokaryotes, but
is much more extensive in eukaryotes, being more than 5% of the eukaryotic
proteins enzymes that carry out PTMs of the proteome (Walsh et al., 2005).
Considering all the possible modifications of proteins in eukaryotic cells, much of
the efforts in PTM research involve the development of methodologies to evaluate
them. Mass-spectrometric approaches allow the simultaneous identification of
many peptide fragments bearing a particular type of chemical modification with

femtomolar sensitivity (Yakubu, Nieves, and Weiss, 2019).

Phosphorylation is the most studied PTM that allows simple and reversible
regulation of protein function. Around 30% of human proteins are phosphorylated
during their lifespan (Cohen, 2002). Intracellular phosphorylation by protein
kinases, triggered in response to extracellular signals, provides a mechanism for the
cell to switch on or off many processes including metabolic pathways, membrane
transport, gene transcription and motor mechanisms (Johnson and Lewis, 2001).
Introduction of the charged, dianionic tetrahedral phosphate group to serine,
threonine or tyrosine can have effects on protein conformation and function (Nishi,
Shaytan, and Panchenko, 2014). Indeed, the double-negative charge and the
capacity of forming extensive hydrogen-bond networks with the four phosphoryl
oxygens confer special characteristics that alter conformations in local protein
microenvironments (Johnson and Lewis, 2001). The lifespan and amount of
phosphoprotein signaling are also regulated by protein phosphatases, which
catalyze the reverse reaction of dephosphorylation under controlled stimuli,

allowing a fine-tuned reversible phosphorylation process (Huttlin et al., 2010).

Molecular chaperones undergo extensive PTMs, however, very little is

known about these modifications and their functional consequences. An attractive
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hypothesis postulates that specific PTM patterns similar to those described for
histones (the histone code) may fine-tune the activities of the Hsp70 system (Nitika
and Truman, 2017). Due to this similarity, the PTM-dependent regulation of the
activity of Hsps is termed the chaperone code. Decrypting how the chaperone code,
which consists of an overwhelming number of PTMs experimentally observed in
chaperones, regulates chaperone activity requires the detailed characterization of

the effects that PTMs have on their conformation and function.

1.5.1. Regulation of the Hsp70 system by phosphorylation

All chaperones and some of their client proteins can be phosphorylated at multiple
sites, being the variable phosphorylation state of each component important to
regulate their interaction and thus, the functional outcome (Velasco et al., 2019;
Nitika et al., 2020). This additional layer of complexity in the regulation of
chaperones seems crucial in cellular processes, such as cell cycle progression,
apoptosis, protein degradation, resistance to anticancer therapeutics or host-

pathogen interaction (Velasco et al., 2019; Nitika et al., 2020).

The three components of the Hsp70 system undergo many PTMs (Cloutier
and Coulombe, 2013), giving rise to a more diverse and complex regulation pattern
of the system (Velasco et al., 2019). We focus herein on the phosphorylation of
members of the Hsp70 system (Hsp70, Hsp40 and Hsp110 chaperone families) and
the effects that phosphorylation of just a few specific residues of these members
has on their biological functions. Figure 1.12 shows the phosphorylation sites

experimentally observed and deposited in PhosphositePlus (www.phosphosite.org)

(Hornbeck et al., 2015) of the representatives of the three chaperone families used
in this work (Hsc70, DnaJA2, DnalB1, and Apg2). Phosphorylation of DnalJA2 has not
been extensively characterized and very few amino acids have been reported to be

phosphorylated. Thus, we also consider as phosphorylatable residues those
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conserved in all DnaJAs that have been found experimentally phosphorylated in at

least one member of human class A Hsp40s.

Hsc70 DnalA2 DnalB1 Apg2
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Figure 1.12. Mapping of phosphosites in representatives of the human Hsp70, Hsp40 and
Hsp110 families. Phosphothreonines, phosphoserines and phosphotyrosines listed in
PhosphositePlus are shown for Hsc70 (HspA8), DnaJA2, DnaJB1 and Apg2 (HspA4). Residues
marked with a star (*) represent conserved residues among DnalAs that have been found
phosphorylated in other class A members, but not in DnaJA2.
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1.5.1.1. Phosphorylation of Hsp70

Proteins of the Hsp70 family are highly phosphorylated, but with few exceptions, a
mechanistic understanding of how individual phosphorylation events affect distinct
Hsp70 functions remains elusive (Nitika et al., 2020). The combined use of global
and targeted phosphoproteomics has uncovered 54 phosphorylation sites on Hsc70

(see PhosphoSitePlus, www.phosphosite.org) (Hornbeck et al., 2015). Different

studies indicate that phosphorylation of Hsp70s modulates many important
processes (Velasco et al., 2019; Nitika et al., 2020), including mitochondrial redox
balance (Zemanovic et al., 2018), host-pathogen interaction (Moss et al., 2019),
dimerization of Hsp70 (Morgner et al., 2015), protein folding and degradation
(Muller et al., 2013), cell cycle progression (Truman et al., 2012), drug resistance in
cancer cells (Zhao, Matherly, and Goldman, 2009) and apoptosis (Abe et al., 2004;
Chen et al., 2014). We will introduce briefly the effect of Hsp70 phosphorylation on

some of these processes.

It has been demonstrated that phosphorylation of Hsp70 regulates the
balance between protein folding and degradation. Hsp70s usually interact with
client proteins several times before they fold properly, but when these interaction
cycles are not productive, Hsp70s target the client through different degradation
pathways. Thus, Hsp70 acts as a central hub by interacting with client proteins and
different chaperones and cochaperones, being the fate of the client protein
dependent on the set of interactions promoted under different cellular conditions
(Fernandez-Fernandez and Valpuesta, 2018). In protein folding, Hsp70s work in
collaboration with Hsp90s, and both are assisted by several cochaperones including
Hsp40s, which are essential for targeting substrates to Hsp70, and Hsp70/Hsp90-
organizing protein (HOP), which transfers client proteins from Hsp70 to Hsp90
(Alvira et al., 2014). In contrast, protein degradation requires tagging the client
protein with ubiquitin molecules by the ubiquitin-proteasome system (UPS) to enter

into the proteasome for degradation (Saeki and Tanaka, 2012). The connection
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between Hsp70 and UPS is mediated by one component of the UPS named ubiquitin
ligase CHIP, which interacts with the C-terminus of Hsp70 and facilitates the
ubiquitination of the Hsp70-bound client proteins (Saeki and Tanaka, 2012). A study
performed in proliferating cancer cells showed that phosphorylation of the C-
terminal substrate-binding domains of Hsp70 and Hsp90 chaperones regulates
these processes, by selecting the combination of proteins that interact with Hsp70.
Indeed, while phosphorylation of the C-terminus of Hsp70 and Hsp90 enhances
their interaction with HOP, increasing client protein stability, non-phosphorylated
chaperones preferentially bind CHIP, resulting in degradation of client proteins

(Muller et al., 2013).

Phosphorylation of Hsp70 could also regulate apoptosis and drug resistance
in cancer cells. Hsp70 serves as a good tumor marker since it enhances cell growth
and confers resistance to stress-induced apoptosis (Abe et al., 2004). Inhibition of
the Hsp70 system increase selectively the sensitivity of melanoma cells to
repurposed drugs (Dublang et al., 2021). In this context, phosphorylation of Hsp70
at Ser486 has been described to be important for anti-apoptosis, as it prevents
cleavage of caspase-3 and apoptosis (Ding et al., 2015). Moreover, Hsp70s are
known to confer drug resistance in cancer cells, and this process is also regulated
by chaperone phosphorylation. Methotrexate (MTX) is a chemotherapeutic agent
that inhibits the metabolism of folates, which are key one-carbon donors in the
process of DNA and RNA synthesis (Zhao et al., 2009). The reduced folate carrier
(RFC) is the major route for the uptake of chemotherapeutic drugs in mammalian
cells, being unsuccessful transport of these drugs into cancer cells a way of
resistance in cancer therapy (Kaufman et al., 2004). The interaction between Hsc70
and RFC is known to regulate MTX uptake, since allows the transport of MTX into
cells (Matherly, Hou, and Deng, 2007). Phosphorylation of Hsc70 on Tyr288
disrupted the interaction between Hsc70-RFC and MTX, inhibiting its transport into

the cells and thus, rendering the cells drug-resistant (Liu et al., 2015).

34





Altogether, these studies show that Hsp70s are phosphorylated in many
sites by multiple kinases for selective signaling purposes, and reveal a complex

phosphorylation-induced regulation of the Hsp70 chaperone activity.

1.5.1.2. Phosphorylation of Hsp40

The human Hsp40 family contains around 49 members, and most of them are
known to exist as phosphoproteins in the cell (see PhosphoSitePlus,

www.phosphosite.org) (Hornbeck et al., 2015). However, information on the

protein kinases and phosphatases responsible for their (de)phosphorylation and the
functional relevance of this PTM is very limited (Velasco et al., 2019). A few
examples have succeeded in the identification of the kinases involved in the

phosphorylation of specific Hsp40 residues.

For instance, it has been demonstrated that the interaction of the
cochaperone DnalB1 with the mitogen-activated protein kinase 5 (MK5) leads to
the phosphorylation of at least three residues: Serl149, Serl51 and Serl71
(Kostenko, Jensen, and Moens, 2014). This MK5-dependent phosphorylation has a
positive effect on the DnalB1-mediated stimulation of the ATPase activity of Hsp70,
suggesting that phosphorylated DnalB1 may enhance the functional cycle of Hsp70
(Kostenko et al., 2014). Phosphorylation of DnalB1 by MK5 also decreases the
transcriptional activity of the heat shock factor 1 (HSF1) by interacting with the
transactivation domain of HSF1 (Shi, Mosser, and Morimoto, 1998). However, the

precise mechanism of action is still unknown in both cases.

Another example of a member of the Hsp40 family that undergoes
phosphorylation is the cysteine string protein (CSP) or DnalC5, which localizes in
neuronal synaptic vesicles (Burgoyne and Morgan, 2015). DnaJC5 binds misfolded
proteins to prevent their aggregation and stimulates the ATPase activity of Hsc70
to regulate protein folding (Hennessy, Nicoll, Zimmermann, Cheetham, and Blatch,

2005). Furthermore, its cysteine string domain is essential to target syntaxin and
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synaptotagmin proteins that are related to neurotransmitter release in vivo
(Gundersen, Mastrogiacomot, Faull, and Umbach, 1994). Phosphorylation of Ser10
inhibits the binding of syntaxin and synaptotagmin, but does not affect the
interaction of DnalC5 with Hsc70 (Evans and Morgan, 2002). Indeed,
phosphorylation of Serl0 destabilizes and reduces the accessibility of the N-
terminal a-helix, which is important for the binding to syntaxin and synaptotagmin,
without altering the structure of the JD, and thus, the interaction of the protein with
Hsc70 (Evans and Morgan, 2002). Moreover, another study has demonstrated that
double phosphorylation of CSP at Ser10 and Ser34 by protein kinase C (PKC) favors
the interaction between CSP and Hsc70, leading to a stronger chaperone activity
(Shirafuji et al., 2018). These findings indicate that phosphorylation of different
residues of CSP regulates its interactions with different proteins by inducing

conformational changes that could favor the interaction with specific partners.

Considering that most of the cochaperones undergo many PTMs, especially
phosphorylations, it is worth thinking that this mechanism could also be used to
regulate the functional properties of other Hsp40 cochaperones. Understanding
how phosphorylation of JDPs modulate their interaction with client proteins and
other chaperones, such as Hsc70, might help to manipulate more specifically the
function of the central chaperone, affecting only the cellular processes in which the
particular Hsp40 is involved. This has an important advantage as compared with the
more general effect expected from manipulating Hsc70, which is implicated in many

different essential cellular functions.

1.5.1.3. Phosphorylation of Hsp110

Multiple phosphorylation sites have also been detected in the three isoforms of
human Hsp110: 28 in Apgl, 52 in Apg2 and 37 in Hsp105 (see PhosphoSitePlus,

www.phosphosite.org) (Hornbeck et al., 2015). However, the effect of only one of

these phosphorylation sites on the functional properties of Hspl05a has been
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characterized so far (Ishihara, Yamagishi, and Hatayama, 2003). This residue was
found phosphorylated in mammalian COS-7 cells, although other sites were
modified as well. A combination of peptide mapping analysis and the use of several
mutants of this protein reveals that Ser509 is phosphorylated by protein kinase CK2.
This PTM regulates the interaction of Hsp110 with Hsc70, favoring the dissociation
of the complex and therefore, the ability of the Hsp70 system to reactivate

luciferase aggregates (Ishihara et al., 2003).

1.5.2. Mimicking phosphorylation in vitro: Phosphomimetics

It has become common in protein phosphoregulation studies to substitute
phosphorylation sites with phosphomimetic residues in an attempt to study the
constitutively phosphorylated state. Some non-phosphorylated amino acids (Glu or
Asp) appear chemically similar to phosphorylated amino acids, and these
substitutions are used to imitate phosphorylated residues (Pérez-Mejias et al.,
2020). In this approach, serine and threonine are typically mutated to aspartic or
glutamic acid residues, being Glu a more suitable replacement, as it matches the
phosphate oxygens of pSer and pThr (Pérez-Mejias et al., 2020) (Figure 1.13).
Tyrosine is also often substituted with glutamic acid (Dephoure, Gould, Gygi, and
Kellogg, 2013; Dissmeyer and Schnittger, 2011; Stateva et al., 2015), but the
chemical differences between the glutamic acid and the tyrosine, which contains an

aromatic ring, are bigger (Figure 1.13).

Glutamate Phosphoserine  Phosphothreonine Phosphotyrosine

Figure 1.13. Chemical structure of glutamate and phosphorylated serine, threonine and
tyrosine showing their similarities and differences. The substitution of phosphorylatable
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residues by glutamic acid is often used to mimic phosphorylation of Ser, Thr or Tyr due to
the addition of the negative charge and their similarity.

This approach has two significant limitations. First, if the phosphorylation
site serves as a recognition signal for an adaptor protein, phosphomimetic mutants
will not necessarily bind to the adaptor protein (Durocher, Henckel, Fersht, and
Jackson, 1999; Roberts-Galbraith et al., 2010; Zisch et al., 2000) because they do not
fit into the binding pocket (Durocher et al., 1999; van der Geer and Pawson, 1995).
Second, the negative charge introduced by aspartate or glutamate (-1) does not
match that of the phosphorylated residues (-2) at physiological pH, and the size of
the ionic shell produced by a phosphate group is different. For those reasons,
different alternatives have been developed to mimic the properties of the
phosphate group, especially for pTyr, by replacing the phosphorylatable residues
with non-canonical amino acids (Pérez-Mejias et al., 2020). However, despite the
shortcomings of this technique, there are many examples in which phosphomimetic
substitutions by canonical amino acids have been highly informative, including

different studies with molecular chaperones.

A few examples witness how the mimicking experimental strategy has
succeeded in the field of chaperones. A recent study identified phosphorylation of
Hsp90 at Y197 as responsible for promoting kinase recruitment and client class-
specificity using the Hsp90yis7e phosphomimetic mutant and analyzing the
functional effects of the substitution (Bachman et al., 2018). Additionally, the
Hsp90v197¢ mutant was used as control, since it introduces at this position a non-

phosphorylatable hydrophobic residue.

Another example includes the study of a conserved phosphorylation site in
the ATPase domain of Hsp70s, which was investigated by generating the S151D
phosphomimetic mutant in yeast Ssal (Kao et al., 2020). The analysis of this
phosphomimetic version of the chaperone showed a lower association with

cochaperone and chaperone partners, a lower activity in the survival of heat stress
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and a reduction of protein disaggregation. In this case, the control used replaced
S151 by the non-phosphorylatable alanine. Based on this evidence, it was proposed
that Ssal S151 phosphorylation may be an important regulatory switch for Hsp70

function in eukaryotes (Kao et al., 2020).

Interestingly, different studies performed with phosphorylated proteins
have also been done with phosphomimetic mutants, reaching the same or very
similar conclusions with both experimental strategies. For instance, the
phosphomimetic mutant of CSP at Ser10 suggested that phosphorylation of this
residue increases exocytosis by modulating fusion pore dynamics (Chiang et al.,
2014). These results are in agreement with previous studies aforementioned,
showing that phosphorylation of CSP at Ser10 inhibits its interaction with different
proteins, leading to the modulation of neurotransmitter release (Evans and

Morgan, 2002).

This approach has also been important to describe the implication of
phosphorylation in the regulation of the human small Hsp27 chaperone, also known
as HSPB1. This chaperone is composed of a hydrophobic N-terminal domain (NTD),
a highly conserved a-crystallin domain (ACD) and a C-terminal domain (CTD)
(Freilich et al., 2018). The conserved ACD has been reported to exhibit chaperone
activity, inhibiting the aggregation of different disease-related proteins (Freilich et
al., 2018; Z. Liu et al., 2018). Hsp27 self-assembles into high order multimers of
around 500-1,100 kDa in solution (Van Montfort, Basha, Friedrich, Slingsby, and
Vierling, 2001) and exhibits a potent holdase activity by preventing the aggregation
of tau, SOD1 or a-synuclein (Cox et al., 2018; Freilich et al., 2018; Yerbury et al.,
2013). The functional and structural effects of stress-induced phosphorylation of
Hsp27 have been studied analyzing both the phosphorylated protein and its
phosphomimetic variant (Gongalves, Sharon, Schmeing, Ramos, and Young, 2021;
Liu et al., 2020). Hsp27 is phosphorylated under stress conditions at S15, S78 and

S82, which enhances its holdase activity (Jovcevski et al., 2015). The
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phosphomimetic version of Hsp27 (Hsp27-3D) contains these three
phosphorylatable serines mutated by aspartates and has been used to better
characterize the abovementioned effects (Gongalves et al., 2021; Jovcevski et al.,
2015; Liu et al., 2020). Hsp27-3D mutant shows a better holdase activity (Jovcevski
et al., 2015), and unlike the wt protein, it co-aggregates with different substrate
models, preparing protein aggregates for a subsequent remodeling by Hsp70
(Gongalves et al., 2021). Indeed, while Hsp70 was not able to solubilize aggregates
formed in the absence of Hsp27-3D, Hsp27-3D/substrate co-aggregation led to the
formation of smaller aggregates that could be solubilized by the Hsp70 machinery
(Gongalves et al., 2021). The study of Hsp27-3D also served to propose that
phosphorylation of Hsp27 may hamper formation of the oligomeric assembly, as
the mutant did not self-associate, in contrast to the non-phosphorylated protein
(Liu et al., 2020). It was concluded that stress-induced phosphorylation of Hsp27 is
a switchable way to regulate Hsp27 that leads to a better holdase activity via its
disassembly. Indeed, it was demonstrated that the enhanced holdase activity
derived mainly from the exposure of ACD upon NTD phosphorylation and the

consequent disassembly of the protein (Liu et al., 2020).

Sometimes working with phosphorylated samples is not feasible, especially
when the identity of the kinases responsible for its phosphorylation is yet unknown.
The abovementioned examples reinforce the use of the phosphomimetic strategy
to characterize the potential regulation of the chaperone action. In this Thesis, we
studied the effect that substitution of specific phosphorylatable residues of an

Hsp40 by glutamic acid has on its function.
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Hsc70 is the central hub of the human Hsp70 system, which is able to carry out
multiple functions maintain proteostasis. The interaction with two accessory
proteins, Hsp40 and Apg2, contributes to this functional versatility allowing the
system to respond to specific cellular requirements. In this scenario, the present
work aimed to study the modulation of the Hsp70 system by focusing on the role of
DnalA2, as Hsc70 functionality-driving cochaperone. The general objective of this
Doctoral Thesis was to deepen in DnalA2 cochaperone, as it is the most abundant
human class A Hsp40 involved mainly in aggregation prevention (holdase activity)
of different substrates implicated in neurodegenerative diseases such as Parkinson
and Alzheimer, as well as in assisting Hsc70 in refolding of aggregated or unfolded
protein substrates. To pursue this goal, the following specific objectives were

established:

1- Structural characterization of DnaJA2 and analysis of the domains involved
in its self-association ability.

2- Evaluation of the impact that the oligomeric state of DnalA2 and its
different domains have on the functions of the cochaperone (holdase and
assistance of Hsc70 in the remodeling of unfolded/aggregated substrates).

3- Mapping the stress-induced phosphorylation of DnalA2.

4- Investigation of the effects that phosphorylation of specific residues of

DnalA2 have on its functions.
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Chapter 3: Materials and methods

MATERIALS AND METHODS

3.1. CELL CULTURES

3.1.1. Escherichia coli strains: growth, transformation and preservation

Different E. coli strains (summarized in Table 3.1) were used as hosts for plasmid

propagation or synthesis of recombinant proteins.

Table 3.1. E. coli strains used in this Thesis.

STRAIN GENOTYPE APPLICATION
_ . Plasmid
F~endA1 ginV44 thi-1 recAl relAl gyrA96 deoR .
DH5a nupG purB20 $80dlacZAM15 A(lacZYA- conservation
argF)U169, hsdR17(remyt), A and
propagation
Plasmid
CLLBlue recAl endA1 gyrA96 thi-1 hsdR17 supE44 relAl consza‘;at'on
lac [F" proAB lacl"’ZAM15 Tn10 (Tet")] .
propagation
ara-14 leuB6 fhuA31 lacY1 tsx78 ginV44 galk2 Plasmid
SCS110 dam- galT22 mcrA dcm-6 hisG4 rfbD1 conservation
Jdem- R(zgb210::Tn10) TetS endA1 rspL136 (StrR) and
dam13::Tn9 (CamR) xylA-5 mtl-1 thi-1 mcrB1 .
hsdR2 propagation
E. coli B F- ompT gal dem lon hsdSs(rsms") Expression of
BL21 (DE3) MDE3 [lacl lacUV5-T7p07 ind1 sam7 nin5])
tau K18
[malB*]k-12(A%)
BL21 E. coli B FFompT hsdS(re"ms~) dcm™ Tet" gal Expression of
CodonPlus(DE3) A(DE3) endA Hte [argU proL Cam'] [argU ileY Hsp70 and
RILP leuW Strep/Spec'] Hsp40
E. coliB F- ompT gal decm lon hsdSs(rs ms™)
Rosetta(DE3) A(DE3) [malB*]k-12(\%) Expression of
pLysS pLysSRARE[T7p20 ileX argU thrU tyrU glyT thrT Hsp110

argW metT leuW prol oripisa Cam']
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Competent cells of the corresponding strains were transformed with the
desired plasmid by electroporation (Chassy, Mercenier, and Flickinger, 1988; Green
and Sambrook, 2020) or chemical transformation (Asif, Mohsin, Tanvir, and
Rehman, 2017; Weston, Brown, Perkins, Saunders, and Humphreys, 1981). They
were then inoculated on selection plates containing Luria-Bertani (LB) medium
(Lennox) (10 g tryptone, 5 g yeast extract and 5 g NaCl per liter) with 2% (w/v) agar.
All plasmids used in this work are ampicillin-resistant, so the selective media for
DH5a, XL1-Blue and BL21(DE3) was obtained by adding ampicillin at 100 pg/mL.
When the BL21 CodonPlus(DE3), SCS110 dam-/dcm or Rosetta strains were
cultured, 35 pg/mL chloramphenicol was also added to the media. After 16 h of
growth at 37 °C, single colonies were amplified in liquid LB broth with the
corresponding antibiotics at 37 °C and 200 rpm shaking. All strains were preserved
in autoclaved 40% (v/v) glycerol by resuspending 1 mL of overnight grown saturated

cell cultures in 1 mL of 80% glycerol (v/v), and stored in cryotubes at -80 °C.

3.1.2. HEK293 cell line culture: growth, preservation and transient transfection

Human embryonic kidney 293 (HEK293) cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) low glucose with 4 mM L-glutamine supplemented with
10% heat-inactivated Fetal Bovine Serum (FBS), penicillin and streptomycin (50
U/mL and 50 pg/mL, respectively) and MycoZap™ Prophylactic (Lonza, 1/1000
dilution). Cell cultures were maintained in a 5% CO, humidified atmosphere at 37
°C in poly-lysine-coated flasks. In each passage, media was removed and cells were
detached by adding a Trypsin-EDTA (0.05%) phenol red solution. After 5 min
incubation at 37 °C, trypsin was inactivated by adding an FBS-containing medium
and cells were centrifuged at 1,200 g for 5 min at room temperature. Then, cells
were resuspended in a fresh growth medium, quantified using a TC20™ Automated
Cell Counter (Bio-Rad) and the desired amount of cells were seeded in new

recipients. For long-term cell preservation, pelleted cells were resuspended in 90%

46





FBS and 10% dimethyl sulfoxide (DMSO), and aliquots were frozen and stored at -
80 °C.

For transient transfection, HEK293 cells (2.5x10% 5x10% or 10°) were seeded
in 24-well plates (Sarstedt), and incubated in DMEM low glucose medium
supplemented with 2 mM L-glutamine, 5% heat-inactivated FBS, 50 U/mL penicillin,
50 pg/mL streptomycin and MycoZap™ Prophylactic. After 24 hours, when
confluency of 70-80% was achieved, the medium was removed and Opti-MEM®
(Invitrogen) medium was added to prepare cells for transfection. After 12 hours,
cells were transfected with 3 pg of the desired gene (GFP or DnalA2) cloned in
pCDNAS5/FRT/TO vector with Lipofectamine® 2000, following the DNA Transfection
Reagent Protocol (Invitrogen). Finally, 6 hours after transfection, 5% FBS was added
to the Opti-MEM® medium, and the overexpression was tested at different

incubation times (24, 48 and 72 h).

3.2. PLASMIDS AND VECTORS

3.2.1. Plasmids used in this work

The plasmids used for protein cloning and expression are summarized in Table 3.2.
All these plasmids were conserved and propagated (to extract plasmid DNA) in E.
coli strains, and contain a selective marker for ampicillin resistance to ensure the
retention of the plasmid DNA in bacterial populations. Plasmid DNA was isolated
using a Plasmid purification Kit (Macherey-Nagel), which enables the extraction of

DNA through alkaline lysis and its isolation by purification columns.

Recombinant protein expression in E. coli was done using engineered
plasmid vectors (pESUMO and pNG2) in which the target gene was cloned
downstream of the T7 bacteriophage RNA polymerase promoter. These constructs
allow controlled and high-efficiency protein expression using BL21(DE3), BL21

CodonPlus(DE3) or Rosetta(DE3) E. coli strains that contain the T7 bacteriophage
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RNA polymerase under the control of the lac operon. T7 promoter allows the
inducible protein expression with Isopropyl B-D-1-thiogalactopyranoside (IPTG), a

molecular mimic of allolactose (William Studier, Rosenberg, Dunn, and Dubendorff,

1990).

Table 3.2. Plasmids used in this Thesis.

VECTOR CLONED GENE PHENOTYPE APPLICATION SOURCE
HSPAS8 (Hsc70), Gene
HSPA4 (Apg2), conservation and Cloned in the
pESUMO Amp’ L
DNAJB1, DNAJAL, expression in laboratory
DNAJA2 E. coli
Construct
MIX Constructs of the A conservation and Purchased
or
P UCs7 and phosphomimetic Amp" source for (ThermoFisher
P mutants generating new or Biomers)
mutants
. Gene
Tau K18 (residues . .
conservation and Cloned in the
pNG2 244-372) P301L Amp’ L
expression in laboratory
C291A C322A .
E. coli
Gene
pCDNA5/ conservation and Prof. H.H.
DnalA2, GFP Amp’ . .
FRT/TO expression in Kampinga *

HEK293 cells

* The kind gift from this author is gratefully acknowledged.

Recombinant protein expression in HEK293 cells was performed using
pPCDNAS5/FRT/TO vector, where the target gene (GFP or DnalA2) was cloned
downstream of the cytomegalovirus (CMV) promoter, which is commonly used for
transient transgene expression (Xia et al., 2006). The transiently transfected cells

were incubated for 24-72 h at 37 °C prior to analysis of protein expression levels.
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3.2.2. Generation of the recombinant protein mutants

3.2.2.1. PCR-based mutations

Deletion mutants DnalA2A) (deleted residues Metl to Gly77) and DnalA2AZF
(deleted residues Vall41 to Lys209) were obtained through PCR amplification and
cloning method. While DnalA2AJ mutant was generated with a single PCR-
amplification step, two PCR products (AZF1 and AZF2) were needed to build the
DnalJA2AZF mutant. The plasmid containing the DnaJA2 wt sequence (1-10 ng) was
used as a template to amplify the desired sequences. Final reaction concentrations
were 0.5 uM of each primer described in Table 3.3, 100 uM of each dNTP and 2.5 U
PfuTurbo DNA polymerase (Agilent) in its reaction buffer. Amplification was carried
out in a Mastercycler Gradient Thermocycler (Eppendorf) and consisted of an initial
denaturation cycle (3 min at 94 °C), followed by 30 cycles of a denaturation step at
94 °C for 30 s, a hybridization step at 58 °C for 30 s and an elongation step at 72 °C
for 5 min, and a final cycle of 10 min at 72 °C. Purified PCR products of AJ and AZF1
were digested with Bsal and BamH!I or Xbal restriction enzymes (1 plL per 1 ug of
DNA) for generating DnaJA2AJ and the precursor of DnaJA2AZF, respectively. After
a DNA agarose electrophoresis, digested products were gel-purified using the Gel
and PCR Clean-up Kit (Macherey-Nagel). The pESUMO vector was digested with the
same restriction enzymes and the bands corresponding to the empty plasmids were
purified. Ligation between inserts and empty vectors was done at 16 °C for 16 h
with T4 DNA Ligase (New England Biolabs) and the ligation products were used to

transform E. coli DH5a competent cells.

As mentioned above, the generation of DnaJA2AZF required two steps. The
DNA of the DnalA2AZF precursor was purified using Plasmid purification Kit
(Macherey-Nagel) and digested with Kpnl and BamHI. The second PCR product for
generating the DnaJA2AZF mutant (AZF2) was digested with the same restriction

enzymes, and both digested products were gel-purified as before. Ligation between
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insert and pESUMO-DnaJA2AZF precursor was done at 16 °C for 16 h with T4 DNA
Ligase (New England Biolabs) and finally, E. coli DH5a competent cells were
transformed with the ligation product. DnaJA2AG/F and DnaJA2AC mutants were

also generated by this method in our lab as described (Dublang, 2020).

Table 3.3. Primers to generate the DnaJA2 deletion mutants.

RESTRICTION
MUTANT PCR PRIMERS (5’ to 3')
ENZYMES
F: ATGGTCTCAAGGTGGAGAGCAAGGTCTTCG 5’ Bsal
DnalA24)
R: GCGGATCCTTACTGATGGGCACACTG 3’ BamHI
DnalA2AZF F: ATGGTCTCAAGGTATGGCTAACGTGGCTG 5’ Bsal
(AZF1) R: GTCTAGAGGTACCCACATTCTTGCTAAGTTG 3’ Xbal
DnalA2AZF F: GGGGTACCAAGGTGATTAAAGAAGTCA 5’ Kpnl
(AZF2) R: GCGGATCCTTACTGATGGGCACACTG 3’ BamHI

3.2.2.2. Directed mutagenesis

Point mutations S123E and S184E of DnaJA2 and Y176E of DnalB1 were introduced
by mutagenesis using the QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent)
following the manufacturer’s indications. 50 ng of the templates (pESUMO-DnalA2
or pESUMO-DnalB1) were amplified using a pair of primers (125 ng each) containing
the desired mutation in the middle of their sequence. Table 3.4 contains the
information on the primers used in each case. Amplification consisted of an initial
denaturation cycle (1 min at 95 °C), followed by 18 cycles of a denaturation step at
95 °C for 30 s, a hybridization step at 55 °C for 1 min and an elongation step at 68
°C for 5 min. After 18 cycles, a final elongation step at 68 °C for 7.5 min was added
to ensure amplification of the whole plasmids. After amplification, samples were

digested with Dpnl to eliminate the parental methylated template. The nicked DNA
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containing the desired mutation was then transformed into E. coli XL1-Blue super-

competent cells.

Table 3.4. Direct mutagenesis primers containing point mutations underlined.

LENGTH
MUTANT PRIMERS (5’ to 3’)
and Tm
F:AGGACATGATGCATCCACTCAAAGTAGAGTTAGAAGATCTGTATA
ATGGCAAGAC 55 bp
DnalA2
R:GTCTTGCCATTATACAGATCTTCTAACTCTACTTTGAGTGGATGCAT 78.68 °C
(S123E)

CATGTCCT

DnalA2  F:GGGATGGTACAACAGATGCAGGAGGTGTGCTCTGATTGTAATGGA 45 bp

(S184E) R:TCCATTACAATCAGAGCACACCTCCTGCATCTGTTGTACCATCCC 78 °C
DnalB1 F:GTCTCCCTTGAAGAGATCGAGAGCGGCTGTACCAAGAAG 39 bp
(Y176E) R:CTTCTTGGTACAGCCGCTCTCGATCTCTTCAAGGGAGAC 80.09 °C

3.2.2.3. Restriction digest-based mutations

Most DnalA2 phosphomimetic mutants, referred to as Pm, used in this Thesis were
obtained with the restriction enzyme digest-based method. To generate the DnalA2
mutants the original pESUMO-DnalA2 was first modified adding different silent
mutations to introduce new restriction sites without altering the amino acid
sequence of the protein with the help of the ResiteFinder online tool

(http://resitefinder.appspot.com/). This tool was designed to create novel

restriction sites in coding sequences without perturbing the corresponding amino
acids, as it uncovers all the possible locations in which the user can introduce a silent
mutation on a given coding sequence to generate a restriction enzyme recognition
sequence. Furthermore, if the vector is also provided, it only searches for silent

mutations in the coding sequence that result in unique restriction sites. A script was
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generated and deposited in the GitHub platform (Appendix, enzyme filter.py) to

discard all non-palindromic sequences and to search for specific enzymes or specific

regions of the input sequence.

Four new restriction sites were included in the pESUMO-DnalA2 plasmid to
allow the construction of DnaJA2 mutants based on the digestion of its coding
sequence. The new sites were designed taking the domain organization of the
protein into account, to facilitate the posterior generation of mutants. Figure 3.1
shows the empty pESUMO vector (panel A) and the modified pESUMO-DnalA2
(panel B) containing the new restriction sites used to flank the different domains:

JD+G/F, CTDI, ZFD, CTDIl and DD+C-terminal domain (CD).

461 bp
A i Isclonmgsne B Aflll \ .
BamH| / Nsil \?3 bp
Mfel
< \ 314 bp
pESUMO pESUMO-DnalA2 = Xmal

5761 bp

6969 bp
347 bp

BfuAl

BamHI </ 173 bp

Figure 3.1. Plasmids used for the construction of DnaJA2 mutants by restriction digest
methods. (A) Empty pESUMO vector, showing the cloning site after SUMO, Aflll restriction

enzyme site located before SUMO and the restriction enzymes (Bsal and BamH]I) used to
insert recombinant proteins. (B) The pESUMO-DnalA2 plasmid containing the sites for

different restriction enzymes (new ones in bold) was used to generate different DnalA2
mutants.

The JD+G/F constructs of DnaJA2 wt and its phosphomimetic variants were
also generated by the restriction digest-based method, but this time the fragments
were inserted in the empty pESUMO vector. All the mutants generated by this
technique are summarized in Table 3.5, which shows the length of the ordered

fragments containing the desired mutations, the plasmid in which the fragment was
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inserted, the restriction sites used to insert those fragments into the desired

plasmid and the number of mutants generated in those conditions.

Table 3.5. Different mutants generated by restriction digest-based mutagenesis.

INSERT CLONING RESTRICTION NUMBER OF
MUTANT
LENGTH PLASMID ENZYMES MUTANTS
pESUMO- 5" Afill
DnalA2 JD-Pm 464 bp 8
DnalA2 3’ Nsil
DnaJA2LQ and pESUMO- 5’ Nsil
370 bp 4
DnalA2 CTDI-Pm DnalA2 3’ Xmal
pESUMO- 5’ Nsil
DnalJA2 CTD-Pm 890 bp 1
DnalA2 3’ BfuAl
pESUMO- 5’ Mfel
DnalA2 ZFD-Pm 317 bp 2
DnalA2 3’ Xmal
pESUMO- 5’ BfuAl
DnalA2 CD-Pm 177 bp 1
DnalA2 3’ BamHI
5’ Aflll
DnalA2(JD+G/F) wt 4
and Pm 451bp PESUMO 3’ BamH|

The fragments containing the desired mutations and pESUMO plasmid
(empty or cloned with DnaJA2 wt) were digested with the corresponding restriction
enzymes (1 uL per 1 ug of DNA) summarized in Table 3.5. After a DNA agarose
electrophoresis, digested products were gel-purified using the Gel and PCR Clean-
up Kit (Macherey-Nagel). Ligation between digested insert and plasmid was done at
16 °C for 16 h with T4 DNA Ligase (New England Biolabs) and finally, E. coli DH5a

competent cells were transformed with the ligation products.
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3.3.PROTEIN EXPRESSION AND PURIFICATION

3.3.1. Proteins used in this work

The proteins listed in Table 3.6 have been recombinantly expressed and purified in
the laboratory using the protocols described in the following sections. Other

proteins used in this Thesis were bought, as detailed in (Table 3.7).

Table 3.6. Proteins and mutants purified in our laboratory

PROTEIN No. AMINO ACIDS MW (Da) pl
Hsc70 646 70,898 5.37
Hsc70r204n 646 70,868 5.37
Apg2 843 94,486 5.10
DnalAl 397 44,868 6.65
DnalA2 412 45,746 6.06
DnalA2AJ 342 37,775 5.99
DnalA2AG/F 390 43,587 6.26
DnalA2AZF 347 38,855 5.56
DnaJA2AC 361 40,247 7.95
DnalA2LQ 412 45,762 5.86

DnalA2-Pm* -- - -
DnaJA2 JD+G/F 111 12,292 7.94

DnalA2 JD+G/F-Pm* 111 -- --
DnalB1 340 38,044 8.74
DnalBlyi7ee 340 38,010 8.55
tau K18c2914, c3224, P301L 130 13,766 9.87

* No mass and pl values are provided because different mutants are grouped.
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Table 3.7. Proteins and peptides purchased.

PROTEIN MW (kDa) SOURCE OBTAINED FROM
Pyruvate kinase (PK) 237 Rabbit Roche

Lactate dehydrogenase

140 Rabbit Roche
(LDH)
Glucose-6-phosphate . .
54.4 L. mesenteroides Worthington
dehydrogenase (G6PDH)
Luciferase 62 P. pyralis Sigma-Aldrich
DnalA2 JD 8.9 Chemical svnthesi Prot .
. emical synthesis roteogenix
(wt and phosphorylated) y &
FT7 peptide 0.855 Chemical synthesis Proteogenix

3.3.2. Purification of molecular chaperones

Molecular chaperones were purified using protocols previously developed in the
laboratory (Cabrera et al., 2019) with few modifications. In all cases, the coding
sequence of each chaperone was cloned into the pESUMO plasmid (Life Sensors).
This vector expresses the protein of interest fused to a His-tagged ubiquitin-like
modifier (yeast SUMO Smt3) at its N-terminus, enhancing expression, promoting
solubility and correct folding of the protein, and allowing affinity purification
(Peroutka, Orcutt, Strickler, and Butt, 2011). For that reason, all these purifications

shared a similar purification method based on the presence of SUMO.

3.3.2.1. Purification of Hsc70

BL21 CodonPlus(DE3) RILP cells containing pESUMO-Hsc70 plasmid or its mutant
were cultured in 35 mL LB medium with ampicillin (100 pug/mL) and chloramphenicol

(35 pug/mL) and grown overnight at 37 °C. The overnight-saturated cultures were
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diluted 20 times in antibiotics-containing LB media (4 flasks of 750 mL) and cells
were grown at 37 °C to an ODgoonm Of 0.6. Overexpression was induced with 0.5 mM
IPTG and 0.3 M NaCl for 14 h at 20 °C with continuous shaking. After protein
expression, cells were harvested by centrifugation for 10 minutes at 5,000 g at 4 °C
and the pellet was resuspended in lysis buffer: 50 mM Tris-HCl pH=8, 350 mM NaCl,
10 mM imidazole pH=8, 20% sucrose, 5%.glycerol, 0.2% Triton X-100, 1 mM PMSF,
complete EDTA-free protease inhibitor cocktail (Roche) (1 table per 50 mL) and 1
mM TCEP. Cells were disrupted by sonication (5 sonication cycles of 20 s ON/30 s
OFF at 4 °C repeated twice) in an MSE Soniprep 150 (Leicestershire), and the soluble
fraction was collected by ultracentrifugation at 35,000 rpm for 30 min at 4 °C. The
supernatant was loaded onto a HisTrap™ FF column (GE Healthcare) with a nickel-
charged affinity resin, which was previously equilibrated in buffer A (20 mM Tris-
HCl pH=8, 350 mM NaCl, 10 mM imidazole pH=8, 5% glycerol and 1 mM TCEP). The
bound fraction was washed with buffer A2, which had a higher salt concentration
than buffer A (1M NaCl), and the elution was carried out by imidazole displacement
using buffer B (20 mM Tris-HCI pH=8, 350 mM NaCl, 400 mM imidazole pH=8, 5%
glyceroland 1 mM TCEP). The eluted fraction was dialyzed overnight at 4 °C in buffer
A'in the presence of 1.2 mg SUMO protease 1 (Ulp1), which cleaved the His-tagged
SUMO protein. The next day, the dialyzed sample was passed through a column
packed with NI-NTA Agarose (Qiagen), where the previous purification was
repeated. However, this time the flow-through contained the Hsc70 protein while
Ulpl and SUMO remained bound to the matrix, as they both have a histidine tag.
The resin was then cleaned by adding buffer B and thus eluting Ulp1l and SUMO.
The sample containing Hsc70 was dialyzed overnight at 4 °C in buffer C (10 mM
sodium phosphate pH=6.8, 10% glycerol and 5 mM B-mercaptoethanol). The
dialyzed sample was further purified by injecting it in a Hydroxyapatite column of
20 mL previously equilibrated with buffer C. Elution was performed with a gradient
from 10 mM to 500 mM of sodium phosphate pH=6.8, and fractions containing the
protein were dialyzed overnight at 4 °C in 25 mM Hepes-KOH pH=7.6, 350 mM KCl,
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5 mM MgCl,, 10% glycerol and 2 mM DTT. Finally, Hsc70 was concentrated in
Amicon50 filters (Millipore), centrifuged at 13,000 g for 10 min at 4 °C to remove
protein aggregates, if any, and frozen in liquid nitrogen. The aliquots were

conserved at -20 °C.

3.3.2.2. Purification of Apg2

Apg2 was expressed from saturated cell cultures (4 flasks of 35 mL) of Rossetta(DE3)
cells, which were inoculated in antibiotic-containing fresh LB (4 flasks of 600 mL)
and grown until the ODggonm reached 0.6. Overexpression was induced with 0.1 mM
IPTG and 0.3 M NaCl for 22 h at 20 °C. After protein expression, cells were harvested,
disrupted by sonication and the soluble fraction was collected by
ultracentrifugation using the same buffers and protocols of Hsc70 purification.
Debris-free supernatant was loaded onto a column with a nickel-charged affinity
resin and eluted as described for Hsc70. The fractions of the eluate containing Apg2
were dialyzed overnight in buffer A in the presence of Ulp1l protease. The next day,
the cleaved protein was loaded in a column containing Ni-NTA Agarose resin and
purified from the flow-through, as the SUMO tag was removed and Apg2 did not
bound to the resin. The protein was dialyzed overnight in 25 mM Hepes-KOH
pH=7.6, 100 mM KCI, 10% glycerol and 2 mM DTT. Finally, it was concentrated in

Amicon50 filters, centrifuged, frozen and conserved as described before.

3.3.2.3. Purification of Hsp40s

BL21 CodonPlus(DE3) cells containing the sequences for DnalA1, DnalJA2, DnalB1 or
their mutants were grown overnight at 37 °C (4 flasks of 35 mL). The saturated cell
cultures were diluted in antibiotic-containing fresh LB medium (4 flasks of 750 mL)
and grown to an ODggonm Of 0.6. Protein expression was induced with 1 mM IPTG for
4 hat37°Cor 30 °C, for the wt or the mutants, respectively. Cells were collected by

centrifugation as before, and resuspended in lysis buffer (50 mM Tris-HCI pH=8, 350
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mM NaCl, 10 mM imidazole pH=8, 20% sucrose, 0.2% Triton X-100, 1 mM PMSF,
Complete EDTA-free (Roche) protease inhibitor cocktail (1 per 50 mL) and 1 mM
TCEP). The cellular extract was sonicated and ultracentrifuged following the same
protocol used with Hsc70, and the supernatant was loaded in a HisTrap™ FF
equilibrated in buffer A (20 mM Tris-HCI pH=8, 350 mM NaCl, 10 mM imidazole
pH=8 and 1 mM TCEP). The bound fraction was eluted with a 10-400 mM imidazole
gradient of 120 min, and the fractions containing the desired protein were selected
and dialyzed overnight in buffer A together with Ulpl protease (1.2 mg). The next
day, the sample was loaded in a column packed with Ni-NTA Agarose resin
previously equilibrated with buffer A, and the protein without Ulp1 and SUMO was
recovered from the unbound fraction. Ulpl and SUMO were eluted with buffer B
(20 mM Tris-HCI pH=8, 350 mM NacCl, 400 mM imidazole pH=8 and 1 mM TCEP),
which was used the day before to generate the imidazole gradient. The unbound
fraction containing the protein of interest was dialyzed overnight in 25 mM Hepes-
KOH pH=7.6, 150 mM KCl, 10% glycerol and 2 mM DTT. Samples were concentrated
in Amicon30 or Amicon3.5 filters, depending on the molecular weight of the
mutant, and centrifuged at 13,000 g for 10 min to eliminate any possible protein

aggregate. Aliquots were frozen in liquid nitrogen and stored at -20 °C.

Before freezing the proteins, DnaJA1 and all DnalA2 variants used to study
the oligomerization of this cochaperone were further purified by size-exclusion
chromatography. This additional purification step was performed using a Superdex
200 26/60 equilibrated with the final buffer without glycerol (25 mM Hepes-KOH
pH=7.6, 150 mM KCl and 2 mM DTT). Fractions containing the protein of interest
were pooled together, concentrated in Amicon30 or Amicon3.5 filters, centrifuged

to eliminate the aggregates, frozen and stored in 10% glycerol at -20 °C.

DnalA2 JD+G/F variants were used for Nuclear Magnetic Resonance (NMR)
studies, so in these cases bacterial growth was done in M9 minimal medium

containing 60 g/L Na;HPO,, 30 g/L KH,P0O4, 5 g/L NaCl, 1 mM MgS0O4, 0.1 mM CaCl,,
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10 mg/L thiamin and 10 mg/L biotin with the appropriate isotopic enrichment (1g/L
98% '°NH4Cl and 2g/L 99% 3Ce-glucose). Once the overexpression was done,
purification of these proteins was performed following the same protocol described

for non-labeled ones.

3.3.3. Purification of tau K18 c291a, c322a, p301L

Tau is a microtubule-binding protein that can aggregate into amyloid fibrils, which
are characteristic of Alzheimer’s disease (Weismiller et al., 2018). It consists of a
carboxyl-terminal microtubule-binding domain and an amino-terminal projection of
varying size (Dehmelt and Halpain, 2005). The positively charged microtubule-
binding domain contains three or four (R1-R4) microtubule-binding repeats (MBRs)
of 31 or 32 residues that interact with negatively charged surfaces of microtubules
(Avila, Lucas, Pérez, and Hernandez, 2004). The capacity of this protein to aggregate
into amyloid fibrils resides in the presence of two hexapeptides (PHD6* and PHF6)
located in the MBRs (Daebel et al., 2012). In vitro aggregation studies are usually
performed with recombinant truncated tau isoforms, such as K18, that only contain
the aggregation-prone repeats of the microtubule-binding domain (Lim, Haque,
Kim, Kim, and Kim, 2014). The truncated tau K18 (residues 244—-372) aggregates
much faster and is more soluble than the full-length protein (Lim et al., 2014). The
tau K18 version used in this work aggregates even faster, as it contains a point
mutation (P301L) known to enhance the B-sheet propensity that accelerates the

aggregation reaction (Lim et al., 2014).

Tau K18 c291a, c322a, p301L Was expressed in BL21(DE3) cells transformed with the
pNG2 plasmid containing the coding sequence of this tau version. The overnight-
grown culture was diluted 20 times in LB media containing 100 pg/mL ampicillin (8
flasks of 750 mL). Cells were grown at 37 °C to an ODgoonm Of 0.6-0.8, when
overexpression was induced by 1 mM IPTG at 37 °C for 4 h. Cells were harvested by

centrifugation at 5,000 g and the pellet was resuspended in lysis buffer (20 mM
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MES-NaOH pH 6.8, 1 mM EDTA, 0.2 mM MgCl,, 5 mM DTT, 1 mM EDTA and
Complete EDTA free (Roche) protease inhibitor cocktail (1 table per 50 mL)). Cells
were lysed by sonication (6 cycles of 20 ON; 30 OFF in MSE Soniprep 150) and the
soluble fraction was obtained by ultracentrifugation at 147,500 g for 30 min at 4 °C.
After ultracentrifugation, 500 mM NaCl was added to the supernatant and the
sample was incubated for 20 min at 95 °C. Aggregates were removed by another
ultracentrifugation at 147,500 g for 30 min at 4 °C. The soluble fraction was dialyzed
twice against buffer A (20 mM MES-NaOH pH 6.8, 1 mM EDTA, 1 mM MgCl;, 2 mM
DTT, 1 mM EDTA, 0.1 mM PMSF with 50 mM NaCl) at 4 °C, with the first change
after 3 h and another overnight change. The dialyzed sample was passed through a
0.45 um filter and loaded onto a HiTrap™ SP HP cation exchange column (GE
Healthcare) previously equilibrated with buffer A. The same buffer with 1 M NaCl
(buffer B) was used to elute the protein with a 0-0.6 M NaCl gradient, by combining
both buffers. Pooled fractions were dialyzed overnight against 25 mM Tris-HCI pH
7.5, and degradation products were removed by gel filtration using a Superdex 75
26/60 column. Fractions containing the monomeric protein were pooled together,
dialyzed overnight against 25 mM Tris pH=7.5, concentrated using Amicon3.5

filters, filtered through 0.22 um sterile filters and stored at -20 °C.

3.3.4. Protein quantification

Most purified chaperones were quantified by the Bradford method (Bradford, 1976)
using bovine serum albumin (BSA) as a standard protein of known concentration to
create a standard curve. Some proteins were also quantified in a BioMate 3
spectrophotometer (ThermoFisher) by measuring the absorbance at 280 nm and
applying the Lambert-Beer equation taking the extinction coefficient of each
protein at 280 nm into account (Table 3.8). The concentration of tau K18 mutant
was not measured by conventional methods, as due to its low content of aromatic

and arginine residues, absorbance at 280 nm and Bradford/BCA methods result in
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an underestimation of the protein amount. For that reason, the tau K18 mutant was

quantified using its extinction coefficient at 235 nm (1.6 mL-mg*-cm™).

Table 3.8. Extinction coefficients of different proteins used in this work.

PROTEIN EXTINCTION COEFFICIENT

Hsc70 €280=33,350 M*cm™

Apg2 €280= 56,270 Mt cm?

DnaJA1 €280= 16,390 Mt cm?
DnalA2 €280= 23,380 Mt cm?
DnalA2 JD+G/F €280= 8,940 Mt cm™?
DnaJA2 JD €280= 8,940 Mt cm™?
DnalB1 €280= 18,910 Mt cm™

tau K18c2914, c322a, P301L €235=1.6 mL'mg-cm?

3.4. PROTEIN ELECTROPHORESIS AND IMMUNOBLOTTING

3.4.1. SDS-PAGE

Protein analysis was carried out by SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis), as described (He, 2011). This technique is an
analytical method used to separate components of a protein mixture based on their
molecular mass, as in the presence of SDS, all proteins present the same charge-to-
mass ratio and lose their ternary structure. Samples were prepared in loading buffer
containing 50 mM Tris-HCl pH 6.8, 5% (w/v) glycerol, 4% (w/v) SDS, 0.02% (w/v)
bromophenol blue and 100 mM DTT. Electrophoresis was carried out in a mini-
PROTEAN Tetra Cell (Bio-Rad) using a buffer containing 25 mM Tris-HCI pH 8.3, 200
mM glycine and 1% SDS (w/v) and freshly-made polyacrylamide gels.
Polyacrylamide gels were generated in a discontinuous manner to contain two
parts: the stacking (4.7% acrylamide/bisacrylamide) and the resolving (10, 12.5 or
15% acrylamide/bisacrylamide, depending on the protein/experiment).
Alternatively, samples were run in NUPAGE™ 4 to 12%, Bis-Tris gels (Invitrogen)

using an XCell™ SureLock™ Mini-Cell (Invitrogen) and a buffer containing 50 mM
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MES, 50 mM Tris, 0.1% SDS (w/v), 1 mM EDTA, pH 7.3. Molecular weight markers

(NZYTech) were used to identify the proteins.

After running the gels, proteins were fixed and stained with Coomassie Blue
colorant, which interacts with the amine groups of polypeptide chains, following
the method patented by Wondrak (Lawrence and Besir, 2009). Gels were stained
with 0.008% (w/v) Coomassie Brilliant Blue R-250 and 0.3% (v/v) 35 mM HCl in
bidistilled water. After staining, gels were washed with bidistilled water and shook

for 5 min. Finally, they were washed with fresh bidistilled water and scanned.

3.4.2. Western Blot analysis

Western Blot (WB) is a common method to detect and analyze specific proteins
separated by gel electrophoresis by immunoblotting. Separated proteins are
transferred (or blotted) onto a matrix (generally nitrocellulose or PVDF membrane),
where the target protein is stained with specific antibodies that are ultimately
detected by colorimetric, chemiluminescence or fluorescence methods (Mahmood

and Yang, 2012).

After 24 h of DnalA2 overexpression, transiently transfected HEK293 cells
were washed with ice-cold phosphate-buffered saline (PBS) and harvested in 1 mL
of lysis buffer (50 mM Tris-HCI pH=7.5, 125 mM NaCl, 1% Nonidet P-40 detergent,
5 mM NaF, 1.5 mM NaP, 1 mM orthovanadate, 1mg/mL complete EDTA-free
protease inhibitor cocktail and 0.25 mg/mL pefabloc® (Roche)). Cells were disrupted
by sonication (10 sonication cycles of 1 s ON/1 s OFF) in an MSE Soniprep 150
(Leicestershire) and centrifuged at 12,000 g for 15 min at 4 °C. The soluble fraction
was recovered and protein quantification was performed following the Bio-Rad DC
Protein Assay colorimetric method. To perform a semiquantitative
immunodetection of the lysates, 10 pg of total protein was loaded for each

condition in a 12.5% acrylamide/bisacrylamide SDS-PAGE gel.
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SDS-PAGE-separated proteins were transferred to a nitrocellulose membrane
in wet conditions using a Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad).
The transfer from SDS gels was carried out for 2 h at 500 mA in a buffer containing
50 mM Tris-HCl, 0.1% (w/v) SDS, 386 mM glycine, 20% (v/v) methanol, pH 8.3. The
transfer was done in a cold room (4 °C) and with a cooling unit inside the tank to
avoid overheating. After protein transfer, membrane was blocked for 1 h at room
temperature with 5% (w/v) skimmed milk in TBS-T (10 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.05% (w/v) Tween-20) under mild-agitation. Then, the membrane was
incubated overnight at 4 °C with a 1/50000 dilution of the monoclonal primary
antibody rabbit (Rb) anti-DnalJA2 (Abcam). The next day, it was washed three times
(10 min each) with TBS-T and incubated for 1 h at room temperature with anti-Rb
secondary antibody (1/5000 dilution) conjugated to horseradish peroxidase
(Invitrogen). Three additional washing steps were performed, and finally,
visualization was done in a ChemiDoc XRS (Bio-Rad) by chemiluminescence using
the SuperSignal®West Pico Chemiluminescent Substrate and myECL™ Imager

(Thermo Fisher Scientific).

3.5. STRUCTURAL CHARACTERIZATION

3.5.1. Crosslinking experiments

Crosslinking (CX) experiments were performed with glutaraldehyde, which is a
dialdehyde reagent that reacts with positively charged amines, especially from
lysine side chains, that are closer than 5 A through its carbonyl ends (Richards and
Knowles, 1968). Samples containing 2 uM DnalA were incubated without or with
0.005% (v/v) glutaraldehyde for 15 min at 4 °C in 20 mM Hepes-KOH pH= 7.6, 50
mM KCI, 5 mM MgCl, and 2 mM DTT. The crosslinking reaction was ended by the
addition of 100 mM Tris-HCl pH=7.5. Finally, an SDS-loading buffer was added to the
samples and they were heated at 90 °C for 10 min. Proteins were loaded in an SDS-

PAGE gel of 10% and stained with Coomassie Brilliant Blue.

63





Crosslinking Mass Spectrometry (XL-MS) analysis of DnaJA2 oligomers was
performed at 60 uM protein in buffer 20 mM Hepes-KOH pH=7.6, 30 mM KCI, 5 mM
MgCl, and 2 mM DTT, as previously described (Yu and Huang, 2018). DnaJA2 was
first reacted with bis(sulfosuccinimidyl)suberate (BSs) homobifunctional
crosslinking reagent, which physically tethers spatially proximal lysine residues
(primary amines) by forming covalent bonds between them (Gong, Ye, Nie, and
Tang, 2020). Then, the crosslinked proteins were digested and the resulting peptide
mixture was analyzed by liquid chromatography-tandem mass spectrometry (LC-
MS/MS). The crosslinked peptides and their linkage sites were identified by
database searching of the MS/MS data, and considering that the maximum distance
between the crosslinked Cos when BSs is fully extended is 24 A (Gong et al., 2020),
the resulting crosslinks were utilized as distance constrains to validate the atomic

model of the DnaJA2 assembly.

3.5.2. Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a technique that measures the Brownian motion
of macromolecules in solution, which depends on particle size, temperature and
solvent viscosity (Stetefeld, McKenna, and Patel, 2016). When a monochromatic
beam light encounters macromolecules in solution, light scatters in all directions as
a function of the size and shape of the molecules, and the light scattering intensity
is recorded by the detector. The autocorrelator correlates intensity fluctuations of
light scattered and time to determine how rapidly the intensity fluctuates to
determine the size of the macromolecules in specific conditions, including

temperature and buffer composition (Stetefeld et al., 2016).

DLS experiments were used to determine the size of the polydisperse
oligomeric species of DnalJA2 at 30 uM and 25 °C in buffer 20 mM Hepes-KOH
pH=7.6, 30 mM NaCl, and 2 mM DTT, and the effect of ionic strength (300 mM NaCl)

or 1,6-hexanediol on protein self-association. Before measuring the samples
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containing 300 mM NaCl or 5% 1,6-hexanediol, they were incubated at room
temperature overnight or for two hours, respectively. DLS was also used to observe
whether DnalB1 and the different DnaJA2 mutants were able to self-associate in

the same experimental conditions.

Finally, the temperature-dependence of the oligomerization state of
DnalA2 (30 uM) was analyzed by DLS in the absence or presence of equimolar
amounts (30 uM) of tau K18 in buffer 20 mM Hepes-KOH pH=7.6, 30 mM KCl, 5 mM
MgCl; and 2 mM DTT. As a control, the same experimental protocol was followed
to measure the effect of temperature, if any, in a sample containing only 30 uM tau
K18. Samples were incubated for 1 h at 30 °C before recording the first
measurements at this temperature. Then, they were incubated for 1 h at 40 °C
before recording their DLS, and afterward, they were incubated overnight at room
temperature. Finally, DLS of the samples was recorded again at 30 °C to study the

reversibility of the self-association process.

Experiments were performed in a Nano-S Zetasizer (Malvern Panalytical)
with a 173 ° backscatter detector and using disposable cuvettes (10 mm light path,
Eppendorf). In all experiments, 30 accumulations were collected, each of 10-16
measurements. Data were analyzed with Zetasizer software, taking the viscosity
and refractive index of the buffer into account, and the results were represented as

volume-based distribution profiles.

3.5.3. Light Scattering

The effect of 1,6-hexanediol on the oligomerization state of different DnalA2
variants was followed by measuring the light scattered by the different mutants in
a Fluoromax-1 spectrofluorimeter (Horiba Jobin Yvon). Each protein (15 uM) was
incubated without or with 5% (v/v) 1,6-hexanediol in 20 mM Hepes-KOH pH=7.6, 50
mM KCI, 5 mM MgCl, and 2 mM DTT buffer for 2 h at room temperature. After
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incubation, 60 pl of each sample was measured at 300 nm using Ultra-micro cell

cuvettes (Hellma™).

3.5.4. Electron Microscopy

All Electron Microscopy (EM) and cryo-EM experiments were performed at the
Centro Nacional de Biotecnologia (CNB) and Grenoble in collaboration with the
group of J.M. Valpuesta (Drs. Jorge Cuéllar and Jose Maria Valpuesta). To study in
more detail the oligomeric nature of DnalJA2 and its variants, samples were
observed by negative staining in a Transmission Electron Microscope (TEM).
Negative staining integrates small biological particles adsorbed on an electron
transparent sample support (EM grid) in a thin and amorphous film of heavy metal
salts to reveal their structural details (Harris and De Carlo, 2014). Most samples
studied by negative staining contained 30 uM protein in 20 mM Hepes-KOH pH=7.6,
50 mM KCl and 2 mM DTT buffer. However, samples used to study the modulation
of DnalA2 self-association by Hsc70 contained 15 uM DnalJA2 in buffer 20 mM
Hepes-KOH pH=7.6, 50 mM KCI, 5 mM MgCl;, 2 mM DTT and 2 mM ATP in the

absence or presence of 7 uM Hsc70 or Hsc70r04a.

Further structural characterization of vitrified DnaJA2 and DnalA2AG/F
samples was at first carried out in a 200 kV FEIl Talos Arctica cryo-electron
microscope at 60 uM cochaperone in buffer 20 mM Hepes-KOH pH=7.6, 50 mM KCl
and 2 mM DTT. Overall, 1482 movies were collected for DnaJA2 wt in this
microscope. In the case of DnaJA2AG/F, the cryo-grids were first analyzed in a 200
keV FEI Talos Arctica, and the best one was used to record a total of 10714 movies
on a 300 kV Titan Krios at the ESRF Grenoble facility. Small areas of the structures
were treated as single particles, selecting a total of 49387 particles for DnaJA2 wt
and 288620 particles for DnaJA2AG/F. After several rounds of 2D classification
without imposing any kind of symmetry, the best classes were used for subsequent

rounds of 3D classifications. Finally, the models were autorefined without symmetry
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(C1) or imposing 5D symmetry, leading to the 3D reconstruction of DnaJA2 wt and
DnalA2AG/F self-assemblies. The steps followed for the 3D reconstructions are

summarized in Figure 3.2.

DnalA2 wt DnaJA2AG/F

1482 movies
1.37 A/pix

10714 movies
1.05 A/pix

Xmipp3 l Manual particle picking Cryolo l Automatic particle picking

| y t'sy
w

e l 2D classification
particles
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l 2D classification
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Figure 3.2. The steps to obtain the 3D reconstruction of DnaJA2 wt and DnalA2AG/F
oligomers. 1482 and 10714 movies were recorded for DnalA2 wt and DnalA2AG/F,

respectively. The structures were treated as single particles (49387 and 288620 particles for
DnalJA2 wt and DnaJA2AG/F, respectively) and 2D classification rounds of the particles were
performed. The bests were used for 3D classification rounds and the subsequent-3D
reconstructions were refined without symmetry (C1) or imposing 5D symmetry.

3.5.5. Homology modeling, Molecular Dynamics simulations and docking

The goal of protein modeling is to predict a structure from its sequence to safely
use in silico protein models in different contexts, including structure-based drug
design, analysis of protein function, interactions, or rational design of proteins with
increased stability or novel functions. In addition, protein modeling is the only way

to obtain structural information if experimental techniques fail (Krieger, Nabuurs,

67





and Vriend, 2003). As there are no crystal structures available for full-length DnaJA2
or the Hsc70(ATP)-DnalA2 JD complex, we resorted to homology modeling to
generate atomistic models of those proteins. The first step to generate them was
to search for the best templates, which are proteins of known structure with a
sequence similar to the query protein (Krieger et al., 2003). The search for templates
was performed scanning the query sequences against the SWISS-MODEL (Biasini et
al., 2014), Phyre2 (Kelley, Mezulis, Yates, Wass, and Sternberg, 2015) and I-TASSER
(Roy, Kucukural, and Zhang, 2010) servers. Then, the templates were aligned with
the sequences of the query proteins considering the structure. Those structure-
based alignments were employed to generate models using MODELLER (Webb and
Sali, 2014). Different models were obtained for each protein, and all of them were
analyzed by ERRAT (Colovos and Yeates, 1993), Verify-3D (Eisenberg, Luthy, and
Bowie, 1997) and WHAT-IF (Vriend, 1990) to assess the quality of the predicted
structures. The best models were selected and energy minimized using
OMMprotocol (Rodriguez-Guerra Pedregal, Alonso-Cotchico, Velasco-Carneros,
and Maréchal, 2018), achieving good quality initial homology models. Finally, the

initial models were refined by Molecular Dynamics (MD) simulations.

MD simulations were performed to ensure the stability of the homology
models and to potentially refine the initial models through the exploration of the
conformational space. Additionally, the refined JD of DnalJA2 was modified by
adding in silico phosphorylation on residues Y10, Y28 and S51, and MD simulations
of these phosphorylated domains were performed to gain insights into the effect
that phosphorylation of these residues could have in the interaction network of the

domain.

The systems (DnalJA2 homodimer, JDs of DnalJA2 wt form and its
phosphorylated variants, and Hsc70(ATP)-DnaJA2 JD wt or pS51 complex) were
prepared for all-atoms MD simulations as follows: histidines predicted to be in a

region of pH higher than 6.0 by the H™ server (Anandakrishnan, Aguilar, and
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Onufriev, 2012) were protonated in the initial models and the systems were set up
with xleap (Case et al, 2016). Explicit solvent was used and Na* or ClI" ions were
added to obtain charge neutrality. Each system was embedded into a cubic box with

a distance between the protein and the box edge of 6 A.

AMBER ff14SB (Cornell et al., 1995; Maier et al., 2015) and TIP3P (Jorgensen
et al., 1983) force fields were used for proteins and water, respectively. Parameters
for the phosphorylated residues were taken from AMBER phosaalO force field
(Steinbrecher, Latzer, and Case, 2012), and as parameters for ATP, Mg and K* were
not in AMBER18 by default, they were taken from the literature (Meagher, Redman,
and Carlson, 2003; Nilsson and Villa, 2012). In the case of the zinc fingers of DnalA2,
parameters were developed according to standard approaches (Peters et al., 2010).
These structures were first minimized at B3LYP/6-311++G(d,p) level combined with
Grimme’s D3 correction for dispersion (Grimme, Antony, Ehrlich, and Krieg, 2010)
and point charges were calculated at this minima with antechamber (Wang, Wang,
Kollman, and Case, 2006) according to the Restrained Electrostatic Potential (RESP)
procedure (Bayly et al., 1993). Bonded terms at the Zn centers were calculated
according to Seminario’s method based on second-derivates (Seminario, 1996) and
the force field was generated using the VFFDT program (Zheng et al., 2016). The
general Amber force field (GAFF) was adopted for the remaining atoms (Wang,

Wolf, Caldwell, Kollman, and Case, 2004).

MD simulations were performed using OpenMM (Eastman and Pande, 2010),
with the following conditions: A cutoff of 1 nm was used for short-range
electrostatic and Van der Waals interactions. Long-range electrostatic interactions
were calculated with the Particle-Mesh Ewald method (PME), using periodic
boundary conditions (Petersen, 1995). Bonds involving hydrogen atoms were
constrained using the SHAKE algorithm (Ryckaert, Ciccotti, and Berendsen, 1977). A
time step of 1 fs was used to integrate the equation of motion with a Langevin

integrator (Bringer, Brooks, and Karplus, 1984). Constant temperature and
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pressure were achieved by coupling the systems to a Monte Carlo barostat at
1.01325 bar (Duane, Kennedy, Pendleton, and Roweth, 1987). Model systems were
energy minimized progressively before starting with the MD simulations, allowing
water molecules, side-chain and at last, backbone atoms to move. Then, the
temperature was increased from 100 K to 300 K to thermalize water molecules and
side chains, and finally, MD simulations of 100 or 300 ns were carried out and
further analyzed. The UCSF Chimera package was used for molecular graphics and

analyzes (Pettersen et al., 2004).

Once the model of dimeric DnalA2 was refined, rigid-body docking of this
atomic model was performed to fit its structure into the 3D experimental volume

obtained by cryo-EM.

Finally, the phosphorylated variants of the JD of DnaJA2 were compared with
the wt domain, by analyzing the trajectories of 300 ns MD simulations of the
different JDs with the StructureViz app of Cytoscape 3.6, which allows structure

visualization in a network context (Morris, Huang, Babbitt, and Ferrin, 2007).

3.5.6. Immunostaining of DnaJA2 in HEK293 cells

HEK293 cells (2.5x10% 5x10* or 10°) were seeded in 24-well plates (Sarstedt)
containing previously polylysine-treated coverslips at the bottom of the wells so
that the cells were grown forming a monolayer on the coverslips. HEK293 cells were
transiently transfected with pCDNAS5/FRT/TO-GFP (as control of efficient
transfection) or pPCDNA5/FRT/TO-DnalA2 with Lipofectamine® 2000, as described in
section 3.1.2, and incubated different times (24, 48 or 72 h) before testing protein
overexpression inside cells. Non-transfected cells were also incubated and treated
in the same way to use them as control of endogenous expression, which was

undetectable under our experimental conditions.
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Cells attached to the coverslips at the bottom of the wells were washed
three times with ice-cold PBS supplemented with 1% BSA and subsequently fixed by
incubating them with 1% paraformaldehyde for 10 min, which is a simple method
to preserve cells for their study by immunofluorescence (Smit, Meijer, Decary, and
Feltkamp-vroom, 1974). After fixation, samples were washed again three times with
ice-cold PBS supplemented with 1% BSA, and then, they were permeabilized by
incubating them for 10 min in ice-cold PBS containing 0.1% Triton X-100. After
another three-time washing step, the coverslips were blocked by incubation in
washing buffer (PBS + 1% BSA) supplemented with 5% FBS for 1 h at room
temperature. Then, the coverslips were incubated overnight at 4 °C with a 1/200

dilution of the monoclonal primary antibody Rb anti-DnaJA2 (Abcam).

The next day, the coverslips were washed three times (10 min each) with
washing buffer and incubated in the dark for 1 h at room temperature with anti-Rb
secondary antibody (1/400 dilution) conjugated with Alexa Fluor 488 (Invitrogen).

After three additional washing steps, samples were incubated in the dark for 10 min
with 1/10000 dilution of 4°, 6-diamidino-2-phenylindole (DAPI) (Invitrogen) to allow

the visualization of nuclei. Finally, coverslips were washed three times with distilled
water and mounted in the microscope slides with ProLong® Gold antifade reagent

(Invitrogen).

Samples were first visualized in a Leica SP5 confocal microscope, by activating
the lasers for both DAPI and Alexa 488 and acquiring images in those two channels.
For more detail, the best samples were selected for their visualization on a Leica
TCS STED CW SP8 super-resolution microscope at the Achucarro Imaging Facility.

Image acquisition, processing and visualization were done via LAS X Life Science.
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3.5.7. Circular Dichroism spectroscopy

Circular Dichroism (CD) spectroscopy measures the difference in absorbance of
right- and left-circularly polarized light by optically active, chiral molecules. This
technique is typically used to study protein conformation as the far-UV (ultraviolet)
CD spectra of proteins can reveal important characteristics of the different
secondary structures present in a protein: a-helix conformations have negative
bands at 222 and 208 nm and a positive band at 193 nm; B-sheet conformations
have a negative band at 218 nm and positive band at 195 nm; and disordered
proteins have a negative band near 195 nm (Kelly, Jess, and Price, 2005). CD is also
useful to monitor the conformal rearrangements and stability changes induced by

mutations among others (Greenfield, 2007; Kelly et al., 2005).

Samples contained 15 uM protein in 20 mM K;H/KH,PO4 pH= 7.6, and far-Uv
CD spectra (200-260 nm range) were acquired at 20, 80 or 90 °C in a Jasco J-810
circular dichroism spectropolarimeter using rectangular quartz cuvettes with 1 mm
path length. Each spectrum represents the average of 15 scans, with a spectral
bandwidth of 1 nm and a response time of 1 s. For thermal unfolding studies, the
ellipticity at 222 nm was followed from 20 to 80 or 90 °C with a heating rate of 1
°C/min.

3.5.8. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is a well-established biophysical method that
facilitates the determination of protein structures and interactions in solution
(Ghose, 2017). It is based on a physical phenomenon of resonance transition
between magnetic energy levels, which occurs when atomic nuclei are in an
external magnetic field and electromagnetic radiation with a specific frequency is
applied. The NMR spectrum is obtained from the detection of the absorption
signals, and according to the position and intensities of resonance peaks, the

structure of the molecules can be studied quantitatively (Marion, 2013). In this
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Thesis, NMR was performed to study and compare the structures of wt and
phosphomimetic variants of the DnaJA2 JD+G/F constructs and their interaction
with full-length Hsc70r204a. The use of this Hsc70 mutant was necessary to reduce
the ATPase activity of the chaperone without impairing its interaction with the
cochaperone, as previously done (Faust et al., 2020). With that purpose, the JD+G/F
constructs (111 residues) were isotopically labeled with >N and 3C as described in

section 3.3.2.3.

In all NMR experiments performed in this study, Heteronuclear Single-
Quantum Coherence (HSQC) spectra were recorded at 25 °C in 50 mM Hepes-KOH
pH=7.6, 50 mM KCIl, 5 mM MgCl, and 2 mM DTT buffer with 10% D,0. HSQC
determines the correlation between two types of nuclei (*H with 3C or ®N)
separated by one bond, obtaining one peak per pair of coupled atoms. HSQC is a
very informative approach for signal assignments that provides a high-resolution
“fingerprint” of the protein. As the assignment of NMR signals is the prerequisite
step for studying protein structure and dynamics, HSQC is one of the most used

experimental strategies in protein NMR (Emwas, Merzaban, and Serrai, 2015).

The HSQC spectra of the different JD+G/F constructs (200 uM) were recorded
in the absence or presence of 200 puM Hsc70r0sa, 2 mM ATP, 3 mM
phosphoenolpyruvate (PEP) and 20 ng/mL pyruvate kinase (PK). These experimental
conditions allow the interaction of both proteins at a constant ATP concentration
during the time required to complete the measurement (120 min). **N-HSQC and
13C-HSQC spectra were first used to confirm the backbone assignments of the
JD+G/F constructs based on the DnaJA2 JD assignments deposited in BMRB (entry
50168). Then, the spectrum of each JD+G/F variant was compared to that of the wt
protein, and the differences were represented as chemical shift perturbations
(CSPs), considering significative those perturbations above the established
threshold (mean + SD) (Williamson, 2013). Finally, the interaction of each construct

with Hsc70m04a Was monitored by ®N-TROSY-HSQC and the differences of each
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JD+G/F upon addition of Hsc70rxsn were represented as normalized delta
intensities. All NMR experiments were carried out on a Bruker Advance Il
spectrometer operating at 18.8 T (800 MHz). HSQC spectra were processed with
Topspin 3.2 (Bruker), their visualization and assignment were done in CcpNmr

(Skinner et al., 2015) and data was analyzed using MATLAB® scripts.

3.6. FUNCTIONAL CHARACTERIZATION
3.6.1. Holdase activity

3.6.1.1. Prevention of tau K18 P301L aggregation

The recombinant truncated tau isoform used in this Thesis (tau K18 P301L) is
commonly used in in vitro experiments of tau aggregation, as this tau-repeat
domain aggregates much faster than the full-length protein and the P301L mutation
enhances, even more, this process (Shammas et al., 2015). The addition of artificial
cofactors also accelerates tau aggregation, as it does the addition of heparin
polyanion (Ramachandran and Udgaonkar, 2011), which was used in these

experiments.

The ability of different Hsp40s to delay aggregation of tau K18 P301L was
measured by adding 6 uM of the different JDPs to samples containing equimolar
amounts (20 uM) of tau K18 P301L and heparin (MP Biomedicals) in buffer 25 mM
Tris-HCl pH=7.5, 50 mM NaCl or 200 mM NaCl (depending on the experiment) and
2 mM DTT. The lag phase of the aggregation process was determined as the cross-
over time between the lag phase and the growth phase (Arosio, Knowles, and Linse,

2015).

The aggregation of tau K18 P301L (Figure 3.3) was monitored every 5 min
for 16 h at 37 °C in a Synergy HTX plate reader (BioTek). Most experiments were
performed in transparent 96-well plates with flat bottom (Sarstedt), recording the
light scattered at 350 nm in a final volume of 200 pl. Tau K18 P301L aggregation was
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also followed by a Thioflavin T (Tht) fluorescence assay, at 20 uM Tht in 96-well half
area black plates (Non-binding surface, Corning®) using a gain of 60 and excitation
and emission filters of 400/30 and 485/20 nm, respectively. Tht is a suitable dye to
follow amyloidogenic protein aggregation because it does not affect the protein
aggregation process and its fluorescence is enhanced when it binds to amyloid

structures (Xue, Lin, Chang, and Guo, 2017).

A
O = monomer

D = misfolded monomer

Particle size

/+[>].
< >«
Lag phase Growth phase

Time

Figure 3.3. Aggregation of monomeric tau to amyloids. The aggregation process starts with
protein monomers that turn from native (pink) to misfolded (green) states. During the lag
phase, the misfolded monomers undergo conformational changes that allow their
interaction, forming larger particles called oligomers (yellow). In the growth phase, the
addition of misfolded monomers to these oligomers happens, creating bigger aggregates
that give rise to fibrils (blue).

3.6.1.2. Prevention of luciferase aggregation

Recombinant luciferase from Photinus pyralis expressed in E. coli (Sigma-Aldrich),
which is a monomeric enzyme of 62 kDa, was used as a model substrate to study its
aggregation in the absence or presence of different DnalJA2 variants, Hsc70 or Apg2.
Luciferase (0.125 puM) was incubated for 40 min at 42 °C in 40 mM Hepes-KOH
pH=7.6, 50 mM KCI, 5 mM MgCl,, 2 mM DTT and 2 mM ATP buffer in the absence
or presence of different DnalJA2 variants (1 uM), Hsc70 (2 uM) or Apg2 (0.4 uM).
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Aggregation was followed by measuring the light scattered at 400 nm in a Synergy
HXT plate reader (BioTek) in transparent half volume 96-well plates with flat bottom

(Starstedt).

3.6.2. ATPase assay

The ATPase activity of the samples was measured by monitoring NADH oxidation as
an indicator of ATP hydrolysis, as previously described (Ngrby, 1988). NADH
consumption was measured continuously as the absorbance decay at 340 nm, since
NAD* does not absorb at this wavelength, and the NADH consumption is equimolar
to the amount of ATP hydrolyzed (Figure 3.4). These experiments were used to
measure activation of Hsc70 by different Hsp40s in the absence or presence of
Apg2, taking as controls the basal ATPase activities of isolated Hsc70 or Apg2. These
experiments were carried out in 40 mM Hepes-KOH pH=7.6, 50 mM KCI, 5 mM
(CHsC0OO0);Mg and 2 mM DTT buffer using a Synergy HXT plate reader (BioTek) at 30
°C. In most ATPase assays, protein concentrations were 2 uM Hsc70, 0.4 pM Apg?2
and increasing amounts (0-5 puM) of Hsp40s. However, when the wt and
phosphorylated JDs of DnaJA2 were used, the concentration of JD was increased up
to 100 uM. Measurements were also done in the presence of FT7 peptide (100 uM),
to increase the ATPase activity of Hsc70 (Takenaka, Leung, McAndrew, Brown, and
Hightower, 1995). In all cases, the ATPase-regeneration system added to initiate the
reaction contained 0.3 mM NADH, 3 mM PEP, 20 ng/mL PK, 0,017 mg/mL lactate
dehydrogenase (LDH) and 2 mM ATP. Assays were carried out in transparent 96-
well plates with flat bottom (Starstedt) in a final volume of 200 pl. ATP consumption
rates (umol ATP/min) were calculated from slopes of the Ass decay curves that
presented a linear absorbance decline, using the extinction coefficient of NADH

(8340:6220|\/|'1 cm'l).
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ATPase motor
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ATP A;,, NAD*
ADP NADH + H* {
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PK LDH

Figure 3.4. Coupled ATP-regeneration system used in ATPase activity measurements. Due
to the ATPase activity of Hsc70 (isolated or activated by Hsp40s and/or substrates) and Apg2,
the ATP is hydrolyzed. The resulting ADP is recycled back to ATP by the regenerating system,
which consists of PEP and NADH substrates and PK and LDH enzymes. PK turns ADP and PEP
into ATP and pyruvate, and the latter is converted into lactate by LDH at the expense of
NADH oxidation. While NADH absorbs at 340 nm, NAD* does not, so the decline of
absorbance at this wavelength allows monitoring ATP hydrolysis.

3.6.3. Disaggregase activity

3.6.3.1. Luciferase reactivation

Recombinant luciferase from P. pyralis expressed in E. coli (Sigma-Aldrich) was used
as a substrate model that generates amorphous aggregates upon denaturalization
(Cabrera et al., 2019; Celaya et al., 2016; Hageman, van Waarde, Zylicz, Walerych,
and Kampinga, 2011; Rampelt et al., 2012). Luciferase produces light (green-yellow
light, 550 nm) in the presence of luciferin, oxygen, ATP and magnesium (Lundin,
Rickardsson, and Thore, 1976), an activity that can be measured following the

luminescence of the samples (Figure 3.5).

AMP + CO, + Pp;+ H,0

ATP + 0O,

\

Luciferase

Luciferin + Mg 2* » Oxyluciferin+  Light

Figure 3.5. Bioluminescence reaction catalyzed by luciferase. Luciferase produces light in
the presence of luciferin, ATP, Mg?* and oxygen by an oxidative reaction in which
oxyluciferin, AMP, COz, PP; and H20 are also generated.
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Luciferase (2 uM) was chemically denatured by incubation at 30 °C for 30
min in refolding buffer (40 mM Hepes-KOH pH=7.6, 50 mM KCI, 5 mM MgCl, and 2
mM DTT) containing 6 M urea, which is a chaotropic agent used for protein
denaturation (Bennion and Daggett, 2003). Aggregation was induced by diluting the
urea 100 times in refolding buffer, as hydrophobic residues from denatured
polypeptides interact intermolecularly in an unspecific manner upon rapid dilution
of urea (Bennion and Daggett, 2003). Luciferase aggregates were added to the
chaperone mixtures containing 2 UM Hsc70 and 0.5 uM Hsp40 in the absence or
presence of 0.4 uM Apg2. Reactivation was started by the addition of 2 mM ATP
and the ATP-regenerating system (3 mM PEP and 20 ng/mL PK), being the final
concentration of luciferase aggregates 20 nM and the final volume 100 pl. The
kinetics of aggregate reactivation at 30 °C was monitored by adding at different
times during 120 min a 5 pl aliquot of each sample to 50 pl luciferin (Promega,
E1500) and recording the luminescence immediately in a Synergy HTX plate reader
(BioTek) using white 96-well plates with flat bottom (Sarstedt). 100% reactivation
was given to the luminescence emitted by native luciferase in the presence of the
same chaperone mixture, and the background luminescence was determined with

chaperone-untreated luciferase aggregates.

3.6.3.2. Glucose-6-phosphate dehydrogenase reactivation

Glucose-6-phosphate dehydrogenase (G6PDH) from Leuconostoc mesenteroides
(Worthington) is a homodimeric protein that catalyzes the oxidation of glucose-6-
phosphate (G6P) to 6-phosphogluconate, using NAD*/NADP* as coenzyme, which is
reduced to NADH/NADPH (Figure 3.6). This enzymatic activity can be followed
spectrophotometrically by monitoring the absorbance increase at 340 nm
(Diamant, Peres Ben-Zvi, Bukau, and Goloubinoff, 2000). G6PDH is commonly used
in chaperone-mediated refolding experiments as another substrate model that
forms amorphous aggregates (Acebron, Martin, del Castillo, Moro, and Muga, 2009;

Cabrera et al., 2019; Fernandez-Higuero et al., 2018; Ferndndez-Higuero, Muga, and
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Vilar, 2020; Mattoo, Sharma, Priya, Finka, and Goloubinoff, 2013; Villar-Pique et al.,
2012).

A340
NADPH
260
NADP*

\

G6PDH

Glucose-6-P

» 6-Phosphogluconate

Figure 3.6. The reaction catalyzed by G6PDH. G6PDH turns glucose-6-phosphate into 6-
phosphogluconate in a reaction where NADP* is reduced to NADPH, which absorbs at 340
nm.

G6PDH (2.5 uM) was heat-denatured and aggregated at 50 °C for 30 min in
refolding buffer (40 mM Hepes-KOH pH=7.6, 50 mM KCI, 5 mM MgCl, and 2 mM
DTT) and subsequently stabilized at 30 °C for 30 min. The resulting aggregates (final
concentration 0.4 uM) were mixed with chaperone mixtures containing 2 uM Hsc70
and 0.5 uM Hsp40 in the presence of 0.4 uM Apg2. Reactivation was initiated upon
addition of 2 mM ATP and ATP-regeneration system (3 mM PEP and 20 ng/mL PK),
and followed for 120 min at 30 °C. The kinetics of aggregated G6PDH reactivation
was monitored at different times adding a 5 uL aliquot of each sample to 250 pL of
2.5 mM G6P and 1 mM NADP" in buffer 50 mM Tris-HCl pH 7.5, 50 mM KCI, 20 mM
MgCl,, 2 mM DTT. NADPH formation was followed measuring the absorbance
increase at 340 nm during 5 min in transparent 96-well plates using a Synergy HTX
plate reader (Biotek). Reactivation percentages were estimated considering the
activity of aggregated and native (in the presence of chaperones) G6PDH as 0% and

100% reactivation, respectively.
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3.6.4. Refolding of unfolded luciferase: holdase and foldase activities

3.6.4.1. Thermally aggregated luciferase

Luciferase (0.125 uM) was denatured for 40 min at 42 °C in 40 mM Hepes-KOH
pH=7.6, 50 mM KCI, 5 mM MgCl, and 2 mM DTT buffer containing 2 mM ATP, 3 mM
PEP and 20 ng/mL PK in the absence or presence of different chaperones (2 uM
Hsc70, 1 uM Hsp40 or 0.4 uM Apg2). Then, samples were incubated at 30 °C for 5
min before adding different chaperone combinations at the concentrations
indicated above, so that each sample would end up with the same binary (Hsc70
and Hsp40) or ternary (Hsc70, Hsp40 and Apg2) chaperone combinations. The
recovery of luciferase (0.1 uM) was measured after 2 h at 30 °C by adding 5 pl of
each sample to 50 pl luciferin (Promega, E1500) and recording the luminescence in
a Synergy HTX plate reader (BioTeK) using white 96-well plates with flat bottom
(Sarstedt). The activity of non-denatured luciferase in the presence of the ternary
chaperone mixture was set as 100%, and 0% reactivation corresponded to

chaperone-untreated luciferase.

3.6.4.2. Chemically denatured luciferase

Luciferase (10 uM) was chemically denatured in 6 M urea for 30 min at 30 °C.
Aggregation of the denatured substrate was induced by a 100-fold dilution into
refolding buffer in the absence or presence of 1 UM DnalJA2 wt or its variants.
Samples were incubated at 30 °C for 5 min before adding 2 uM Hsc70, 0.4 uM Apg2,
2 mM ATP and the ATP-regenerating system (3 mM PEP and 20 ng/mL PK) in the
absence or presence of 1 uM DnalJA2 wt. Luciferase recovery (0.1 puM) was
measured after 2 h at 30 °C by adding 5 pl of each sample to 50 pul luciferin
(Promega, E1500) and recording the luminescence in a Synergy HTX plate reader
(BioTeK) using white 96-well plates with flat bottom (Sarstedt). 100% reactivation

was assigned to the luminescence emitted by native luciferase, while 0%
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reactivation was given to the chaperone-untreated samples that emitted

background luminescence.

3.6.5. Chaperone binding to G6PDH aggregates

The interaction of chaperones with G6PDH aggregates was followed by a
cosedimentation assay previously described (Acebrén et al., 2009; Cabrera et al.,
2019). G6PDH (2.5 puM) was aggregated for 30 min at 50 °C in 40 mM Hepes-KOH
pH=7.6, 50 mM KCI, 5 mM MgCl, and 2 mM DTT and stabilized for 30 min at 30 °C.
Aggregates (0.4 uM) were added to protein mixtures containing 1 uM DnalA2, 2 uM
Hsc70, 0.4 uM Apg2, 2 mM ATP and the ATP-regenerating system (3 mM PEP and
20 ng/mL PK). Samples were incubated for 10 min at 30 °C and centrifuged at 16,000
g and 4 °C for 30 min in an Optima Ultracentrifuge (Beckman). Supernatants were
discarded and aggregate-bound chaperones (pellets) were resuspended in loading
buffer (15 pL) and heated for 10 min at 70 °C. Finally, samples were loaded in
NUuPAGE™ 4 to 12%, Bis-Tris gels (Invitrogen) and stained with Coomassie Brilliant
Blue. The amount of aggregate-bound chaperones was estimated relative to that of
the aggregated protein by measuring the intensity of the corresponding bands using
a gel scanner G-800 and the Quantity One software (Bio-Rad). In parallel, control
samples containing the same chaperone mixtures in the presence of native G6PDH
were included in the experiments to observe the sedimentation of soluble

chaperones under the same experimental conditions.

3.7. STATISTICAL ANALYSIS

Statistical analyzes of the experimental data shown in various figures were
performed in SigmaPlot 13, by calculating the p-values using one-way analysis of

variance (ANOVA).
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4.1.INTRODUCTION

The functional diversity of the Hsp70 system is mainly mediated by a cohort of
Hsp40 cochaperones able to bind misfolded proteins and deliver them to Hsp70 for
its ATP-dependent substrate remodeling (Kampinga and Craig, 2010; Rosenzweig et
al., 2019). Hsp40 proteins present a high degree of structural and functional
variability and are divided into three classes (A, B and C) depending on their domain
organization (Craig and Marszalek, 2017). All of them share the J domain (JD), which
is an a-helical bundle located at the N-terminal of A and B classes and anywhere in
class C. In class A proteins, the JD is followed by a flexible glycine/phenylalanine
(G/F)-rich domain (G/FD), two homologous B sandwich domains (CTDI and CTDII),
with a zinc finger domain (ZFD) inserted into the first one, and a dimerization
domain (DD) (Liu et al., 2020). All these domains, except the ZFD, are present in
members of class B, in contrast to class C Hsp40s that only have the JD in common
and can have a wide variety of different domains or functional motifs (Mayer and
Bukau, 2005). Regarding function and specificity, class A and class B are considered
general cochaperones that interact with unfolded, misfolded, or aggregated
proteins and transfer them to Hsp70, whereas members of class C are believed to
be more specific, as they interact with specific substrates (Kampinga and Craig,
2010; Rosenzweig et al., 2019). Beyond being obligate partners of Hsp70s, members
of class A and B Hsp40s function independently binding substrates and preventing
their aggregation, an ability known as holdase activity that requires regions other
than the JD (Tamadaddi and Sahi, 2016; Craig and Marszalek, 2017; Ayala Mariscal
and Kirstein, 2021).
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Despite the importance of the Hsp40 components in the functional guiding of
Hsp70, a detailed structural characterization of these cochaperones has not been
performed yet. Although high-resolution structures of different domains of Hsp40
or J domain proteins (JDPs) are available, the structure of a full-length class A or
class B Hsp40 has not been solved so far (Liu et al., 2020). This could be due to the
high conformational dynamics of these multidomain proteins (Alderson, Kim, and
Markley, 2016, Barends et al., 2013). Classes A and B JDPs generally assemble and
function as dimers formed by inter-subunit interactions between the DDs (Barends
et al., 2013; Kampinga and Craig, 2010; Ramos et al., 2008; Wu et al., 2005). Hsp40
dimers can also transiently assemble into higher-order homo/hetero-oligomers to
promote disaggregation (Nillegoda et al.,, 2015). Recently, higher-order
oligomerization states have been described for JDPs such as DnaJB6 and DnalB8
that self-associate into polydisperse oligomers with potent holdase activity in vitro
and in vivo (Ryder et al.,, 2021; Séderberg et al., 2018), and the endoplasmic
reticulum DnalB11 that functions as a tetramer (Chen et al., 2017). Regarding class
A IDPs, only one recently published study has described the ability to form
oligomers in solution for a representative of this protein family in Streptococcus

pneumonia (Zhu et al., 2020).

In humans, DnalJA2 and DnalBl are among the most abundant Hsp40s
(Hageman et al., 2011), and they have been used as representatives of class A and
class B, respectively (Faust et al., 2020; Nillegoda et al., 2017; Yu, Ziegelhoffer, and
Craig, 2015). While DnalB1 is one of the most studied Hsp40 in humans, and is
known to function as a dimer (Hu et al., 2008; Suzuki et al., 2010; Faust et al., 2020;
Wentink et al., 2020), DnalJA2 is not so well characterized (Wu et al., 2005;
Kampinga and Craig, 2010). Here we deepen in the structural and functional
characterization of DnalA2 as one of the components of the Hsc70 system in

humans (Nillegoda et al., 2015, 2017).
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4.2. RESULTS

4.2.1. The class A Hsp40 DnaJA2 self-associates in solution

DnalA2 presents the DD shared in all Hsp40s of classes A and B that function as
dimers (Kampinga and Craig, 2010) followed by a C-terminal domain (CD) of 52
residues. This region was predicted to be intrinsically disordered by different tools,
such as IUPred (Dosztanyi, 2018), DISOPRED3 (Jones and Cozzetto, 2015) or
AlphaFold (Jumper et al., 2021). Recent studies suggest that intrinsically disordered
regions (IDRs) of different chaperones are responsible for their ability to prevent
the aggregation of amyloidogenic proteins (Wear et al., 2015; Yakubu and Morano,
2021). Indeed, DnalB6, DnalB8 and aB-crystallin, considered potent holdases (Gillis
et al., 2013; Mok et al., 2018), contain IDRs. Interestingly, these three proteins are
able to form large oligomers (Braun et al., 2011; Ryder et al., 2021; Soderberg et al.,
2018), so we hypothesized that it could be a relation between oligomerization of
those proteins and their ability to prevent protein aggregation. For this reason, we
wanted to explore whether dimeric DnaJA2 could self-associate into larger

oligomers in solution.

With that purpose, the association equilibrium of the cochaperone was
characterized in different conditions using several techniques (Figure 4.1). First,
crosslinking experiments were performed. DnaJA2 (2 uM) was incubated at 4 °C for
15 min with 0.005% glutaraldehyde and the sample was analyzed by SDS-PAGE and
Coomassie staining (Figure 4.1.A). An adduct with a size of approximately 94 kDa,
compatible with a protein dimer was detected in the presence of the crosslinker but
not in the control lane performed in its absence. Besides this adduct, higher-order
oligomeric DnalJA2 complexes were also observed only in the presence of
glutaraldehyde. These oligomers formed discrete bands, suggesting that DnalA2

assembles in a defined and particular manner.

85





To further characterize the oligomeric species, DLS experiments were
performed to follow the hydrodynamic diameter of DnalA2, indicated as volume
against size distribution. DLS data revealed the presence of a heterogeneous
population with a size distribution within 20-100 nm that pointed to dimeric DnaJA2
being able to assemble into larger oligomers (Figure 4.1.B). When the salt
concentration was increased from 30 to 300 mM NaCl, the association equilibrium
was shifted towards a more homogeneous population, with an average diameter of
approximately 12 nm, which possibly corresponds to dimeric DnaJA2 (Figure 4.1.B).
These results indicate that the cochaperone dimer is able to assemble into larger
oligomers that are sensitive to ionic strength, and thus, that polar/charged
interactions are involved in the formation of these assemblies. The relative
proportion of the two larger oligomer populations fluctuated significantly,
suggesting that the DnalA2 oligomers could have a non-globular nature and/or that
there are many oligomeric species in equilibrium. Indeed, molecules are considered
to be homogeneous and spherical during conversion of the intensity-weighted
distribution to volume-weighted distribution. Thus, any difference in the shape of
the oligomers would make the estimation of the real size less reliable but still useful

to compare different conditions and protein variants (Stetefeld et al., 2016).

The effect of salt concentration on the association equilibrium of DnalA2
proved that self-assembly is driven by electrostatic interactions. However, we
wondered if it also had a hydrophobic component, as previously observed for Dnal,
its homolog in Escherichia coli (Celaya et al., 2016). With that purpose, we repeated
the experiment in the presence of 5% 1,6-hexanediol, an aliphatic alcohol that
disturbs weak hydrophobic interactions (Patel, Belmont, Sante, and Rexach, 2007),
and found that the oligomers dissociated into dimers (Figure 4.1.B). Dissociation
can also be followed by the decrease in the light scattered at 300 nm by a sample
containing 15 uM DnalJA2 upon alcohol addition (Figure 4.1.C). Taken together

these data suggest that DnaJA2 oligomers are stabilized by both electrostatic and
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hydrophobic interactions and point that they are not due to aggregation of partially

(un)folded protein molecules.
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Figure 4.1. DnalJA2 dimers self-assemble into higher-order oligomers driven by polar and
weak hydrophobic interactions. (A) The association states of DnaJA2 were followed by
crosslinking the cochaperone (2 uM) with 0.005% glutaraldehyde (+) and analyzing the
samples by SDS-PAGE and Coomassie staining. As a control, the same sample without
crosslinker was also loaded in the gel (-). The different association states are indicated as
monomers (M), dimers (D) and oligomers (O). (B) DLS experiments showing the volume
against size distribution of 30 uM DnalA2 in 20 mM Hepes pH=7.6, 2 mM DTT and 30 mM
NaCl (blue) or 300 mM NaCl (orange). Addition of 5% 1,5-hexanediol (gray) induces a change
in the size distribution compatible with dissociation of the oligomeric assemblies. (C) Light
scattering values at 300 nm of 15 uM DnalA2 in the absence (blue) or presence (gray) of 5%
1,6-hexanediol. The addition of the alcohol induces a decrease in the light scattered by the
sample. Data are means +SD (C) of three independent experiments.

4.2.2. Study of DnaJA2 domains involved in its oligomerization

DnalA2 presents a multidomain architecture shared with Dnal from Escherichia coli
and Ydj1 from Saccharomyces cerevisiae (Qiu et al., 2006; Kampinga and Craig,
2010). It has a ID at the N-terminus followed by a flexible G/FD, two B sandwich
domains (CTDI and CTDII), with a ZFD inserted into the first one, a DD (Liu et al.,
2020) and unlike its bacterial or yeast homologs, it also contains an intrinsically
disordered CD of 52 residues (Figure 4.2). Regarding the multidomain architecture
of DnalA2, we wondered which of these domains were involved in its

oligomerization. To this aim, the implication of each domain in DnalA2 self-
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association was analyzed by characterizing different DnaJA2 mutants that lack one
specific domain. Four deletion mutants of DnaJA2 were studied: they lacked the JD
(DnalA2AJ), the G/FD (DnalA2AG/F), the ZFD (DnalJA2AZF) or the intrinsically
disordered CD (DnaJA2AC). Figure 4.2 shows a schematic representation of DnaJA2
wt and the protein deletion mutants used in this study. The structural
characterization of these mutants was performed and compared to DnalA2 wt.
Some of the variants (DnaJA2AG/F and DnalJA2AC) were partially characterized in

our lab previously (Dublang, 2020).

DnaJA2 1 cToi ZFD| cToIl a2
DnaJA2A) 78 cToI ZfD cTDIl a12
DnaJA2AG/F 1 -77—101 cToI ZfD cTDIl a12

DnaJA2AZF 1 CTDI141-209 cTDIl a12
DnaJA2AC 1 cToI ZFD. CTDII 360

Figure 4.2. Schematic representation of DnalA2 and the variants used in this study. The
deletion mutants of DnaJA2 lack the characteristic JD present in all Hsp40s (DnalA2AJ), the
G/FD (DnaJA2AG/F), the ZFD only present in class A Hsp40s (DnaJA2AZF) or the intrinsically
disordered CD highlighted in red (DnaJA2AC).

A previous characterization of DnaJA2AG/F and DnaJA2AC mutants performed
in our lab showed that while DnaJA2AG/F was able to self-associate as the wild type
protein, DnaJA2AC was not able to form oligomers larger than dimers (Dublang,
2020). Taking into account that DnalA2AG/F is able to form oligomers, while
DnaJA2AC is not, we hypothesized that the intrinsically disordered C-terminal
domain could be responsible for the self-association of the protein. However, we
were also interested in exploring if domains different from those mentioned above
were involved in the association equilibrium that leads to formation of large

oligomers.
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Aiming to probe this hypothesis, the ability to self-associate of the deletion
mutants was tested by DLS, analyzing the volume against size distribution of DnaJA2
wt or its deletion variants at 30 uM protein and 30 mM NaCl (Figure 4.3.A). DLS
experiments showed that DnaJA2AJ, DnaJA2AZF and DnalA2AC were unable to self-
associate into high order oligomers, in contrast to DnaJA2AG/F mutant, which
presented a polydisperse profile similar to that of the wild type protein. The average
diameter estimated for DnaJA2AJ, DnaJA2AZF and DnalJA2AC was 16, 9 and 18 nm,
respectively. Interestingly, truncation of the ZFD, absent in DnalB1, rendered a
dimeric particle similar in size to DnalB1, which showed an average diameter of

around 8 nm (Figure 4.3.A).
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Figure 4.3. Self-association of DnaJA2 involves different protein domains. (A) DLS
experiments showing volume against size distribution of 30 uM DnaJA2 wt (blue) compared
to its deletion mutants: DnaJA2AJ in green, DnaJA2AG/F in yellow, DnaJA2AZF in gray or
DnaJA2AC in red. As a control of a dimeric Hsp40, the profile of DnaJB1 (purple) is also
shown. (B) Light scattered at 300 nm by 15 uM DnalA2 wt or its mutants in the absence
(dark) or presence (light) of 5% 1,6-hexanediol. DnaJA2AG/F is the only mutant able to self-
assemble similarly to the wt protein. Data are means *SD (B) of three independent
experiments.

These results were further confirmed by measuring the light scattered at 300
nm in the absence or presence of 5% 1,6-hexanediol (Figure 4.3.B). In the absence

of the alcohol, DnalA2G/F presented the highest light scattering value followed by
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DnalJA2 wt, whereas DnaJA2AJ, DnaJA2AZF and DnaJA2AC showed a decrease in the
light scattered that corresponded to the reduction observed after solvent addition
to DnaJA2 wt and DnaJA2G/F. As expected, unlike the wt protein and the DnaJA2G/F
mutant, the light scattered at 300 nm remained stable for DnaJA2AJ, DnaJA2AZF
and DnaJA2AC in the presence of 5% 1,6-hexanediol (Figure 4.3.B).

These results show that while the G/FD is not involved in the formation of the
oligomer, the CD is critical for DnalA2 self-association, in agreement with our
previous study (Dublang, 2020). Interestingly, they also point to other ordered

domains (JD and ZFD) as modulators of the DnalA2 self-association equilibrium.

4.2.3. The high-resolution structure of DnalA2 assemblies

4.2.3.1. Negative staining

To analyze in more detail the oligomer of DnalJA2, we resorted to electron
microscopy (EM). These experiments were performed in collaboration with Drs.
Valpuesta and Cuellar (Centro Nacional de Biotecnologia, CISC). First observation of
a DnaJA2 wt sample by negative staining revealed the presence of long, tubular
structures of around 24 nm wide and variable length, up to 0.5 um in some cases,
together with small particles, some of them with the typical V-shape of dimeric
Hsp40 (Figure 4.4.A). The size of the oligomeric particles was significantly higher
than that observed by DLS, suggesting that either the tubular structures fragment
or curl in solution or that, due to its non-globular nature, the size distribution does
not reflect the real dimensions of the oligomeric particles. Nevertheless, DLS can

still be used to detect the presence of oligomers larger than dimers.

The self-association of the DnaJA2 mutant lacking the G/F domain was also
studied by negative staining. As expected from the DLS experiments shown above,
EM of a negatively stained sample of DnaJA2AG/F confirmed the presence of the

tubular structures (Figure 4.4.B) associated with the oligomers detected by DLS.
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These structures seemed less flexible than those seen for the wt protein, in
agreement with the predicted consequence of losing the G/F disordered region.
Indeed, the lack of structural data available for proteins containing a glycine-
phenylalanine-rich (G/F) domain has been related, among other factors, to the
flexibility of this region, which could compromise crystallization of the whole

proteins (Radivojac et al., 2004).

A

DnJZ w

DnalA2AG/F

Figure 4.4. DnaJA2 and DnalA2AG/F self-assemble into long, tubular structures. EM of
negatively stained samples of DnaJA2 wt (A) or its DnaJA2AG/F deletion mutant (B), showing
the tubular structures and smaller particles, some of them compatible with protein dimers.

4.2.3.2. Cryo-EM

The ordered assembly observed for DnaJA2 by negative staining led us to analyze
the structural features of DnalA2 oligomer in more detail by cryo-EM. For that,
aliquots of DnaJA2 wt were vitrified and observed in a 200 kV FEI Talos Arctica cryo-
EM. The vitrified images confirmed the presence of ordered, cylindrical structures
with helical appearance (Figure 4.5.A) but also the lack of rigidity already observed

in the negatively stained specimens (Figure 4.5.B).

Starting from 49387 particles, 2D classification rounds without imposing
any kind of symmetry followed by 3D classifications of the best classes were

performed to obtain the reconstruction shown in Figure 4.5.C. The picture shows a
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hollow, cylindrical structure of 240 A width, with a helical pattern formed by the
lateral interaction of five filaments, each generated by longitudinal contact of
DnalA2 dimers. The oligomeric structure could also be viewed as a stack of disks
formed each one by five DnalA2 dimers, which revealed an internal symmetry
between the two monomers of the DnalA2 dimers. Therefore, imposition of D5
symmetry generated a better, higher resolution structure of the oligomeric
assembly (Figure 4.5.D). From the structure, a clearer idea of the arrangement of
the DnalJA2 dimer within the oligomeric structure could be deduced. The dimer was
placed perpendicular to the long axis of the cylinder, with the DD pointing outwards,
the CTDI and CTDII forming the body of the dimer, and the N-terminal region (the
JD, G/F and ZFD) building the central cylinder (see the circle in Figure 4.5.D). This
central cylinder clearly has a role in the maintenance of the oligomeric structure.
Nevertheless, attempts to improve the quality of the 3D reconstruction were

prevented by the high flexibility of the tubular structure, and the final resolution of

the 3D reconstruction was of 10 A.

A






Figure 4.5. 3D reconstruction of DnaJA2 wt oligomers. (A) Cryo-EM image of vitrified
DnalA2 wt (60 uM), confirming the presence of ordered cylindrical structures. (B) Different
cryo-EM particles (2D) showing the flexibility of DnaJA2. (C) 3D reconstruction of DnaJA2 wt
without applying symmetry. (D) 3D reconstruction of DnaJA2 after imposing D5 symmetry,
with a final resolution of 10A.

As the DnaJA2AG/F mutant seemed to form less flexible oligomers, it was
reasonable to direct the attention to this mutant with the aim of improving the
resolution of the 3D reconstruction of the tubular structure described for the wild
type protein. This time the cryo-grids were first analyzed in a 200 keV FEI Talos
Arctica, and the best one was used to record a total of 10714 movies on a 300 kV
Titan Krios at the ESRF Grenoble facility. The DnaJA2AG/F tubes (Figure 4.6.A) were
again treated as single particles. With this approach, 560343 particles were
selected, classified (Figure 4.6.B) and processed for the subsequent 3D
reconstruction. A preliminary 3D reconstruction without imposing symmetry
already yielded 8.5 A resolution (Figure 4.6.C) and revealed the same general
features observed for the wt protein: an oligomeric structure in which the DnaJA2
dimers associated in longitudinal filaments that interact laterally, with a separation
of 100 A, adopting a helical arrangement with a 32 A pitch. The helical structure can
be visualized as disks of five DnaJA2AG/F dimers, with a separation of 75 A. D5
symmetry was imposed in the longitudinal axis to generate a much better 3D
reconstruction with a resolution of 5 A (Figure 4.6.D). Without the need to dock any
atomic structure of DnalA2, a clear picture emerged again of the arrangement of
dimeric DnalJA2 into the oligomeric structure. The DD was placed in the outer part
of the structure, followed by the main body of the monomer (the CTDI and CTDII).
The N-terminal region (the ZFD and the JD, because the G/FD was not present in
this structure) was at the core of the helical tube, suggesting again that it must be
involved in the oligomer stabilization, as it establishes the central, cylindrical

structure.
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Figure 4.6. 3D reconstruction of DnaJA2AG/F oligomers. (A) Cryo-EM image of vitrified
DnalA2AG/F (60 uM) showing the ordered cylindrical structures. (B) 2D classification of the
selected DnalA2AG/F particles. (C) 3D reconstruction of the DnaJA2AG/F mutant before
applying symmetry. (D) Final 3D reconstruction of DnaJA2AG/F with a resolution of 5A
achieved after imposing D5 symmetry.

4.2.3.3. Atomic model of DnaJA2 and docking in the 3D reconstruction

To further understand the role of each protein domain in oligomer formation, an
atomic model of DnaJA2 was generated for its subsequent fitting into the 3D
reconstruction. The first step to generate the homology model was to search for the

best templates by screening the sequence of DnalA2 against different servers
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including SWISS-MODEL (Biasini et al., 2014), Phyre2 (Kelley et al., 2015) and |-
TASSER (Roy et al., 2010). Three templates were selected to model the JD+G/F, the
CTDs with the ZFD and the DD of DnalA2: Thermus thermophilus 4)80 (Barends et
al.,, 2013) and yeast Ydjl 1INLT (Li et al., 2003) and 1XAO (Wu et al.,, 2005),
respectively. The sequence of DnalJA2 is longer than that of Ydj1, its homologous of
Saccharomyces cerevisiae, and there was no structure available to use as reference
to build the C-terminal, as this region is thought to be very flexible and predicted to
be disordered by DISOPRED3 (Jones and Cozzetto, 2015). The recently released

Metapredict tool (https://metapredict.net/), a deep-learning-based consensus

predictor that offers scores for intrinsic disorder and predicted structure
confidences based on AlphaFold2 (Emenecker, Griffith, and Holehouse, 2021), also
predicted the C-terminal region of DnalJA2 to be intrinsically disordered (Figure
4.7.A). For that reason, the C-terminal region comprising the last 33 residues of
DnalJA2 was not modeled. The templates were aligned with the sequence of the
query protein considering the structure, and the structure-based alignment was
employed to generate the homology model using MODELLER (Webb and Sali, 2014).
Different models were obtained, and all of them were analyzed by ERRAT (Colovos
and Yeates, 1993), Verify-3D (Eisenberg et al., 1997) and WHAT-IF (Vriend, 1990) to
assess their quality. The best one was energy minimized using OMMProtocol
(Rodriguez-Guerra Pedregal et al., 2018), and finally, Molecular Dynamics (MD)
simulations were performed to ensure its stability and to potentially refine it
through the exploration of the conformational space. The final structure of the
DnaJA2 homodimer (Figure 4.7.B) had an ERRAT value of 85.76 and a Verify-3D
value of 82.25%, meaning that the backbone conformation and the non-bonded
interactions were within a normal range, and thus, that the protein structure could
be considered of good quality. Furthermore, this model is comparable to that
described in the AlphaFold Protein Structure Database
(https://alphafold.ebi.ac.uk/) (Jumper et al., 2021).
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Figure 4.7. Atomistic model of the DnaJA2 homodimer fitted into the 3D reconstruction of
the oligomer. (A) Metapredict analysis of the DnaJA2 sequence showing the predicted
disorder (blue) and the AlphaFold-derived structural confidence score (gray) (Emenecker et
al., 2021). (B) Refined homology model of the DnaJA2 homodimer, with the different
domains colored as described in the bottom scheme: the JD in orange, the G/FD in blue, the
CTDs in yellow, the ZFD in pink, the DD in green and the CD in red. The model lacks the last
33 residues (from 379 to 412) because no templates were found for this intrinsically
disordered region. (C) Docking of the atomic model into the highest resolution, 3D
reconstruction of DnalJA2AG/F, showing the longitudinal filaments formed by dimeric
DnalA2s that are colored equal (left panel) and the disk formed by lateral interactions
between five dimers (right panel).
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Once the DnalA2 dimer was created, rigid-body docking of this atomic
model was performed in collaboration with Drs. Cuellar and Valpuesta (Centro
Nacional de Biotecnologia, CISC) to fit the dimers into the 3D reconstruction of the
oligomeric assembly. Docking was excellent for the DD, CTDI and CTDII, whereas
some movements were required to fit the ZFD into the central cylinder of the
tubular structure. The JD allows alternative orientations modes and could not be
fitted due to the flexibility of the region that connects this domain with the CTDs.
The fitting of the atomistic model (CTDI, ZFD, CDTIl and DD) into the 3D
reconstruction gave us a clearer picture of the tubes (Figure 4.7.C), with the
longitudinal interactions that generate the filaments stabilized by lateral

interactions between five dimers that form a central core.

4.2.3.4. DnaJA2 oligomerization involves different oligomer-forming sites in
several domains

The atomic model allowed us to analyze in more detail the interactions that
generated the oligomeric structure. The disordered CD located downstream the DD
was not visible, as expected from its predicted intrinsically disordered nature.
However, we knew by DLS and 1,6-hexanediol experiments that DnaJA2AC was not
able to self-assemble. This was further confirmed by negative staining of this
mutant (Figure 4.8.A), which was performed in the same conditions that yielded
tubular structures for both DnaJA2 wt and DnaJA2AG/F. The fact that only a small
percentage of oligomers were visible by EM, indicates that this domain has a
central, yet unknown role in oligomer formation. The length of this IDR (52 residues)
is enough to reach any part of the DnaJA2 dimer, suggesting that it could interact

with distant protein domains to stabilize the oligomer.

Regarding the JD, which was also identified as an important region to
regulate DnalJA2 self-association by DLS, a clear mass that could be attributed to

this domain was not seen in the 3D reconstruction. This domain is connected to the
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main body of the cochaperone through the G/FD, which is not present in the
DnalA2AG/F mutant analyzed here, but the linker that remains is flexible enough to
average the JD out during the 3D reconstruction process performed using
symmetry. The JD should be even more flexible in DnaJA2 wt, because of the
presence of the disordered G/FD (36 residues) that would allow the JD to protrude
from the core of the helical structure. This ability to reach almost any region of the
DnalA2 structure could have a role in DnaJA2 oligomerization, as in the case of the
disordered CD. Negative staining of DnaJA2AJ (Figure 4.8.B) was also performed,
further confirming the involvement of the JD in the oligomerization of DnalA2.
Additionally, the flexibility of the JD was confirmed by Crosslinking Mass
Spectrometry (XL-MS) experiments that revealed residues of this domain involved
in high-quality intermolecular crosslinks with other DnaJA2 domains (Figure 4.8.D
and Table 4.1). These and other crosslinks between other regions of DnalJA2 also
confirmed the atomic model generated from the cryo-EM 3D reconstruction (Figure

4.8.D and Table 4.1).

Table 4.1. Intermolecular crosslinks found in XL-MS experiments using BSs.

Residue 1 Residue 2 Distance Involved domains
Lys212 Lys212 12 A CDTI-CTDI
Lys8 Lys30 13A JD-ID
Lys8 Lys25 24 A JD-ID
Lys131 Lys212 19 A CTDI-CTDI
Lys8 Lys152 23 A ID-ZFD
Lys 131 Lys8 12A CTDI-ID
Lys8 Lys8 29 A JD-ID
Lys 131 Lys131 18A CTDI-CTDI
Lys8 Lys226 29 A JD-CTDI
Lys209 Lys25 30A CTDI-ID
Lys26 Lys134 33A JD-CTDI
Lys8 Lys209 30A JD-CTDI
Lys39 Lys8 25A JD-ID
Arg388 Lys153 -- CD-ZFD
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Figure 4.8. Negative staining confirms that DnaJA2AC, DnaJA2AJ and DnaJA2AZF mutants
are not able to self-assemble into higher-ordered oligomers as DnaJA2 wt. Negative
staining of DnalJA2AC (A), DnaJA2AJ (B) and DnalJA2AZF (C) showing only a very small
percentage of large assemblies, only V-shaped particles and absence of tubular structures,
respectively. Interestingly, some thin filaments are observed for DnaJA2AZF (dotted lines),
probably generated by longitudinal interactions between DnaJA2 dimers. (D) Intermolecular
interactions of DnalA2 within the oligomeric assembly, identified by XL-MS experiments
using BSs. Crosslink pairs between residues of the same domain or different domains are
shown in solid or dashed boxes, respectively, and colored in orange (JD-JD), pink (ZFD-other
domain) or yellow (CTDI-other domain).

From the inspection of the atomic model generated for the oligomeric,
helical structure, two regions of DnalJA2 were found to be involved in the self-
assembly process (Figure 4.9.A). The first one is responsible for the lateral

interaction between filaments, and therefore, for their stabilization in a helical
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arrangement, while the second one seems to be involved in the formation of the

longitudinal interactions (the filaments) between DnalA2 dimers.

The first interaction is localized in the ZFD and is responsible for the
formation of the disks located in the center of the cylindrical structure. These results
are in agreement with EM of negatively stained DnalJA2AZF, which confirmed the
absence of the tubular structures (Figure 4.8.C). Although other regions of this
domain could be involved in disk formation, it seems that the B-strand-loop-f-
strand motif at the “tip” of the domain is crucial in the formation of the central,
circular structure. Indeed, the model suggests that the B-sheets of two B-strand-
loop-B-strand motifs belonging to two adjacent DnaJA2 dimers generate a planar
structure by lateral, antiparallel interactions between them (Figure 4.9.B).
Interestingly, in the case of the DnalJA2AZF mutant, a certain percentage of thin
filaments were observed by EM (dotted lines in Figure 4.8.C), and these could be
attributed to the preservation of longitudinalinteractions between the CTDIs of two
adjacent dimers.
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Figure 4.9. Two regions of DnaJA2 are involved in formation of the tubular structures. (A)
Atomistic model of DnaJA2 oligomers highlighting the lateral interactions between the five
dimers (green) and the longitudinal interactions (red) that allow formation of the filaments.
(B) Zoom of the region of DnalA2 involving residues from the ZFD that are responsible for
the lateral interactions between filaments to form the disk. (C) Zoom of the longitudinal
interactions showing the importance of the CTDIs for the generation of the filaments.

The second interaction is localized at the core of the CTDI, in a region
implicated in substrate interaction (Borges et al., 2012) and involves residues L135

and Q136 of monomers of adjacent dimers in the same filament (Figure 4.9.C).

4.2.3.4.1. Role of CTDI in oligomerization

To confirm the hypothesis of the involvement of the CTDI region in oligomer
formation, a new mutant was generated and analyzed. The mutant contained two
point mutations in the CTDI of DnaJA2: L135E and Q136E (DnaJA2LQ), since these
two amino acids were identified in the model as key residues for the formation of
the longitudinal interactions between the DnaJA2 dimers. As expected, crosslinking
experiments showed that the ability of the DnaJA2LQ mutant to form oligomeric
particles was impaired, as it generated significantly lower amounts of adducts
corresponding to high order oligomers, as compared with DnaJA2 wt (Figure
4.10.A). DLS experiments supported this interpretation, since the average diameter
of the only population observed for DnalJA2LQ was centered at 12 nm (Figure
4.10.B). Light scattering analysis of this variant in the presence of 5% 1,6-hexanediol
revealed that, unlike the wt protein, it was not sensitive to solvent addition (Figure
4.10.C). Finally, a visual inspection by EM of a negatively stained sample of
DnalJA2LQ confirmed the absence of the tubular structures (Figure 4.10.D). All these
data support the implication of different DnaJA2 domains in oligomer formation and
validate the importance of Li3sQuss in the stabilization of the helicoidal, tubular

structure.
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Figure 4.10. DnaJA2LQ mutant is not able to self-associate, validating the implication of
this region of the CTDI in oligomerization. (A) Crosslinking of 2 uM DnaJA2 wt or its
DnaJA2LQ variant with 0.005% glutaraldehyde (+) analyzed by SDS-PAGE and Coomassie
staining. Same samples without crosslinker (-) were loaded as controls. The different
oligomerization states are indicated as monomers (M), dimers (D) and oligomers (O). (B) DLS
experiments showing the volume against size distribution of 30 uM DnalA2 wt (blue) or
DnaJA2LQ (orange). (C) Light scattering values at 300 nm of 15 uM DnalJA2 wt (blue) or
DnalA2LQ (orange) in the absence (dark) or presence (light) of 5% 1,6-hexanediol. Data are
means 1SD of three independent experiments. (D) EM of negatively stained DnalA2LQ
confirmed the absence of tubular structures.

4.2.3.4.2. Self-association of class A Hsp40s: the key regions for oligomerization

DnalA2 is often used as a representative of class A Hsp40s in humans, which
includes the other 3 sequences (Faust et al., 2020; Irwin, Faust, Petrovic, Wolf, and
Hofmann, 2021; Nillegoda et al., 2017). After the structural characterization of
DnalA2 self-association, we wondered if other class A Hsp40s could also form this

type of assembly. Sequence alignment of the four members of human class A
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Hsp40s revealed that DnaJAl and DnalA4 shared the regions that were identified in
this chapter as important for the formation of the ordered tubular oligomers of

DnalA2 (Figure 4.11).
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Figure 4.11. The regions found to mediate oligomerization of DnaJA2 are conserved in
DnalA1l and DnalA4. Sequence alignment of human class A Hsp40s, highlighting the regions
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important for oligomerization of DnaJA2: in orange LQ residues located in the CTDI, in gray
residues located in the second B-sheet of the ZFD, and underlined the intrinsically
disordered C-terminal region. These three regions are conserved in DnaJAl and DnalJA4, but
not in DnaJA3.

Apart from the well-conserved JD, they have the two key residues (LQ)
located in the CTDI, the VQQ(M/1)Q sequence in the ZFD and an intrinsically
disordered C-terminal region, composed of 46 or 45 residues in the case of DnaJAl
or DnalA4, respectively (Figure 4.11). In contrast, DnaJA3 only contains the C-
terminal region, which is composed of 47 residues. Therefore, we hypothesized that
conservation of these key regions within this protein class could also give the ability

to self-associate to DnaJAl and DnaJA4.

To validate this hypothesis, the oligomeric state of DnaJAl, which is the
second most studied member of class A Hsp40 in humans and also a potent holdase
(Ayala Mariscal and Kirstein, 2021), was studied by crosslinking and negative
staining EM (Figure 4.12). The results showed that DnalJAl was also able to self-
assemble and that the molecular masses of the experimentally detected adducts

were similar to those observed for DnalA2.

A
DnalJAl DnalA2
X-linker - + -+ - ot
H | s | ; #} :
245 ! ﬁ y
180 o Y Sy
135 = o
100 « = D Pl A o
75 + ‘!\;}
2
63 - .
S e v Bk by '
8B S ~ 0.2pm

Figure 4.12. DnalAl is also able to self-associate in oligomers larger than dimers, as seen
for DnaJA2. (A) The association states of DnaJA1l followed by crosslinking the cochaperone
(2 uM) with 0.005% glutaraldehyde (+) and analyzing the samples by SDS-PAGE and
Coomassie staining. As controls, the same samples without crosslinker were also loaded in
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the gel (-). The different oligomerization states are indicated as monomers (M), dimers (D)
and oligomers (O). (B) EM of negatively stained DnaJAl showing some large assemblies
similar to those observed for DnaJA2.

These results support that DnalJA2 is not the only representative of human
class A Hsp40 able to self-associate into oligomers larger than dimers, and suggest
that LQ, VQQ(M/1)Q and the intrinsically disordered C-terminal region are essential
for the self-association. Nevertheless, it would be necessary to explore whether
DnalJA4 and DnalJA3 can also assemble in similar oligomers to establish on more
solid bases a link between these types of intermolecular interactions (i.e., presence
of LQ, vQQ(M/I)Q and the intrinsically disordered CD) and the ability to self-

associate into the characteristic ordered arrangements described for DnaJA2.

4.2.4. Relation between DnalA2 oligomerization and function

We next wanted to address if these ordered oligomeric structures had functional
advantages compared with the dimeric form. We wondered whether these
assemblies could function as reservoirs of the protein or could have another
function. To this aim, the functional consequences of the above mutations were
analyzed. Hsp40 cochaperones do not only assist Hsp70s in the refolding of
misfolded or aggregated substrates (foldase and disaggregase activities), but they
also interact with client proteins to prevent their aggregation (holdase activity)

(Craig, Huang, Aron, and Andrew, 2006).

4.2.4.1. Holdase activity: inhibition of tau aggregation

We first analyzed the ability of DnaJA2 wt and its variants to avoid the aggregation
of tau K18 P301L. Tau is a microtubule-associated protein that has the propensity
to aggregate under stress conditions leading to the formation of fibrillar structures
related to different neurodegenerative diseases (Young, Mok, and Gestwicki, 2018).
Tau K18 is a truncated mutant containing only the four repeat domain responsible

for aggregation known to interact with different cochaperones that prevent its
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aggregation (Gorantla and Chinnathambi, 2018). The P301L mutation of this
truncated variant favors its aggregation and it is linked to familial frontotemporal
dementia (Ingram and Spillantini, 2002). Tau K18 P301L aggregates faster,
constituting a suitable substrate to study the holdase activity of different
chaperones (Mok et al., 2018; Shammas et al., 2015; Weismiller et al., 2018). A
previous characterization of DnalJA2AG/F and DnalJA2AC performed in our lab
showed that while DnaJA2AG/F presented the same holdase activity of the wild type
protein, DnaJA2AC was not able to protect tau K18 P301L from aggregation
(Dublang, 2020). Taking into account that DnaJA2AG/F is able to form oligomers,
while DnaJA2AC is not, we hypothesized that the potent holdase activity of DnaJA2

could be related to its ability to form those oligomers.

Aiming to probe this hypothesis, the aggregation kinetics of tau K18 P301L
(20 uM) was monitored following the light scattered by samples containing
equimolar amounts of heparin, known to accelerate tau aggregation
(Ramachandran and Udgaonkar, 2011), in the absence or presence of 6 UM DnaJA2
wt or its variants (Figure 4.13). In the absence of any chaperone, the tau aggregation
process presented a lag phase of approximately 100 min, in which monomers
assemble into small oligomers and undergo a conformational transition to an
aggregation-competent state, followed by a growth phase in which the scattering
increases until it reaches saturation (Crespo, Koudstaal, and Apetri, 2018). In the
presence of DnalJA2 wt, this lag phase was increased approximately to 210 min
(Figure 4.13), which reflects the protection effect exerted by the cochaperone.
Similar results were obtained with DnaJA2AG/F, DnalA2AZF and DnalA2LQ, while
the lag phase was delayed to more than 300 minutes for DnaJA2AJ. In contrast, the
DnaJA2AC mutant was unable to slow down tau aggregation, in agreement with our
previous study (Dublang, 2020), pointing that the intrinsically disordered CD of

DnalA2 is the most important region for the holdase activity of the protein.
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Figure 4.13. Holdase activity of DnaJA2 wt and its variants. (A) The effect of the different
DnalA2 species on the aggregation of tau K18 P301L was analyzed following the light
scattered at 350 nm by samples containing equimolar amounts of tau (20 uM) and heparin
in the absence (black) or presence of 6 uM of DnaJA2 wt or its mutants (color code as shown
in the legend). (B) Lag times of tau aggregation estimated from data shown in panel (A)
following the same color code. Data are mean * SD of three independent experiments.

These results are in agreement with previous data supporting that IDRs are
implicated in the ability to prevent protein aggregation (Wear et al., 2015; Yakubu
and Morano, 2021). Taken together, these data indicate that there is no relationship
between the oligomerization state of the cochaperone and its ability to prevent
aggregation of tau K18 P301L, and that the presence of the CD is necessary for its

holdase activity.

4.2.4.2. Refolding of aggregated and unfolded protein substrates

Hsp40s also collaborate with Hsp70s in the reactivation of misfolded or aggregated
proteins. The formation of a productive Hsp70/Hsp40 complex is required for those
functions and leads to the essential stimulation of the ATPase activity of Hsp70
(Kampinga and Craig, 2010). For that reason, we first analyzed whether the DnalJA2
variants were able to stimulate the ATPase activity of Hsc70 as the wt protein, in

the presence of the NEF Apg2. Titration of Hsc70 (2 uM) and Apg2 (0.4 uM) with the
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different DnalA2 species (Figure 4.14.A) showed that DnaJA2AJ was unable to
stimulate the ATPase activity of Hsc70, as expected because it lacks the essential JD
(Kampinga and Craig, 2010). Whereas DnaJA2AC and DnalJA2LQ were able to
stimulate the ATPase activity like the wild type protein, the variants DnaJA2AG/F
and DnalA2AZF failed to be as effective as the full-length protein (Figure 4.14.A).
These results indicate that the stimulation of Hsc70 requires more than the
interaction with the JD, as both the G/FD and the ZFD seem to play an important
role to perform properly this function, in agreement with previous data (Baaklini,
Wong, et al., 2012; Craig and Marszalek, 2017). Therefore, a relationship between

DnalA2 oligomerization and activation of Hsc70 was not found.

Then, the disaggregase activity of DnaJA2 wt and the mutants was analyzed.
DnalA2AJ was not included in this analysis, as it was not able to collaborate with
Hsc70. With this aim, luciferase was used as substrate model following published
methods (Cabrera et al.,, 2019; Celaya et al., 2016; Hageman et al., 2011).
Reactivation of aggregates of chemically denatured luciferase (20 nM) by 2 uM
Hsc70, 0.4 uM Apg2 and 0.5 uM DnalA2 or its mutants was measured during 120
minutes at 30 °C in the presence of 2 mM ATP (Figure 4.14.B). Results showed that
the reactivation activity of DnaJA2AG/F and DnalA2AZF variants was almost
negligible. Deletions of both the G/F and ZF domains decreased the stimulation of
the ATPase activity of Hsc70 (Figure 4.14.A), which is essential for the proper
function of the Hsc70-system (Craig and Marszalek, 2017). Moreover, these two
domains are thought to be necessary for substrate transfer from Hsp40 to Hsc70
(Yan and Craig, 1999; Fan et al., 2005; Baaklini, Wong, et al., 2012), so the reduction
of luciferase reactivation observed for DnaJA2AG/F or DnalA2AZF is in agreement
with these functions. DnalJA2LQ mutant was able to assist Hsc70 in aggregate
reactivation, but not as efficiently as the wt protein (Figure 4.14.B). Interestingly,

DnalJA2AC performed better than DnalA2 wt in the reactivation of aggregated
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luciferase, suggesting that the potent holdase activity conferred by the CD

compromises the disaggregation activity of DnaJA2.

Finally, the ability of DnaJA2 and the mutants to cooperate with Hsc70 to
refold denatured but not aggregated protein substrates, named foldase activity,
was analyzed using again luciferase as client protein. Luciferase (0.125 uM) was
denatured at 42 °C for 40 min in the absence or presence of 1 uM DnalA2 or its
variants, in order to keep the substrate in a cochaperone-bound, partially
(un)folded conformation and prevent its aggregation. The holdase activity of the
proteins was measured monitoring their effect on aggregate formation by light
scattering (Figure 4.14.C). DnaJA2 wt prevented the aggregation of luciferase, in
agreement with the potent holdase activity observed with tau in the previous
section. The mutants DnalA2AJ, DnalA2AG/F, DnaJA2AZF and DnalA2LQ also
avoided luciferase aggregation with similar efficiency to the wt protein (Figure
4.14.C), and as expected, DnaJA2AC was the only mutant of DnaJA2 unable to

prevent luciferase aggregation.

The same samples were supplemented with 2 uM Hsc70 and 2mM ATP in
the absence or presence of 0.4 UM Apg2, which favors the refolding process
(Rampelt et al., 2012; Raviol, Sadlish, Rodriguez, Mayer, and Bukau, 2006). The
recovery of unfolded luciferase (0.1 uM) was measured after incubating the
samples for 120 min at 30 °C (Figure 4.14.D). As a negative control, luciferase was
denatured in the absence of chaperones and then the ternary mixture (DnalJA2,
Hsc70 and Apg2) was added to process the aggregated substrate. These samples
showed a recovery of less than 5%, which was predictable due to the high stability
of the aggregates formed after thermal unfolding of luciferase in the absence of a
holdase. Up to 50% of luciferase was recovered when it was protected with DnaJA2
wt in the absence of Apg2, and around 80% upon NEF addition. The refolding
percentages decreased for the DnaJA2 mutants, regardless of the presence of Apg2.

The foldase activity of the DnalA2 variants followed reasonably well their
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disaggregase activity (Figure 4.14.B), as expected for activities that depend on their

productive interaction with Hsc70.
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Figure 4.14. Collaboration of DnaJA2 and its mutants with Hsc70 in refolding of aggregated
or unfolded substrates.Stimulation of the ATPase activity of Hsc70 (2 uM) by increasing
concentrations of DnaJA2 wt or its mutants in the presence of 0.4 uM Apg2. The color code
is indicated at the bottom of the figure. (B) Recovery of chemically denatured luciferase
aggregates (20 nM) by 0.5 uM DnaJA2 or its mutants (same color code), 2 UM Hsc70, 0.4 uM
Apg2 and 2 mM ATP at 30 °C. (C) Aggregation of luciferase (0.125 uM) denatured at 42 °Ciin
the absence (black) or presence of 1 uM DnalJA2 wt or its mutants followed by light
scattering at 400 nm. Inset shows aggregation of luciferase (0.125 uM) denatured at 42 °C
in the absence (black) or presence of 2 mM ATP and 2 uM Hsc70 (pink) or 0.4 UM Apg2
(purple). (D) Luciferase (0.1 uM) recovery from the same samples obtained in panel (C)
measured after incubating them with 2 mM ATP and 2 uM Hsc70 in the absence or presence
of 0.4 uM Apg2 for 120 min at 30 °C. Inset shows the recovery of luciferase denatured (42
°C, 40 min) in the absence (black) or presence of DnaJA2 wt (blue), Hsc70 (pink) or Apg2
(purple). After denaturation, the other two components of the ternary chaperone mixture
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were added, and luciferase recovery was measured after 120 min at 30 °C. Data are mean
1SD of three independent experiments.

DnalA2AC poorly prevented the aggregation of denatured luciferase (Figure
4.14.C), resulting in substrate recovery percentages similar to those obtained when
luciferase was denatured in the absence of chaperones (Figure 4.14.D). In contrast,
DnalA2AG/F was as efficient as DnaJA2 wt in preventing luciferase aggregation
(Figure 4.14.C) and however, could only refold 25-33% of the substrate (Figure
4.14.D), as shown for the disaggregase activity (Figure 4.14.B). The same
observation applies to DnalJA2AZF, in agreement with previous works that pointed
the ZFD as an essential structural feature for substrate release and transfer to
Hsc70 (Baaklini et al., 2012). DnaJA2LQ mutant was able to reactivate previously
protected luciferase, but not as efficiently as the wt protein. The CTDI, where those
two residues are located, is involved in substrate binding (Borges et al., 2012; Lee,
Fan, Younger and Ren, 2002), so it is reasonable to think that mutations in this
region could alter the binding/release mechanism and thus, the refolding activity
of the Hsc70/cochaperone complex. Interestingly, when luciferase was protected
with Hsc70 or Apg2 (Figure 4.14.C, inset), the recovery of chaperone-bound
luciferase by the ternary chaperone mixture under the same experimental
conditions decreased to 15 or 5%, respectively (Figure 4.14.D, inset). This
comparison suggests that the chaperone-bound conformation of luciferase might
be different depending on which protein acts as holdase, explaining why the
remodeling efficiency by the same chaperone mixture results in significantly

distinct refolding yields.

4.2.4.3. Formation of elongated structures of DnaA2 in cells

The results shown above led us to question the functionality of DnalA2 oligomers
observed in vitro. To explore the physiological relevance of these assemblies, we

wanted to determine if they also occurred in cells. Since previous studies of the
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endogenous expression of DnalA2 in HEK293 under normal growth conditions
showed that the basal levels of DnaJA2 were nearly undetectable (Hageman et al.,
2011), DnalA2 was overexpressed in HEK293 cells by transient transfection with
pcDNA™5/FRT/TO-DnalJA2 plasmid as detailed in section 3.1.2. 24 hours after
transfection, cells were lysed, the amount of protein quantified by the detergent
compatible (DC) protein assay and samples were analyzed by western blot (Figure
4.15.A, top). The results showed that, as expected, the endogenous DnaJA2 was

undetectable, and that overexpression allowed DnalJA2 detection inside the cells.
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Figure 4.15. DnalJA2 forms elongated structures upon overexpression in HEK 293 cells. (A)
Top panel, immunoblot of DnalJA2 corresponding to 10 ug lysate of HEK293 cells transfected
with pcDNA™5/FRT/TO-DnalA2 (+). As control, the same protein amount of non-transfected
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HEK293 cells lysate was loaded (-). Bottom panel, detection of DnaJA2 (green) in HEK293
cells incubated 24 h after transfection with pcDNA™5/FRT/TO-DnalA2 (+). Samples were
stained for DnalA2 (green) and cell nuclei (blue) as described in section 3.5.6. As control,
the same cells without transfection (-), showing that endogenous DnaJA2 is not detectable
in HEK293 cells. (B) HEK293 cell after 24 h of transfection showing DnaJA2 accumulations in
the cytoplasm as well as soluble cochaperone. (C) Super-resolution of DnaJA2 clusters inside
a HEK293 cell. (D) Size distribution of 100 elongated DnalJA2 structures observed by STED in
different cells.

The same was observed when HEK293 cells grown for 24 h after
transfection with  pcDNA™5/FRT/TO-DnaJA2 plasmid were fixed and
immunostained to observe the distribution of DnalJA2 (Figure 4.15.A, bottom).
While no DnalJA2 was detected in control cells that were not transiently transfected,
HEK293 cells incubated for 24 h after transfection showed a good overexpression
of the cochaperone, in agreement with western blot results. At longer incubation
times (48 and 72 h), DnalA2 started to accumulate near the membrane, and after
72 h of transfection cells detached, losing their characteristic adherence. Thus,
incubation of 24 h after transfection was the best condition to visualize the protein

without altering the morphology and viability of HEK293 cells.

Closer inspection of the images showed that besides being distributed as a
soluble protein in the cytoplasm, DnaJA2 formed larger clusters in particular regions
(Figure 4.15.B). To gain resolution, we resorted to stimulated emission depletion
(STED) microscopy, a technique that creates super-resolution images by selective
deactivation of fluorophores, minimizing the illumination area at a focal point and
thus, increasing the resolution (Hein, Willig, and Hell, 2008). The super-resolution
achieved by STED showed that DnalA2 clusters in vivo have an elongated structure
(Figure 4.15.C), that may resemble the tubules described in vitro by EM. The length
of approximately 100 clusters found in different cells showed a size distribution
centered around 320 + 100 nm (Figure 4.15.D), which is compatible with the length

of the structures shown by EM.
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Overall, the presence of elongated DnalA2 structures in cells suggests that
protein self-association also seems to occur in vivo, reinforcing the biological

relevance of the highly ordered tubular structures formed in vitro.

4.2.4.4. Modulation of the oligomeric state of DnaJA2 by substrates and Hsc70

To elucidate the benefits that the DnalA2 self-assemblies might provide, we further
explored the structural properties of the oligomers and tested the possibility that
some of the natural partners of the protein, such as client proteins and Hsc70, could

regulate its self-association equilibrium.

The CTDs and JDs are accessible in the oligomeric assembly to bind
substrates and interact with Hsc70s, respectively (Figure 4.16.A). Furthermore,
Hsc70s could be accommodated into the grooves of the oligomer (Figure 4.16.B-C),
where they could interact with the JDs of DnalA2, being at the same time close to

the client protein for an efficient transfer.

Figure 4.16. Accessibility of the JD and CTDs in the DnaJA2 assembly. (A) Model of DnalJA2
oligomer based on the 3D reconstruction showing the array of CTDs (dotted circles) and JDs
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(orange) accessible to bind large, unfolded substrates and interact with Hsc70, respectively.
(B) Structural representation of how Hsc70s could, at least sterically, accommodate into the
grooves of DnaJA2 oligomer. (C) Zoom up of a groove showing the space in which Hsc70
could be accommodated to interact with the JD of the cochaperone that adopts different
orientations. The interacting region between the JD and the NBD (pink), linker (gray) and
SBD-B (blue) of Hsc70 is highlighted with a circle.

A partner-mediated change in the oligomerization state of DnaJA2 would
be expected if they interact with cochaperone domains that are involved in
oligomer stability and are able to outcompete these interdomain interactions.
Therefore, we wanted to know if the interaction of DnaJA2 with its natural partners
(unfolded substrates and Hsc70), modulates the oligomerization state of the
cochaperone. To study the effect of the substrate we used tau K18 P301L, as its
interaction with DnaJA2 has been well characterized by NMR (Irwin, Faust, Petrovic,
Wolf, Hofmann, et al., 2021; Mok et al., 2018). DLS experiments showed that the
oligomerization state of DnaJA2 was sensitive to temperature, as an increase from
30 to 40 °C induced dissociation of the oligomer into a population centered at
around 14 nm (Figure 4.17.A). Interestingly, the process was reversible and
occurred in the same manner regardless of the presence of equimolar amounts of
tau K18 (Figure 4.17.A). These data add temperature as another factor that
modulates DnalA2 self-association, as found for other chaperones such as human
sHsps (Boelens, 2020; Haslbeck, Weinkauf, and Buchner, 2019), and also indicate
that tau does not modify the association equilibrium of the cochaperone, allowing

the temperature-induced dissociation/association of DnaJA2 (Figure 4.17.A).

To study the effect of Hsc70, we resorted to EM, as Hsc70 shows a marked
tendency to self-associate at the concentrations used in DLS (30 uM) (Takakuwa,
Nitika, Knighton, and Truman, 2019), thus hampering the analysis by this technique.
First, we confirmed that the tubular structures corresponding to DnaJA2 assemblies
were still observed by negative staining at 15 uM cochaperone (Figure 4.17.B).

Incubation of this sample with 7 uM Hsc70 and 2 mM ATP induced oligomer
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dissociation (Figure 4.17.C), suggesting that the chaperone could outcompete the
interdomain interactions that maintain the integrity of the DnalA2 assembly.
Finally, DnaJA2 was incubated with a mutant of Hsc70 (T204A) that displays a
defective ATPase hydrolysis (Meng, Clerico, McArthur, and Gierasch, 2018) under
the same experimental conditions. Interestingly, oligomer dissociation was clearly
hindered in the presence of the Hsc70r04 mutant (Figure 4.17.D), indicating that
the ATP-driven conformational cycle of the chaperone might play a key role in the
dissociation of the oligomeric assemblies.
A B DnalA2
-+ T=30°C : B :

--T=40°C
— Reversivility 30 °C

1 10 100
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mmm Tau ®&8 DnaJA2 === DnalA2 + Tau K18

Figure 4.17. Hsc70 modulates the oligomeric state of DnalA2. (A) Temperature-
dependence of the association equilibrium of DnaJA2 followed by DLS experiments. Volume
against size distribution of 30 UM DnalA2 in the absence (blue) or presence (red) of 30 uM
tau K18 P301L incubated at 30 °C (dotted lines) or 40 °C (dashed lines). To prove the
reversibility of the dissociation process, the same samples were cooled back to 30 °C (solid
lines). A sample containing 30 uM tau K18 (black) was also analyzed under the same
conditions. (B) EM of negatively stained DnaJA2 (15 uM) showing the tubular structures. (C)
Negative staining of a sample containing 15 uM DnaJA2, 7 uM Hsc70 and 2 mM ATP, which
did not show elongated, oligomeric particles. (D) Negative staining of a sample containing
15 pM DnalA2, 7 uM Hsc70r204aa mutant and 2 mM ATP, which retained tubular structures.
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4.3. DISCUSSION

We have studied herein the ability of the class A human Hsp40 DnalA2 to self-
associate into dynamic, ordered oligomeric tubular structures, and the protein
domains involved in oligomer stabilization. As Hsp40s have been implicated in
different processes, as prevention of protein aggregation and assistance of
Hsc70/Hsp70 in the remodeling of unfolded/aggregated substrates (Mogk et al.,
2018), we have also described the functional consequences of deleting specific
protein domains. Our data indicate that a multivalent set of interactions are
engaged in oligomer formation and stabilization, and that they involve the

intrinsically disordered CD and different ordered domains, as the JD, ZFD and CTDI.

The cryo-EM structure of the full-length protein shows tubular structures
composed of filaments formed by DnalA2 dimers that adopt a helical arrangement
with five dimers per turn by lateral interactions. The fact that the association
equilibrium of these oligomeric assemblies is sensitive to ionic strength, disruptors
of weak hydrophobicinteractions and temperature indicates that DnalA2 oligomers
are dynamic entities. This finding is further evidenced by EM that shows a
heterogeneous population of assemblies of different sizes and protein dimers in
equilibrium, as also found for DnalB6 and DnaJB8 (Hageman et al., 2010; Soderberg
et al., 2018). Furthermore, a similar ability to sense stress temperatures seen here
has been described for other chaperones (Franzmann, Menhorn, Walter, and
Buchner, 2008; Hochberg and Benesch, 2014; Jiao, Qian, Li, Zhao, and Chang, 2005;
Lentze, Aquilina, Lindbauer, Robinson, and Narberhaus, 2004). Docking of an atomic
model of DnalA2 into the experimental volume clearly points to two regions
responsible for oligomer formation. Dimer-dimer interaction is procured by a
specific region of CTDI (around residues L135 and Q136) that generates unstable
filaments, which are stabilized by lateral interactions between filaments through
the ZFDs. Mutants of these two regions, which have impaired their ability to form

oligomers, support this model. Furthermore, although it cannot be directly deduced
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from the atomic model of the DnalJA2 oligomeric structure, deletion of JD and CD
also impairs oligomer assembly, as shown by DLS and EM. Their influence on
oligomer formation could be explained because the CD is formed by a long (52
residues) disordered sequence, and the JD is connected to the DnaJA2 main body
through a long unstructured sequence (the 36 residues of G/FD). The structural
properties of these unordered regions make the two domains able to reach any part
of the DnalA2 structure and thus, somehow influence oligomer formation.
Furthermore, we demonstrate that DnalAl is also able to self-assemble, as
expected considering that the regions essential for oligomer formation and

stabilization described in this work for DnaJA2 are conserved in DnalAl.

No correlation between the ordered oligomers of DnaJA2 and its functions
could be found from the functional analysis of the mutants unable to form these
assemblies. The analysis of the functional consequences of eliminating specific
protein domains is not straightforward, as many of these domains are essential for
i) substrate binding, as the CTDs, the G/FD and the ZFD, ii) substrate transfer to
Hsc70, as the ZFD domain, and iii) interaction with the chaperone, as described for
the JD and G/FD, among others. Therefore, only variants that perform better than
DnalA2 wt will be discussed. This occurs for two specific mutants: DnaJA2A) and
DnalA2AC, as the former displays a better holdase activity and the collaboration of

the latter with Hsc70 in substrate remodeling is superior to that of DnaJA2 wt.

An intermolecular interaction between the JD and the CD that would
contribute to the stabilization of the oligomeric structure might explain changes in
the holdase and disaggregase activities associated with these deletion mutants. If
they interact in the wt protein, the interaction of unfolded clients with the CTDs and
CD could outcompete the contacts between these domains and the JD, increasing
its accessibility for Hsc70 binding. Removal of the CD would have a similar effect, as
it would release the JD to interact with Hsc70, with the subsequent enhancement

of the substrate remodeling activity, as experimentally observed for the DnaJA2AC
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variant. The putative existence of an intermolecular CD/JD interaction is further
supported by the stronger holdase activity observed upon removal of JD. Indeed,
the CD, to which the holdase activity is attributed, would be more accessible in the
absence of the JD, leading to a better holdase activity, as found here for the
DnalA2AlJ variant. Furthermore, the results show a direct relationship between the
CD and the holdase activity, as without it DnaJA2 completely losses its holdase
activity. A similar relationship between the C-terminal region with the holdase
activity and the ability to form oligomers has been described for DnalB6 and
DnalB8, which also form oligomeric structures and were described as the two most
potent suppressors of aggregation and related toxicity of expanded polyglutamine
proteins (Gillis et al., 2013; Mansson et al., 2014; Soderberg et al., 2018). Their
holdase activity and ability to form oligomeric assemblies was related to the C-
terminal, serine-rich region of these proteins that is absent in DNAJB1 (Gillis et al.,
2013), as its deletion severely affects their ability to reduce polyQ peptide
aggregation and to form polydisperse, oligomeric assemblies (Hageman et al., 2010;
Kakkar et al., 2016). Analogously, we find that deletion of the C-terminal region of
DnalA2, which is also enriched in serine residues, prevents oligomer formation and
completely inhibits its holdase activity. Data presented here point to the
characteristic CD of the protein as a key structural element to maintain the
oligomer, modulate the ability to interact with unfolded substrates, and regulate its

collaboration with Hsc70.

Additionally, the relationship found herein for DnalA2 between the
regulation of different functions through changes in the accessibility of specific
domains has been described for different cochaperones, including Hsp27, which
also forms oligomeric structures and prevents protein aggregation (Cox et al., 2018;
Freilich et al., 2018), and DnalB8. The a-crystallin domain (ACD) of Hsp27 is
conserved in sHsps and has been identified as responsible for the potent holdase

activity of those chaperones (Hochberg et al., 2014; Z. Liu et al., 2018). A recent
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study indicates that under stress conditions the disassembly of Hsp27 occurs via
phosphorylation, leading to the exposure of the ACD and the subsequent
enhancement of its holdase activity (Liu et al., 2020). Similar to what we propose
here, an interaction between the J and C-terminal domains of DnalB8 has been
proposed to act as a reversible switch to regulate the binding of Hsc70 (Ryder et al.,
2021). The fact that we have not been able to detect contacts between the CD and
the JD of DnaJA2 might be due to their flexibility and the disordered nature of the
CD. However, the crosslink found between the CD and the ZFD supports the
possibility of a direct or indirect (through the ZFD) interaction between the CD and
the JD. Therefore, these intermolecular interactions could have a regulatory
meaning, as binding of client proteins could facilitate chaperone recruiting when

the cochaperone is loaded with an appropriate cargo.

Intermolecular interactions between adjacent DnalJA2 dimers might help to
display an array of closely spaced CTDs, CDs and JDs for binding large, unfolded
protein substrates and Hsc70, respectively. The ordered but flexible assembly could
provide a large interaction surface to bind client proteins in an extended
conformation, which would be accessible to Hsc70. The strong holdase activity of
DnalA2 indicates productive binding of this class A JDP to hydrophobic patches
exposed by partially (un)folded substrates. This finding is in agreement with the
description of DnalA2 as a potent suppressor of tau aggregation, which prevents its
seeding and the intracellular formation of amyloids (Abisambra et al., 2012; Mok et
al.,, 2018). The effectiveness of DnalA2 to avoid aggregation has been recently
explained by its interaction with multiple tau conformational species (Irwin, Faust,
Petrovic, Wolf, Hofmann, et al., 2021). These interactions involve both CTDs of the
cochaperone, unlike DnalB1 that only uses the CTDII to bind a narrower set of tau
conformations (lrwin, Faust, Petrovic, Wolf, Hofmann, et al., 2021). Our data also
show that the C-terminal IDR of DnalJA2 makes essential contributions to the

holdase activity of the protein, thus adding an adaptable and flexible sequence of
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52 residues to the interacting surface with partially (un)folded substrates. The larger
interaction surface in the oligomer offers the possibility of binding unfolded clients
in a fully extended conformation, without forming knots that would difficult their
remodeling, which might facilitate productive folding or processing by the protein
machinery involved in protein degradation, as recently reported for CTFR (Chiaw et
al., 2019). It is important to note that substrate binding does not perturb reversible
formation of the oligomeric assemblies, and therefore, that the client can be

maintained in an extended conformation on their surface.

The ordered oligomeric assembly could also allow recruiting of Hsc70 by
nearby JDs, which would facilitate the simultaneous binding of several chaperone
molecules to the exposed hydrophobic patches of the unfolded substrate for its
productive refolding. This would explain the higher recovery yield observed when
the unfolded substrate is bound, and thus protected from aggregation, to DnaJA2
as compared with Hsc70 and Apg2. Therefore, DnaJA2 assemblies larger than
dimers would function as a scaffold that might facilitate the simultaneous binding
of several Hsc70 molecules to large client proteins. The binding of several Hsc70
molecules could trigger oligomer dissociation for productive folding. The structural
complementarity between the Hsc70(ATP) conformation and the groove of the
tubular structure of DnaJA2 might facilitate the initial interaction of the NBD and
the JD. The large conformational changes during the ATPase cycle of Hsc70 would
further destabilize the weak interactions that maintain the oligomer, and thus,
induce its dissociation. The picture that emerges from this study is the following:
the sensitivity to stress conditions, such as temperature, of the DnalA2 self-
association equilibrium would dissociate the oligomer to prevent aggregation of
client proteins, a process in which the CD is essential. Once the stress conditions
disappear, the substrate-DnaJA2 complexes would reassociate with an array of JDs
in close proximity, allowing binding of several Hsc70 molecules to the unfolded

substrate. DnalA2 dissociation, triggered by the interaction with active Hsc70(ATP)
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molecules, would facilitate cochaperone assistance to Hsc70 in the refolding of

client proteins.
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Figure 4.18. Proposed model for the interaction of DnalA2 with client proteins under
stress conditions and collaboration with Hsc70 in substrate refolding. (A) DnaJA2 dimer
showing the JD (orange), G/F (blue), CTDs (yellow), ZFD (pink), DD (green) and the
intrinsically disordered CD (red). (B) Formation of DnalJA2 filaments by longitudinal
interactions between the CTDIs of adjacent dimers. (C) Lateral interactions between
filaments via the ZFDs form the helical, tubular structure. (D) Model proposed to explain the
benefits that the DnalA2 self-assembly could have in the refolding of large, unfolded
substrates. The association equilibrium of DnalA2 contains dimers and oligomers of
different sizes. Unfolded/misfolded substrates would bind to the different DnalA2
oligomeric species, resulting in weaker interactions between the CD and other domains,
such as ZFD or JD, and thus, in more accessible JDs. DnaJA2 oligomers would favor the
refolding of large, unfolded substrates, as they could maintain large substrates in a
refolding-competent state. In contrast, dimeric DnalJA2 could protect clients from
aggregation but not always avoid formation of knots in large, unfolded substrates that will
render unfoldable protein species. Furthermore, the array of nearby JDs and CTDs of the
oligomer would act as a scaffold, allowing simultaneous binding of several Hsc70 molecules
to the chaperone-bound unfolded client for an efficient substrate remodeling. The oligomer
would be dissociated by Hsc70s to allow the conformational rearrangement of the
chaperone during substrate remodeling.
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Chapter 5: Regulation of DnaJA2 cochaperone by phosphorylation

REGULATION OF DNAJA2
COCHAPERONE BY PHOSPHORYLATION

5.1. INTRODUCTION

The human genome encodes around 330 chaperones and cochaperones (Brehme
et al., 2014): 13 Hsp70s, 49 Hsp40s and 14 NEFs (Rosenzweig et al., 2019). The
higher number of Hsp40s than Hsp70 members in all organisms or specific cellular
compartments strongly suggests that different Hsp40s collaborate with a single
Hsp70 to specify the chaperone’s activity (Liu et al., 2020). In contrast to members
of the Hsp70 family that present a high sequence and structural similarity, ] domain
proteins (JDPs) show a large degree of divergence, consistent with the idea that
they play a major role in the functional diversification of the Hsp70 machinery
(Kampinga and Craig, 2010). Therefore, the diversity of Hsp40s has been proposed
to influence many aspects of Hsp70 function including substrate specificity,
localization, and ATPase and substrate remodeling activities (Fan, Lee and Cyr,
2003; Li, Qian and Sha, 2009; Kampinga and Craig, 2010; Cyr and Ramos, 2015; Craig
and Marszalek, 2017).

Although the effect of PTMs on the functional properties of chaperones has
not been systematically studied, it is well known that most, if not all, chaperones
are extensively modified (Velasco et al., 2019; Backe et al., 2020; Nitika et al., 2020).
Among the existing PTMs, phosphorylation is one of the best characterized in the
literature, with several examples of how it controls the activity of different
members of the Hsp70, Hsp90, Hsp40 and Hsp110 chaperone families (Muller et al.,
2013; Velasco et al., 2019; Nitika et al., 2020). Despite the importance that

phosphorylation has on the activity of many proteins, very little is known on its
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effect on intermolecular interactions in chaperone systems, such as the Hsc70 one,
that require the collaboration of more than two components to be functional. The
Hsc70 system is composed of a central chaperone, Hsc70 (HspA8, the constitutively
expressed member of the Hsp70 family in humans), and two accessory proteins: a

member of the Hsp40 family and a NEF.

Phosphorylation of the components of this system can affect their interactions
and thus, the activity of the whole system. The only autonomous recognized activity
of Hsp40s is their ability to interact with (partially) unfolded substrates to avoid
their aggregation, named holdase activity (Ayala Mariscal and Kirstein, 2021;
Tamadaddi and Sahi, 2016). Other activities of Hsp40s require their collaboration
with other chaperones, as Hsc70. Indeed, as Hsp40s interact with substrates and
transfer them to Hsc70 for their subsequent remodeling, their interaction with both
the client proteins and Hsc70 regulates the disaggregase and foldase activities of
the system (Summers et al., 2009; Radons, 2016; Nillegoda et al., 2017; Nillegoda,
Wentink and Bukau, 2018). DnalA2, one of the components of the human Hsc70
system (Nillegoda et al., 2015, 2017), is the major class A cytosolic JDP that
participates in the reactivation of unfolded or aggregated proteins in collaboration
with Hsc70 (Hageman et al., 2011; Nillegoda et al., 2015) and in the prevention of
protein aggregation, being considered one of the best suppressors of tau
aggregation (Mok et al., 2018). These activities must be well regulated to ensure the
proper behavior of the Hsc70 system under different conditions (Craig and
Marszalek, 2017). Although DnalA2 can be phosphorylated in many residues under
stress conditions (Hornbeck et al., 2015), the functional consequences of these
PTMs are unknown to date. Therefore, we explore here the effect that
phosphorylation of specific residues of DnaJA2 has on its conformation, activity and

interaction with clients and Hsc70.
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5.2. RESULTS

5.2.1. Mapping the effects of phosphorylation on Class A DnalA2

With the aim of mapping all the phosphorylatable residues of DnaJA2 by domains,
we used a holistic approach in which four phosphomimetic mutants containing all
possible mutations in a specific protein domain were designed (Figure 5.1 and Table
5.1). The objective was to analyze the functional consequences of all mutations to
identify phosphorylatable residues of DnalJA2 that could be important for the

regulation of the human disaggregase system.
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Figure 5.1. Mapping of phosphosites in DnalJA2. Phosphothreonines, phosphoserines and
phosphotyrosines listed in PhosphositePlus are highlighted in the domain representation of
DnalA2. Residues marked with a star (*) represent conserved residues among DnaJAs that
have been found phosphorylated in other class A members, but not in DnaJA2.

Table 5.1. Phosphomimetic mutants of DnalA2 generated by substituting
phosphorylatable residues, Y, Tor S, to E.

PHOSPHOMIMETIC No. of Mutated residues
Domain pl
MUTANTS OF DNAJA2  substitutions

JD(6)and Y10, S20, Y28, S51,
JD-Pm 7 5.81
G/FD (1) Y54, S58 and S78

5144, 5147, 5153

ZFD-Pm 4 ZFD 5.69
and S184
CTDI (3)and  S123, 5128, T136,
CTD-Pm 5 5.62
CTDII (2) 320 and 330
C-terminal Y391E, S394E and
CD-Pm 3 5.62
domain S395E
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In the phosphomimetic mutants the residues found phosphorylated in
PhosphoSitePlus (Hornbeck et al., 2015) (Figure 5.1 and Table 5.1) were substituted
by glutamic acid (E) in the JD, ZFD, CTD or C-terminal domain (CD). Glutamic acid
might mimic the effect that phosphorylation could have on the activities of the
cochaperone by providing a negative charge in the position where the phosphate
group is attached (Pérez-Mejias et al., 2020). After purification of the protein
variants, we analyzed the conformational and functional consequences of

phosphomimetic mutations in each domain of DnaJA2 (Figure 5.2 and Figure 5.3).

First, the thermal stability of these phosphomimetic mutants was
characterized and compared with that of the wt protein. Thermal denaturation was
followed by circular dichroism (CD), measuring the temperature dependence (from
20 to 80 °C) of the ellipticity at 222 nm (Figure 5.2.A). DnaJA2 wt has a complex
thermal unfolding that includes at least three different events: a small loss in the
222 nm signal between 20-48 °C, a strong gain of ellipticity between 48-60 °C, and
a significant ellipticity decrease above 60 °C. While the ZFD-Py, and CD-P, mutants
showed a wt-like behavior, the unfolding curves observed for JD-Pn, and CTD-Pn,
variants were considerably different. The JD-P, mutant lost the third transition,
which is associated with the denaturalization of the JD, as the DnaJA2A)J mutant
lacks this transition. The lower 8, value at 20 °C of these variants also suggests
that the helical JD of JD-Pn, is unfolded. The CTD-P,, mutant completely lost the first
two events but maintained the last one, meaning that the JD structure is, at least

partially, preserved.

As it was demonstrated in chapter 4, DnalA2 self-associates into ordered
tubular oligomers, and the association equilibrium that forms oligomers larger than
dimers involves different regions of the protein. The effect of phosphomimetic
substitutions in the oligomerization state of DnaJA2 was characterized by analyzing
the size distribution of the samples by DLS. DLS experiments showed that all

mutants except the CD-P, variant lose the ability to form the characteristic
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oligomeric populations found in DnaJA2 (Figure 5.2.B). The size of these three
mutants (JD-Pm, ZFD-Pm and CTD-Pn,) was clearly shifted to that of dimeric DnalJA2,
which was obtained upon incubation in 300 mM NaCl. It is reasonable to propose
that phosphorylation is an additional factor that could regulate the association
equilibrium of DnalA2, besides disruptors of weak hydrophobic interactions, such

as 1,6-hexanediol, temperature and salt concentration (see chapter 4).

Then, the holdase activity was analyzed using as client protein a truncated
mutant of tau (tau K18 P301L). This mutant contains the four repeat domain
responsible for protein aggregation (K18), and a missense mutation (P301L) that
favors aggregation and is linked to familial frontotemporal dementia (Gorantla and
Chinnathambi, 2018). Tau K18 P301L aggregation was followed by light scattering
(Figure 5.2.C and Figure 5.3). The aggregation reaction has three phases: a lag phase
in which the protein rearranges giving rise to an aggregation competent state, a
growth phase characterized by an increase in the scattering, and a plateau phase in
which mature fibrils are formed (Ramachandran and Udgaonkar, 2011). DnalJA2
slows down tau aggregation by increasing the lag time of the process (Figure 5.2.C).
The effect of the phosphomimetic mutations differed depending on the domain
mutated. While JD-Pr, and CD-Pr, phosphomimetic mutants delayed tau aggregation
similarly to the wt protein, the ZFD-P,, mutant showed a reduction in the ability to
protect tau from aggregation, whereas the CTD-P., variant delayed the aggregation

even more than DnalA2 wt, suggesting that it has a stronger holdase activity.

DnalA2 collaboration with Hsc70 results in an activation of the ATPase
activity of the chaperone, which can be monitored by measuring the ATPase activity
of Hsc70 (2 uM) at increasing concentrations of DnalJA2 in the presence of Apg2 (0.4
uM). While the ZFD-Py,, CTD-Pn and CD-P,, mutants were able to stimulate the
ATPase activity of Hsc70 similarly to the wt protein, the JD-P, variant was unable to

activate Hsc70 (Figure 5.2.D and Figure 5.3). Mutations that mimic phosphorylation
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in the J domain are possibly unfolding this domain and hampering its essential role

in the activation of Hsc70 (Kampinga and Craig, 2010) (see below).

Finally, the reactivation of luciferase aggregates formed after chemical
denaturation of the substrate by the Hsc70 system was assessed (Figure 5.2.E).
Compared to DnalA2 wt, the efficiency of all phosphomimetic mutants to refold
luciferase was compromised to a different extent (Figure 5.2.E and Figure 5.3). The
dissaggregase activity was totally inhibited in the case of the JD-Pn, as expected due
to the crucial role of the JD in Hsc70 activation, and CTD-P,, mutants. An
intermediate inhibition was found for the ZFD-P,, and CD-P,, mutants, with a 60%

and 30% reduction, respectively.
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Figure 5.2. Structural and functional consequences of phosphomimetic mutations in each
domain of DnalA2. (A) Thermal stability of DnaJA2 wt (blue), DnaJA2AJ (red) and the
phosphomimetic mutants (color code in the legend) followed by the change in ellipticity at
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222 nm as the temperature of the sample was raised from 20 °C to 80 °C, at 1 °C/min. (B)
DLS experiments showing the volume against size distribution of DnaJA2 wt (blue) and the
phosphomimetic mutants at 30 uM protein. Experiments were performed in 20 mM Hepes
pH=7.6, 30 mM NaCl and 2 mM DTT. The sample of DnaJA2 wt at 300 mM NacCl (red) was
used as control of the dimeric particle size. (C) Aggregation of tau K18 P301L followed by
light scattering at 350 nm in samples containing 20 uM tau and 20 uM heparin in the absence
(black) or presence of 6 uM DnalJA2 wt or its phosphomimetic mutants. (D) ATPase
stimulation of 2 UM Hsc70 by increasing concentrations of DnaJA2 wt or its mutants in the
presence of 0.4 pM Apg2. (E) Recovery of chemically denatured luciferase aggregates (20
nM) after reactivation with 0.5 uM DnalA2 or its phosphomimetic mutants, 2 uM Hsc70, 0.4
UM Apg2 and 2 mM ATP at 30 °C. Data (C-E) are means + SD of at least three independent
experiments. The color code is shown at the bottom of the figure.
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Figure 5.3. Heatmap depicting the effect that phosphomimetic mutants of DnaJA2 have in
the activities of the cochaperone. The heatmap was generated comparing the three
activities (holdase, ATPase and disaggregase) of the wt protein and the phosphomimetic
mutants. The relative values were color-coded as shown: 100% for each activity was
assigned to the protein variant with the highest value, and the activities of the
corresponding proteins were normalized to this value.

Although these mutants might provide overall information on the effects
that phosphorylation of each domain could have in the activity of the Hsc70 system,
we wanted to know if the observed behavior was due to the modification of specific
residues. With that purpose, new phosphomimetic mutants of JD, ZFD and CTD
containing fewer mutated residues were designed, giving rise to a more detailed
mapping of the functional phosphorylation pattern of DnaJA2. No mutants were
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generated for the CD-P,, as the effects of the substitutions in this domain on the

activities were very small.

5.2.2. Phosphomimetic substitutions in the CTDI subdomain of DnaJA2

The CTD of DnalA2 and all canonical class A and class B Hsp40s is divided in two
subdomains, CTDI and CTDII, which fold in a B-sandwich structure and are
connected by an alpha-helical hinge. Understanding the effect of phosphomimetic
mutations in CTD required the construction of mutants targeted to the individual
subdomains. Initially, four new phosphomimetic mutants were generated to better
map the effects in the CTDI subdomain (Table 5.2 and Figure 5.4): 1) a mutant
named CTDI-Pn, containing substitutions in two residues at the a-helix connecting
the CTDI with the CTDII (5123 and Y128), and a third one in a B-sheet of the CTDI
(T132) (Figure 5.4.A); 2) DnalA2si123¢/v128e With the mutations S123E and Y128E; 3)
and 4) two mutants, DnalA2s:,3¢ (Figure 5.4.B) and DnalA2yizse (Figure 5.4.C),

carrying these single-point mutations in the connecting a-helix.

Table 5.2. Phosphomimetic mutants of the CTD of DnalA2.

PHOSPHOMIMETIC
No. of
MUTANTS OF THE Mutations Subdomain pl
substitutions
CTD OF DNAJA2

CTDI: S123E, Y128E,
CTD-Pm 5 T132E CTDI and CTDII 5.62
CTDII: Y330E, Y349E

CTDI-Prm 3 S123E, Y128E, T132E CTDI 5.78
DnalA2s123e/v128e 2 S123E, Y128E Hinge of CTDs 5.86
DnalA2s123¢ 1 S123E Hinge of CTDs 5 gg
DnaJA2yiase 1 Y128E Hinge of CTDs 5 g¢
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Figure 5.4. Structure of DnalJA2 highlighting the phosphorylatable residues located in the
CTDI that have been mutated by glutamic acid to mimic the effect of phosphorylation in
this region. (A) Residues mutated in the CTDI-Pm mutant are shown in green. (B) S123

residue (orange) and its interaction network comprising residues from the same helix and
the CTDII. (C) Interaction network of the phosphorylatable Y128 (yellow).

We first analyzed the thermal stability of all the CTDI phosphomimetic
mutants to explore the conformational consequences of the phosphomimetic
substitutions (Figure 5.5.A). It is worth mentioning that the far-UV CD spectra of the
four phosphomimetic variants were similar to that of DnaJA2 wt (Figure 5.5.A,
inset), suggesting that these mutations do not alter the secondary structure of the
protein. The CTDI-Pn, mutant showed a thermal stability curve that differed
significantly from that of the wt protein, with a decrease of 12 °C in the Tm of the
main transition, while the last event was wt-like. The same unfolding curve was
obtained for the DnalA2siizenvise and DnalA2vizge mutants, whereas that of
DnalA2s1,3c resembled the wt protein. These results point to Y128E mutation as

responsible for the decreased thermal stability of the mutants shown in Table 5.2.

In regards to the holdase activity of the mutants, DnalA2s123¢ presented a
wt-like protection capacity, whereas the CTDI-Pr,, DnaJA2s123¢/v128e and DnalA2y1se
mutants doubled the lag phase of the wt protein (from 115 to 220-245 minutes)
(Figure 5.5.B). These results suggest that the holdase activity of this cochaperone

can be regulated by phosphorylation of Y128.
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Although the DnalA2 CTDI phosphomimetic mutants analyzed in this
section stimulated the ATPase activity of 2 uM Hsc70 in the presence of 0.4 uM
Apg2 like the wt protein (Figure 5.5.C), they were deficient to reactivate luciferase
aggregates (Figure 5.5.D). While the reactivation activity of CTDI-P, or
DnalA2s123e/v128e mutants was negligible, both the S123E and Y128E substitutions
reduced by 50-55% the disaggregase activity of the ternary chaperone mixture
(Hsp40+Hsc70+Apg2). These results suggest that the complete inhibition of the
disaggregase activity observed for the DnalA2s123e/v128e Variant could be due to an

additive effect of both substitutions.
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Figure 5.5. Phosphomimetic mutations in the a-helix connecting the two CTD subdomains
of DnaJA2 modulate the holdase and disaggregase activities in an opposite manner,
enhancing the former and impairing the latter. (A)Thermal stability of DnaJA2 wt (blue) and
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the phosphomimetic mutants of the CTDI (color code in the legend) followed by the change
in the ellipticity at 222 nm as a function of temperature (20-80 °C; 1 °C/min). Inset shows
the far-UV CD spectra of these proteins recorded at 20 °C. (B) Aggregation of tau K18 P301L
was followed by light scattering at 350 nm in samples containing equimolar amounts (20
UM) of tau and heparin in the absence (black) or presence of 6 uM DnalA2 wt or its
phosphomimetic mutants. Inset shows the lag time of tau aggregation for each sample
following the same color code. (C) ATPase stimulation of Hsc70 (2 uM) by 0.5 uM DnaJA2 or
its mutants in the presence of 0.4 uM Apg2. The dotted bar corresponds to the basal ATPase
activity without cochaperone. (D) Refolding percentages of chemically denatured luciferase
aggregates (20 nM) after reactivation with 0.5 uM DnalA2 or its phosphomimetic mutants
(same color code), 2 uM Hsc70, 0.4 UM Apg2 and 2 mM ATP at 30 °C. Data (B-D) are means
+ SD of at least three independent experiments.

To better understand the effect on the disaggregase activity of the
phosphomimetic mutations located in the a-helix connecting the CTD subdomains,
the recruitment of Hsc70 to G6PDH aggregates by DnaJA2 wt, DnaJA2s123¢/v12ee and
DnalA2yi2se variants was analyzed in the presence of Apg2, which enhances Hsc70
binding to the aggregate surface (Cabrera et al., 2019) (Figure 5.6.A). The bands
corresponding to aggregated G6PDH and Hsc70 were quantified to estimate
aggregate-bound Hsc70/G6PDH ratio (Figure 5.6.B). Data revealed that the amount
of Hsc70 recruited to aggregates by the DnaJA2s123e/v128e mutant was slightly lower
(Figure 5.6.A-B), as compared to DnaJA2 wt, but this minor difference could not
explain the complete inhibition of the disaggregase activity observed for this

mutant (Figure 5.5.D).

Next, the ability of these mutants to self-associate was analyzed using 1,6-
hexanediol (Patel et al., 2007). DnaJA2 oligomer dissociation was followed by the
decrease in the light scattered at 300 nm by a sample containing 15 uM DnalA2 wt
upon alcohol addition (Figure 5.6.C). Regarding the phosphomimetic mutants,
while DnaJA2s123e/v128e Was not sensitive to alcohol addition, the presence of 5% 1,6-
hexanediol reduced the light scattered by both single-point mutants (Figure 5.6.C).
Although DnalA2yi2se scattered less light than DnalA2 wt and DnalA2si123¢ in the

absence of alcohol, these data suggest that the single-point mutants are able to
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self-assemble, albeit to a different extent, into large oligomers, while the

combination of S123E/Y128E mutations induces oligomer dissociation.

Finally, the ability of these DnaJA2 variants to support Hsc70 in the folding
of denatured, but not aggregated substrates was analyzed. When a protein is
denatured in the presence of a chaperone with holdase activity, as DnalA2, the
chaperone binds the denatured client protein and maintains it in a (partially)
unfolded, non-aggregated conformation. Once the stress ends, the substrate can be

reactivated into its functional conformation with the assistance of Hsc70.

First, luciferase (0.125 uM) was denatured at 42 °C in the absence or
presence of 1 uM DnalA2 wt or the abovementioned mutants, and the holdase
activity was measured by monitoring the light scattered at 400 nm (Figure 5.6.D).
DnalA2 avoided luciferase aggregation, in agreement with previous works
(Dublang, 2020), as it did the mutants. After 40 minutes at 42 °C, reactivation of
chaperone-bound luciferase was performed by adding 2 uM of Hsc70, 0.4 uM Apg2
and 2 mM ATP and incubating the samples at 30 °C for 120 min (Figure 5.6.E).
Refolding data showed that without protecting the substrate, i.e when denaturation
takes place in the absence of chaperones and thus the denatured protein
aggregates, the reactivation percentage was lower than 10%, a value similar to that
obtained for the DnaJA2s123¢/v128e mutant. However, when luciferase was protected
with DnaJA2 wt or the single-point (S123E and Y128E) DnalJA2 mutants the
reactivation yield significantly increased to 70-80% (Figure 5.6.E). The inhibition
observed for the single-point mutants does not explain the behavior of
DnalA2s123e/v128e, suggesting that the combination of both mutations generates a

synergic effect.

Considering that the double mutant was able to protect both tau K18 and
luciferase from aggregation but was unable to refold aggregates, we wanted to
know if addition of DnaJA2 wt to the DnaJA2s;123¢/v128e-bound luciferase sample could

restore the efficiency of the Hsc70 system, resulting in a similar recovery yield to
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that obtained for DnaJA2 wt. For that, chemically denatured luciferase was
aggregated in the absence or presence of DnaJA2 wt or the DnaJA2s123¢/v128e mutant.
Then, samples were supplied with Hsc70, Apg2 and ATP, and in the case of the
mutant with DnaJA2 wt too, and incubated at 30 °C for 120 min before measuring
their refolding activity (Figure 5.6.F). Interestingly, although the addition of DnaJA2
wt increased the recovery yield of DnalA2s123e/v12sE, it was still significanty lower
than that obtained for the DnalJA2 wt-protected sample (14.5% + 3.2 vs 40.2% + 3.1,
respectively). Furthermore, the increment observed upon addition of DnaJA2 wt
could be attributed to the slight recovery yield observed for the aggregated sample,
suggesting that it corresponds to the small percentage of aggregated luciferase
reactivated by the ternary wt chaperone mixture. These results suggest that the
transfer of the DnalA2s1,3e/v128e-bound substrate to Hsc70 could be hampered,

explaining the inability of this mutant to productively collaborate with Hsc70 in

substrate remodeling.
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DnalA2s123e/v128e Or DnaJA2vizge. Native G6PDH (-) or G6PDH aggregates (+) (0.4 uM) were
incubated with 1 pM DnaJA2 wt or the mutants in the presence of 2 uM Hsc70, 0.4 uM Apg2
and 2 mM ATP. After 10 min at 30 °C, samples were centrifuged and the pellet was analyzed
by SDS-PAGE. (B) Quantification of Hsc70 recruitment driven by the different DnalA2
variants, indicated as Hsc70/G6PDH ratio. (C) Light scattered at 300 nm by 15 uM DnalA2
wt (blue) or the phosphomimetic mutants in the absence (dark) or presence (light) of 5%
1,6-hexanediol. (D) Luciferase (0.125 uM) was denatured at 42 °C in the absence (black) or
presence of 1 puM DnalA2 wt (blue), DnalA2sia3e/vi2se (gray) or the single-point
phosphomimetic mutants DnaJA2s123: (orange) and DnalA2vizse (yellow). Aggregation was
followed by the light scattered at 400 nm. (E) Samples obtained after 40 minutes of
denaturation in (D) were supplied with 2 UM Hsc70, 0.4 uM Apg2 and 2 mM ATP, and the
recovery of luciferase (0.1 uM) was measured after 120 min at 30 °C. (F) Luciferase was
denatured in 6 M urea and diluted 100 times, reaching a final concentration of 0.1 pM, in
the absence (black) or presence of 1 uM DnaJA2 wt (blue) or DnalJA2s123¢/v128e (gray). Samples
were supplied with 2 uM Hsc70, 0.4 uM Apg2 and 2 mM ATP, and luciferase recovery was
measured after 120 min at 30 °C. Additionally, 1 uM DnalJA2 wt was also added to a sample
diluted in the presence of the DnalA2s123¢/v128e mutant. Data (B-F) are mean +SD of 3
independent experiments.

These results, together with the holdase and disaggregase experiments,
showed that the functional effects observed in the CTD mutant (Figure 5.2) mainly
reside in the CTDI, and that the combination S123E/Y128E increases the protective
ability of the cochaperone avoiding its disaggregase and foldase activities in
collaboration with Hsc70. However, the DnalA2yi,s mutant is the most interesting
one, as it suggests that phosphorylation of this residue could act as a switch that
enhances the holdase activity of the cochaperone compromising mostly its ability

to support Hsc70-mediated disaggregase activity.

This phosphorylatable tyrosine located in the a-helix that connects both
CTD subdomains is well conserved among Hsp40s of classes A and B. This finding
raises the possibility that phosphorylation of this residue in DnalB1, the major
cytosolic representative of class B, could have a similar effect. So, after
demonstrating that mimicking the phosphorylation of Y128 had functional effects
on DnalA2, we wanted to know the effects of mutating this residue (Y176) in

DnalB1, which has also been found phosphorylated during stress conditions in HTP
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experiments (Hornbeck et al., 2015). In the structure-based sequence alignment of
DnaJA2 and DnalBl most of the residues of the a-helix containing the
phosphorylatable tyrosine are conserved (Figure 5.7.A), with only a significant
difference that involves the last residue, which is an asparagine in DnaJA2 and a
phosphorylatable serine in DnalB1 (Hornbeck et al., 2015). The interaction network
of Y128 and Y176 residues is also similar, as they both interact with residues from

the CTDI and CTDII (Figure 5.7.B-C).
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Figure 5.7. Sequence alignment and atomic structure of the a-helix connecting both CTDs
of DnaJA2 and DnalB1. (A) Sequence alignment of the CTDI region of DnalA2 and DnalB1
that includes the hinge a-helix (dotted box). (B) Interaction network of Y128 of DnalA2
highlighting the hinge in yellow. (C) Interaction network of the phosphorylatable residue
Y176 of DnaJB1 with the hinge in green.

With this aim, the DnaJB1vi76 phosphomimetic mutant was purified and
characterized as above. The CD spectra between 200-260 nm of DnalB1 and its
phosphomimetic variant at 20 °C were very similar (Figure 5.8.A). Regarding the
thermal stability, DnalB1 wt gave an unfolding curve characterized by two
transitions: the first between 48-58 °C, where most of the ellipticity was lost within
a narrow temperature range, and the second one from 60 to 76 °C (Figure 5.8.B).
The comparison of the unfolding curves of wt and DnalBlvizer showed that

denaturation starts at a lower temperature for the mutant (40 vs 48 °C) and ends at
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the same temperature (around 58 °C), thus being less cooperative. These results
suggest that despite having similar a-helix content, DnalJB1yiee is less stable than

the wt protein.
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Figure 5.8. Structural and functional characterization of DnalBlyizee phosphomimetic
mutant and its comparison with the DnaJA2y12se variant mimicking the phosphorylatable
tyrosine located in the helical hinge. (A) Far-UV CD spectra of DnaJB1 wt (red) and its Y176E
variant (green) performed at 20 °C. (B) The unfolding curve of DnalBl (red) or its
phosphomimetic variant (green) followed by CD at 222 nm from 20 °C to 80 °C. DnaJB1vi7ee
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presents a less cooperative denaturalization than DnaJB1 wt. (C) Stimulation of the ATPase
activity of 2 uM Hsc70 by 0.5 uM DnalJB1 (red), DnaJA2 (blue) or their phosphomimetic
variants (color code in the legend) in the presence of 0.4 uM Apg2. (D) Protection against
aggregation of tau K18 P301L (20 uM) by 6 uM DnalB1, DnalJA2 or their variants analyzed by
Tht fluorescence. The aggregation kinetics of tau K18 P301L in the absence of any Hsp40 is
represented in black. (E) Foldase activity of the different Hsp40s followed by luciferase
(0.125 uM) denaturation at 42 °C in the absence (black) or presence of 1 uM DnalB1 (red),
DnalBlvizee (green), DnalA2 (blue) or DnalA2vizge (yellow). Samples obtained after 40 min
denaturation were supplied with 2 uM Hsc70, 0.4 uM Apg2 and 2 mM ATP, and the recovery
of luciferase (0.1 uM) was measured after 120 min at 30 °C. (F) Refolding percentages of
luciferase aggregates (20 nM) formed after chemical denaturation by the different Hsp40s
(0.5 uM), 2 uM Hsc70, 0.4 UM Apg2 and 2 mM ATP. Values (C-F) are means + SD of at least
three independent experiments.

Although DnalJA2 and DnalB1 stimulated the ATPase of Hsc70 similarly
(Figure 5.8.C), they showed different holdase activity and ability to collaborate with
Hsc70 in the reactivation of unfolded and aggregated substrates, in agreement with
previous works (Mok et al., 2018; Yu, Ziegelhoffer, and Craig, 2015). DnalA2
prevented aggregation of tau K18 (Figure 5.8.D) and maintained the unfolded,
bound-substrate in a conformation that can be efficiently refolded by Hsc70 (Figure
5.8.E), in contrast to DnalB1l that performed better in supporting aggregate
reactivation (Figure 5.8.F). Indeed, the reactivation percentage of the ternary
mixtures (Hsp40+Hsc70+Apg2) reached 40% for DnalJA2 and around 80% for
DnalBl. In contrast to DnalA2yise, the Y176E substitution in DnalB1 had no
significant functional consequences (Figure 5.8.C-F), as the holdase activity (Figure
5.8.D) and the performance with Hsc70 in unfolded or aggregated luciferase

reactivation (Figure 5.8.E-F) were not altered by this single-point substitution.

These results suggest that phosphorylation of this conserved residue could
be class-specific, affecting only the holdase/foldase balance in class A DnaJA2. While
in DnalJA2 would enhance its holdase activity compromising its assistance in Hsc70-
mediated substrate remodeling, phosphorylation of the homolog residue of DnalB1

(Y176) would not affect these functions.
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5.2.3. Phosphomimetic substitutions in the ZFD of DnalA2

The ZFD-P,, mutant, containing four serines (5144, S147, S153 and S184) replaced
with glutamic acid, had functional and structural defects when compared with the
wt protein (Figure 5.2). It was not capable of self-assemble into oligomers and
showed reduced holdase and disaggregase activities. To explore the identity of the
residues responsible for this behavior, two new mutants (Table 5.3, DnaJA2s144¢/5147¢

and DnalA2s:34¢) were designed and characterized.

Table 5.3. Phosphomimetic mutants of the Zinc Finger Domain of DnalA2.

PHOSPHOMIMETIC
No. of
MUTANTS OF THE Mutations Subdomain pl
substitutions
ZFD OF DNAJA2

ZFD-Pm 4 S144E, S147E, S153E, S184E ZFD 5.69
DnalA2s144e/s147€ 2 S144E/S147E Zn-| 5.86
DnalA2s1sae 1 S184E Zn-ll 5.96

The zinc finger domain has an L-shaped structure, containing a B-hairpin
and two zinc fingers (Zn-I and Zn-I1), each with two 100% conserved CXXCXG motifs
able to coordinate a Zn** atom (Martinez-Yamout, Legge, Zhang, Wright, and Dyson,
2000) (Figure 5.9.A-B). The serine residues modified in the ZFD-P,, mutant were
located in both Zn finger motifs (Figure 5.9.A-B), and were grouped according to
their location on the structure in the two new mutants. DnaJA2s144e/5147e cONtained
two phosphomimetic mutations in the Zn-I (Figure 5.9.C). Sequence alignment of
the ZFD of class A Hsp40s revealed that S144 and S147 are exclusive of DnalA2,
being replaced in other DnalAs by E, D or N (Figure 5.9.A). The replaced serine in
the second mutant, S184E, is located at the end of the B-hairpin, just before the Zn-
Il motif (Figure 5.9.D), and the possibility to be phosphorylated is conserved in the
other class A Hsp40s (Figure 5.9.A).
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Figure 5.9. Sequence alignment and structure of the ZFD of class A human Hsp40s
highlighting the phosphorylatable residues mutated in each phosphomimetic mutant. (A)
Sequence alignment of the ZFD highlighting the positions that have been mutated in DnaJA2
(in bold) and the CXXCXG motifs (dotted lines) of each Zn finger. (B) Structure of the ZFD of
DnalJA2 showing the serine residues mutated in the ZFD-Pm mutant (in green) and the two
Zn finger motifs (Zn-1 in orange and Zn-Il in yellow). (C-D) Blown-up images of Zn-I and Zn-II
motifs showing the lateral chains of the residues mutated to E in DnaJA2s144e/5147e (C) and
DnalJA2s1g4e (D) mutants.

We first measured the far-UV spectra at 20 °C of the three ZFD mutants.
They were similar for all proteins (Figure 5.10.A), suggesting that the secondary
structure of these mutants was not significantly modified as compared to the wt
protein. Regarding the thermal stability, although the unfolding curves were similar
to that of DnalA2 wt, the first transition of DnalA2 wt, seen as a subtle decrease in
the ellipticity at 222 nm between 20-48 °C that has been assigned to oligomer
dissociation (Dublang, 2020), was lost for ZFD-P,, and DnalA2si1s4¢, their ellipticity
values at 20 °C being similar to that of DnaJA2 wt at 48 °C (Figure 5.10.B).

As done in the previous sections, the aggregation kinetics of 20 uM tau K18
P301L was monitored following the light scattered at 350 nm in the absence or
presence of 6 UM DnalA2 wt or its ZFD phosphomimetic mutants. The addition of
all DnalA2 variants increased the lag phase of tau, but the delay was shorter in the
case of the ZFD-P,, and DnalJA2sizse mutants (Figure 5.10.C). The fact that the

DnalA2s144e/5147e mutant behavior is wt-like, suggests that the defective protection
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of the ZFD-P, mutant was mainly due to the S184E substitution. Interestingly, while
removing the ZFD did not alter the holdase activity of DnaJA2 (see chapter 4),
mutating a single residue (5184) of this domain reduced it. This effect in which
mutating a residue of a specific region results in more marked functional
consequences than removing that region has been previously described for other
proteins (Gatti, Tward, and Concannon, 1999; Zweier, Sticht, Aydin-Yaylagil,
Campbell, and Rauch, 2007). Considering the direct interaction between the CD and
the ZFD proved in chapter 4 by XL-MS, we hypothesized that this behavior could be
related to a stronger interaction between these domains due to the addition of a
negative charge to S184, as the C-terminal domain has several positively charged
clusters. This would result in a worse holdase activity, as the CD, which is the main

responsible for the holdase activity, would be less accessible for substrate binding.

Finally, the disaggregase activity was measured using luciferase aggregates
formed after chemical denaturation to analyze the collaboration of the DnaJA2
variants with Hsc70 in the presence of Apg2. As substrate remodeling is an energy-
dependent process, we first studied the capacity of these mutants to stimulate the
ATPase activity of Hsc70 (Figure 5.10.D, inset). They behaved similarly to DnaJA2
wt, but the ZFD-P, and DnaJA2s;54¢ mutants showed a slight decrease (25%) in their
activation ability compared to the wt protein. Regarding the disaggregase activity,
we observed a gradual loss of luciferase recovery for DnalA2siase/s147¢ and
DnalA2s184¢ mutants, being stronger for the later that had a reactivation yield
reduced to 50% of that observed for DnaJA2 wt (Figure 5.10.D). Inhibition was also
observed for the DnalJA2s144e/5147¢ mutant, reflecting a lack of correlation with the
ability of these mutants to stimulate Hsc70. Taken together, these results suggest
that the reduced disaggregase activity after phosphorylation in the ZFD could be
related to detrimental effects in the interaction with substrates and/or their

transfer to Hsc70. This interpretation is in agreement with the proposed role of the
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ZFD in substrate binding and transfer to their Hsp70 partners (Fan et al., 2005;
Perales-Calvo et al., 2010).
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Figure 5.10. Conformational and functional consequences of DnaJA2 phosphomimetic
substitutions in the ZFD. (A) Far-UV spectra of all variants (color code in the legend)
performed at 20 °C. (B) Thermal stability of DnaJA2 wt (blue) and the phosphomimetic
mutants (same color code) of the ZFD followed by the ellipticity change at 222 nm as a
function of temperature (20-80 °C, 1 °C/min. (C) Aggregation of tau K18 P301L measured
following the light scattered at 350 nm by samples containing equimolar amounts (20 uM)
of tau and heparin in the absence (black) or presence of 6 uM DnalA2 wt or its
phosphomimetic mutants. Inset shows the lag time of tau aggregation for each sample. (D)
Refolding percentage of luciferase aggregates (20 nM) after 120 min reactivation at 30 °C
with 0.5 UM DnalA2 or its phosphomimetic mutants, 2 uM Hsc70, 0.4 uM Apg2 and 2 mM
ATP. Inset shows the ATPase stimulation of Hsc70 (2 uM) by 0.5 uM of DnaJA2 or its mutants
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in the presence of 0.4 uM Apg2. The dotted bar corresponds to the basal ATPase activity
without cochaperone. Data (C and D) are average +SD of three independent experiments.

In chapter 4, it was demonstrated that the zinc finger domain was essential
for the formation of the characteristic ordered tubular oligomers of DnalJA2 (Figure
5.11.A), so it is reasonable to think that PTMs of this domain, such as
phosphorylation, could modulate the self-association of the protein. Indeed, it was
observed that the ZFD-P,, mutant was not capable of self-associating (Figure 5.2.B).
Due to the stronger effects observed for the DnalA2s154e mutant, as well as the loss
of the first transition in its unfolding curve, which was associated with oligomer
dissociation, this single-point mutant was further analyzed to explore the impact
that phosphorylation could have on the association equilibrium of DnalA2. To this
aim, we compared the DnalA2sis4e with DnalA2 wt, using the AZF and ZFD-Pp,

variants as controls of the inability to self-associate (Figure 5.11.B-D).

First, DLS experiments indicated that in contrast to the heterogeneous
oligomerization state characteristic of DnaJA2, the three mutants showed a unique
population clearly shifted towards smaller sizes (Figure 5.11.B). As mentioned in the
previous chapter, deletion of the ZFD shifted the size distribution to around 8 nm,
an average diameter value slightly smaller than that of the phosphomimetic
variants (12 and 15 nm for ZFD-P, and DnaJA2s1s4, respectively). Moreover, the fact
that none of these DnaJA2 variants were sensitive to addition of 5% 1,6-hexanediol,
in contrast to the wt protein (Figure 5.11.C), and that no large molecular mass
adducts compatible with oligomers larger than the dimer were detected upon
crosslinking (Figure 5.11.D), suggested that phosphorylation of $184 modulates

cochaperone self-association.
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Figure 5.11. Phosphorylation of S184 residue located at the end of the B-hairpin of the ZFD
could modulate the oligomeric state of DnalA2. (A) Transversal picture of the cryo-EM 3D
reconstruction of the DnaJA2 tubes highlighting the central disk (red dotted line) of the
cylindrical structure, in which the B-strand-loop-B-strand motif at the tip of the ZFD is crucial.
(B) DLS experiments showing the volume against size distribution of DnaJA2 wt (blue) and
the DnalJA2AZF (gray), ZFD-Pm (green) and DnaJA2sisse (yellow) mutants. (C) Light scattered
at 300 nm by 15 uM DnalA2 wt or its mutants in the absence (dark) or presence (light) of
5% 1,6-hexanediol. Addition of the alcohol reduces in the light scattered only by the wild
type protein. (D) The association states of DnaJA2 or DnaJA2s1s4 followed by crosslinking
the cochaperones (2 uM) with 0.005% glutaraldehyde (+) and analyzing the samples by SDS-
PAGE. As controls, the same samples without crosslinker were also loaded in the gel (-). The
different states are indicated as monomers (M), dimers (D) and oligomers (O). Data in C are
means +SD of three independent experiments.
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This interpretation is consistent with the atomistic model of the oligomer
obtained in chapter 4, which supports that the B-strand-loop-B-strand motif at the
tip of the ZFD is crucial for the formation of the ordered tubular structures of
DnalA2, as S184 is next to this motif (Figure 5.9.A-B). Furthermore, these results
suggest that oligomerization of DnaJA2 could be modulated in a fast and reversible

manner by phosphorylation of a single residue of the ZFD (S184).

All functional consequences found for the DnalA2sisse mutant are
detrimental, as both the holdase and substrate remodeling activities in
collaboration with Hsc70 were partially inhibited. Regarding the possible meaning
of the functional defects observed with this mutant, we propose different
alternatives: 1) this PTM could simply serve as a negative regulator of DnalA2
functions under certain circumstances, inactivating the protein until the stress ends,
as shown with other proteins (Lee, Park, Yoon, and Yoon, 2010; Winter, Linke,
Jatzek, and Jakob, 2005), but it might also favor other tasks of this protein that are
not analyzed herein; 2) although all human DnalAs conserve the possibility of
phosphorylating this position (S or T), its phosphorylation does not occur in all
human class A Hsp40s; or 3) the phosphomimetic mutant does not properly mimic
the effect of the real phosphorylation, as also described for other proteins

(Paleologou et al., 2008; Skinner et al., 2018).

5.2.4. Phosphomimetic substitutions in the JD of DnalA2

The JD-P,, mutant did not stimulate the ATPase activity of Hsc70 (Figure 5.2.C), as
expected from the strict requirement of the JD to activate Hsc70 (Kampinga and
Craig, 2010). It was foreseeable that phosphomimetic substitutions at the JD could
alter the cochaperone-mediated stimulation and therefore the substrate
remodeling activity of the Hsc70 system, as experimentally observed (Figure 5.2.D).
Extraction of unfolded monomers from the aggregate for their subsequent refolding

requires the coordination of substrate binding to Hsc70 and its stimulation, both

148





Chapter 5: Regulation of DnaJA2 cochaperone by phosphorylation

regulated by Hsp40s (Cabrera et al., 2019). To explore the contribution of the
different phosphorylatable residues to these specific activities, three new variants
(Table 5.4), each containing two mutations in different regions of the ) domain were
designed and analyzed. The double mutants (DnaJA2yioe/s20e, DNaJA2yage/ysae and
DnalA2ss1/s53e) Were generated based on the proximity in the structure of the

phosphorylatable residues (Figure 5.13).

Table 5.4. Double phosphomimetic mutants of the JD of DnaJA2.

PHOSPHOMIMETIC
No. of
MUTANTS OF THE Mutations Subdomain pl
substitutions
JD OF DNAJA2

DnalA2v10g/s20E 2 Y10E/S20E Helix I and Il 5.86
DnalA2v2se/ysae 2 Y28E/Y54E  Helix Il and Ill 5.86
DnalA2ss1g/s58E 2 S51E/S58E Helix Il 5.96

We first compared the conformation (Figure 5.12.A) and thermal stability
(Figure 5.12.B) of these JD phosphomimetic variants with DnaJA2 wt. To better
assign JD unfolding to specific events of the complex denaturation profile of DnaJA2
wt, the DnaJA2AJ mutant lacking the first 77 residues that comprise the J domain
was used as a control (Figure 5.12.B). The lower ellipticity observed at 222 nm for
the deletion mutant at 20 °C, as compared with the wt protein, and the lack of the
thermal transition above 60 °C indicated that the later event is due to unfolding of
the mainly a-helical ] domain. The unfolding curve of DnaJA2y,se/vsae Was similar to
that of the JD deletion mutant, suggesting that these mutations completely
destabilize this domain. The ellipticity value at 222 nm for the DnaJA2yiog/s20e Variant
between those of wt and AJ and the absence of the transition above 60 °C indicated
a partial unfolding of the JD. Finally, the DnaJA2ssig/ssse mutant had a ©;; similar to
the wt protein, but it did not show any change above 60 °C, suggesting that although
the JD seemed to maintain the secondary structure it could lose the tertiary

interactions involved in cooperative protein unfolding (Malhotra and Udgaonkar,
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2016). Taken together, these results suggest that the above mutations cause

(partial) unfolding of the JD or at least loss of the domain tertiary structure.

Considering that the JD is also involved in the stabilization of the oligomer
(see chapter 4) and that the JD-P,, mutant was not able to self-associate (Figure
5.2.B), we also aimed to identify the phosphorylatable residues of the JD that could
be involved in formation of the DnalA2 oligomeric assembly. DLS experiments
showed that while DnaJA2ss:1g/ssse Variant had two populations, as found for the wt
protein, the other two mutants were well represented by a smaller single
population centered at 15 nm (Figure 5.12.C), suggesting that these protein species
might not be able to self-associate. This also implies that the structural integrity of

the ID is essential for oligomer formation.

The functional properties of these double phosphomimetic variants
analyzed were, as done before, the holdase activity and the collaboration with
Hsc70 in substrate remodeling (dissagregase and foldase activities). Regarding the
holdase activity, it was observed that the three variants delayed tau K18 P301L
aggregation similarly to DnaJA2 wt (Figure 5.12.D). Interestingly, the ability of these
JD phosphomimetic variants to stimulate Hsc70 did not seem to depend on the
extent of the unfolding of this domain. The DnaJA2y.se/vsae Variant, with an unfolded
JD, did not activate Hsc70 (Figure 5.12.E) and therefore, did not support the
disaggregase activity of the entire system (Figure 5.12.F). The variant with a more
structured JD (S51E/S58E) was also defective in Hsc70 collaboration (Figure 5.12.E-
F). Finally, the DnaJA2yioe/s20e mutant, with a partially unfolded JD, was able to
stimulate the ATPase activity of Hsc70, with a 15% reduction compared to the wt
protein (Figure 5.12.E), but it showed a significant inhibition (around 60-65%) in
protein aggregate reactivation (Figure 5.12.F). Overall, the three double mutants
showed a deficient collaboration with Hsc70, suggesting that phosphorylation of
specific residues of the JD could be a fast and reversible manner to regulate the

Hsc70 system without directly affecting the main chaperone. Data also suggest that
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interaction between specific residues, and not only the destabilization of the ID

structure, could be responsible for the observed functional changes.
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Figure 5.12. Phosphomimetic mutations in the J domain of DnalA2 alter both the
conformation of the protein and its collaboration with Hsc70. (A) Far-UV CD spectra at 20
°C of DnaJA2 wt (blue) and the phosphomimetic mutants of the JD color-coded as stated in
the legend. (B) Thermal stability of DnaJA2 wt (blue) and the phosphomimetic mutants
followed by the temperature dependence of the ellipticity at 222 nm. (C) DLS experiments
showing the volume against size distribution of DnaJA2 wt and its phosphomimetic mutants
at 30 uM. (D) Holdase activity measured by following the aggregation of tau K18 P301L at
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350 nm in samples containing equimolar amounts (20 uM) of tau and heparin in the absence
(black) or presence of 6 uM DnaJA2 wt (blue) or the phosphomimetic mutants (same color
code). (E) Stimulation of the ATPase activity of Hsc70 (2 uM) by increasing concentrations of
DnalJA2 wt or the mutants, in the presence of 0.4 uM Apg2. (F) Recovery of aggregated
luciferase (20 nM) after 120 min reactivation with 0.5 uM of DnaJA2 or its phosphomimetic
mutants (same color code), 2 uM Hsc70, 0.4 uM Apg2 and 2 mM ATP. (G) Luciferase was
chemically denatured with 6 M of urea and aggregated by diluting the urea 100 times in the
absence (black) or presence of 1 uM DnalJA2 wt (blue) or the phosphomimetic mutants
(same color code). Samples were supplied with 2 uM Hsc70, 0.4 pM Apg2 and 2 mM ATP,
and the recovery of luciferase (0.1 uM) was measured after 120 min at 30 °C. Additionally,
samples containing phosphomimetic mutants of DnaJA2 were also supplied with DnaJA2 wt
to find out if the substrate bound to these variants (holdase activity) could be folded with
DnalA2 wt (foldase activity). Values (D-G) are the mean £SD of at least three independent
experiments.

The defective collaboration with Hsc70 was also extended to the
remodeling of chaperone-bound unfolded substrates (Figure 5.12.G). Client protein
binding to the different DnalA2 species occurs in the urea dilution step, when the
unfolded substrate can bind DnalA2. Addition of 2 uM Hsc70, 0.4 uM Apg2 and 2
mM ATP rescued unfolded, chaperone-bound luciferase depending on the DnalA2
variant in the following order: wt > Y10E/S20E > S51E/S58E > Y28E/Y54E (Figure
5.12.G). The amount of luciferase refolded with the assistance of the DnaJA2ss1¢/ssse
mutant was similar to that detected in the absence of cochaperone, where the
substrate aggregates, and undetectable for the DnaJA2y2se/vsae Variant. Interestingly,
when the same samples were supplemented with the chaperone mixture Hsc70,
Apg2 and DnalA2 wt, luciferase recovery for all DnaJA2 variants reached the values
obtained for the sample protected with DnalA2 wt (Figure 5.12.G). These results
suggest that all bind the unfolded substrate in a conformation competent to be

refolded by the Hsc70 system, and that their interaction with Hsc70 is impaired.

Next, we wanted to decipher if the regulation of the productive interaction
between DnaJA2 and Hsc70 could be modulated by a single phosphorylatable
residue of the JD. However, we were aware of the double effect that introducing a

glutamic acid to mimic tyrosine phosphorylation could have: one due to the
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negative charge, and another caused by the differences in the physicochemical
properties between these amino acids. Indeed, although glutamate and aspartate
have been used to mimic the effect of phosphorylating a tyrosine (Beebe et al.,
2013; Stateva et al., 2015), this might not be the best choice (Subramanyam, Ismail,
Bhattacharya, and Spies, 2016), particularly when the phosphorylatable tyrosine is
located at the hydrophobic core and the aromatic moiety plays a key role in the
stabilization and folding of the protein (Pérez-Mejias et al., 2020). Thus, considering
the limitations of tyrosine substitution by glutamic acid, we analyzed the
environment of each phosphorylatable tyrosine we were interested in (Figure 5.13)

before designing the single-point phosphomimetic mutants of the JD.

Y10 is located at the end of helix | of the ) domain (Figure 5.13.A), a solvent-
exposed protein region. However, aromatic rings of both Y28 and Y54 are located
in the hydrophobic core of the antiparallel amphipathic helices Il and Il (Figure
5.13.B), which are known to contribute to the stability of the JD (Yan Qiu Qian, Patel,
Hartl, and McColl, 1996). Therefore, the destabilization of the JD due to the lack of
the aromatic ring should be considered when discussing the properties of

phosphomimetic mutants of these residues.

B>) <=

Figure 5.13. Structure of the JD of DnalA2 highlighting the phosphorylatable residues that
have been mutated by glutamic acid to mimic the effect of phosphorylation. (A)
Interaction network of residues modified in the DnaJA2vioe/s20e mutant. The residues that
have been mutated are shown in orange. (B) Y28 and Y54 residues (yellow) and their
interaction network. (C) Interaction network of S51 and S58 phosphorylatable residues
(gray).
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5.2.4.1. Single-point phosphomimetic mutants of the DnaJA2yioe/s20¢ variant

To assign the functional consequences observed with the DnaJA2vioe/s20e mutant to
a single residue or to the combined effect of both substitutions, we analyzed the
single-point mutants DnaJA2yi0e and DnalA2s,0e (Table 5.5). Y10 is located in helix |
of the JD (Figure 5.13.A), which is just on the face opposite to the interacting surface
with Hsc70 (Tomiczek et al., 2020), and S20 is located at the beginning of helix Il
(Figure 5.13.A), which together with helix Il and the loop connecting these helical

elements, interacts with Hsc70 (Tomiczek et al., 2020).

Table 5.5. Single-point phosphomimetic mutants of the DnaJA2y1og/s20e Variant.

SINGLE-POINT
No. of
PHOSPHOMIMETIC Mutations  Subdomain pl
substitutions
MUTANTS OF DNAJA2 v10g/s20€

DnaJA2vioe 1 Y10E Helix | 5.96
Beginning

DnalA2sy0e 1 S20E 5.96
of helix Il

The double and both single-point mutants were able to stimulate the
ATPase activity of Hsc70 in the presence of Apg2 almost like the wild type protein,
with a small reduction of around 25% at 5 UM cochaperone (Figure 5.14.A). In
contrast, they showed marked differences when the reactivation of luciferase
aggregates was analyzed (Figure 5.14.B). Whereas the DnaJA2s;0: mutant showed a
modest reduction (around 15%) in luciferase reactivation, as compared with DnaJA2
wt, the activity of the double and DnalA2yie variants decreased around 60%. These
results suggest that the deficient disaggregase activity observed for the Y10E
mutant is not related to its ability to stimulate Hsc70 and thus, must rely on a
different mechanism, which could involve a conformational rearrangement of the
cochaperone that compromises the substrate remodeling activity of the

DnalA2/Hsc70 complex.
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Figure 5.14. The decrease in the disaggregase activity observed for the Y10E/S20E double
mutant of DnaJA2 is mainly due to the Y10E mutation. (A) Stimulation of the ATPase activity
of samples containing 2 uM, 0.4 uM Apg2, 2 mM ATP and different concentrations of DnaJA2
wt (blue) or its phosphomimetic mutants DnaJA2vioe/s20e (green), DnaJA2vioe (orange) and
DnaJA2s20e (gray). (B) Reactivation of luciferase aggregates (20 nM) formed by chemical
denaturation after addition of 0.5 uM DnalA2 or the phosphomimetic mutants (same color
code), 2 UM Hsc70, 0.4 uM Apg2 and 2 mM ATP. Values are mean +SD of three independent
experiments.

This hypothesis was proved by CD studies of the double and DnaJA2yioe
mutants. Both the far-UV CD spectra (Figure 5.15.A) and the thermal stability
(Figure 5.15.B) of these variants were similar and interestingly, different from those
of DnaJA2 wt. These differences indicated that the single substitution Y10E
destabilizes the JD and induces disassembly of the large DnaJA2 oligomers, as
demonstrated by DLS (Figure 5.15.C), crosslinking (Figure 5.15.D) and sensitivity to
1,6-hexanediol (Figure 5.15.E).

155






Chapter 5: Regulation of DnaJA2 cochaperone by phosphorylation

A B C
—~ 1500 s 30
= 2 -1500
2 ] 25
k-] 0 £ -2000
x * X 20
t > 2500 R 20 1
o -1500 7 S 3000 g 15
1Y ° x 3
[ oo O 10 -
2 3000 2 3500 S
B T ~4000 5 4
9, 4500 - ; ; @ -4500 ; ; ‘ 0
200 220 240 20 40 60 80 1 10 100 1000
A (hm) Temperature (°C) Size (nm)
D E
. wt Y10E
X-linker - + 14
E | E
a i o
250 g v 0 g 0.8+
150 e “
2 06 1
100 W= . D =
75 E 0.4 -
£
§ 0.2
50 &
e I 0
wt Y10E
I pnaJA2wt B DnalA2y4c/50; B DnalA2,,,, 8 DnalA2A)

Figure 5.15. Mutation mimicking phosphorylation of Y10 alters the conformation and self-
association of DnalJA2. (A) Far-UV CD spectra of DnaJA2 wt (blue), DnaJA2y1og/s20e (green)
and DnaJA2vi0e (orange) at 20 °C. (B) CD studies of the thermal stability of DnaJA2 (blue), the
phosphomimetic mutants, and as control, the unfolding curve of the DnaJA2AJ mutant (red).
(C) DLS experiments showing the volume against size distribution of DnaJA2 wt (blue) and
its DnaJA2y10e phosphomimetic mutant (orange). Measurements were performed at 30 uM
protein in 20 mM Hepes pH=7.6, 30 mM NaCl and 2 mM DTT buffer. (D) Crosslinking of
DnaJA2 and the DnaJA2yioe mutant showing their oligomeric and dimeric states. Proteins (2
UM) were crosslinked with 0.005% glutaraldehyde for 15 minutes and analyzed by SDS-
PAGE. The different states are indicated as monomers (M), dimers (D) and oligomers (O). (E)
Light scattering values at 300 nm of 15 uM DnaJA2 wt (blue) or DnaJA2yioe (orange), in the
absence (dark bars) or presence (light bars) of 5% 1,6-hexanediol. The addition of the alcohol
produced a decrease in the light scattered by the wild type protein but not by the mutant.
Values (D) are means + SD of three independent experiments.

5.2.4.2. Phosphorylation of $51 could function as a switch that regulates the
interaction of DnaJA2 with Hsc70

We hypothesized that the lack of interaction of DnalA2ss1e/ssse With Hsc70 was due
to the S51E substitution, as this serine is located at the beginning of helix Ill (Figure

156





Chapter 5: Regulation of DnaJA2 cochaperone by phosphorylation

5.13.C) and the same residue of its homolog Dnal (S51) is known to directly interact
with DnaK (Mok et al., 2018). Indeed, although both residues (S51 and S58) are
located in helix Il of the JD (Figure 5.13.C), which forms part of the interacting
surface with Hsc70 (Tomiczek et al., 2020), this region mainly involves the first
residues of helix Il that are closer to the loop connecting it with helix Il (Faust et al.,
2020). Due to the location of S51 in this protein-protein interface, we believed that
our proposal was reasonable. Therefore, we generated two mutants (Table 5.6):
DnalA2ss:ie and the DnalA2ssia neutral variant to mimic a non-phosphorylatable
substitution of this residue, as done in previous works (Guo et al., 2015; Kao et al.,

2020; Morishima et al., 2018).

Table 5.6. Phosphomimetic and non-phosphorylatable substitutions of the S51 residue.

PHOSPHOMIMETIC AND NON-
No. of
PHOSPHORYLATABLE Mutations pl
substitutions
MUTANTS OF DnalJA2

DnalA2ssie 1 S51E 5.96

DnalA2ss1a 1 S51A* 6.06

*Alanine substitution was performed to mimic a non-phosphorylatable change

The DnalA2ssig/ss8e double mutant showed similar holdase activity and self-
association properties to the wild type protein (Figure 5.12.C-D), being however the
mutant unable to collaborate with Hsc70 (Figure 5.12.E-G). Therefore, we
characterized the capacity of the new mutants (S51E and S51A) to assist Hsc70 in
substrate remodeling. The far-UV spectra and the thermal unfolding curves were
similar to those of the wt protein (Figure 5.16.A-B). However, DnalJA2ss:e was
defective in stimulating the ATPase activity of Hsc70 (50% and 70% less active than
DnaJA2 wt in the absence or presence of Apg2, respectively), in contrast to the
DnalA2ss14 variant, which showed a wt-like behavior (Figure 5.16.C-D). The higher
inhibition observed in the presence of Apg2 could be explained considering the

ATPase cycle of Hsc70. Apg2 acts after the Hsp40-driven stimulation of ATP
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hydrolysis and accelerates ADP/ATP replacement, preparing Hsc70 for another

ATPase cycle. Thus, if Hsp40 does not activate Hsc70, the stimulation observed in

the ternary chaperone mixture would be mainly due to the action of Apg2 and the

synergy between both accessory proteins would be, at least partially, lost.
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Figure 5.16. Phosphorylation of S51 residue could inhibit the productive interaction of

DnalJA2 with Hsc70. (A) Far-UV CD spectra at 20 °C of DnaJA2 wt (blue), DnalA2ss:e (gray)
and DnalA2ss1a (yellow). (B) Thermal stability of DnaJA2 wt (blue) and the mutants followed
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by the temperature dependence of the ellipticity at 222 nm. (C-D) Stimulation of the ATPase
activity of 2 uM Hsc70 by increasing concentrations of DnaJA2 wt (blue), DnaJA2ss:e (gray)
or the non-phosphorylatable DnaJA2ss1a mutant (yellow) in the absence (C) or presence (D)
of 0.4 uM Apg2. The inset of panel D shows the stimulation of Hsc70 by DnaJA2 or its S51E
variant in the presence of Apg2 up to 16 uM cochaperone. (E-F) Recovery of luciferase
aggregates (20 nM) after reactivation with 0.5 uM DnalJA2 wt, DnalA2ssie (gray) or
DnalA2ss1a (yellow), 2 uM Hsc70 and 2 mM ATP in the absence (E) or presence (F) of 0.4 uM
Apg2. Data are means +SD (C-F) of at least three independent experiments.

Next, the collaboration of these mutants with Hsc70 in remodeling of
luciferase aggregates was analyzed (Figure 5.16.E-F). Luciferase recovery observed
with DnalJA2ss1a was slightly lower (around 80 and 90%, in the absence or presence
of Apg2, respectively) than that obtained for the wt protein. In the case of
DnalA2ss:g, the reactivation after two hours was decreased 85-90% in the absence
or presence of Apg2 when compared to the wt protein. These data suggest that the
S51E substitution reduces the affinity of DnaJA2 for Hsc70 to such an extent that
their productive interaction is hampered within the cochaperone concentration

used.

This loss of affinity should result in lower recruitment of Hsc70 at the
aggregate surface. This is expected as Hsc70 is transferred to the aggregate by
Hsp40 molecules. Indeed, Hsp40s are key in the association of Hsc70 to the
aggregates by coordinating substrate binding and ATP hydrolysis in Hsc70, which is
essential to extract unfolded monomers from the aggregate for their subsequent
refolding (Cabrera et al., 2019). First, we proved that the differences between
DnalA2 wt and its S51 variants in the disaggregase activity observed using luciferase
aggregates (Figure 5.16.F) were maintained with G6PDH aggregates (Figure 5.17.A).
The refolding kinetics confirmed that the DnalA2ss;e mutant could not efficiently
assist Hsc70 in the reactivation of G6PDH aggregates, and therefore, that the

differences observed between these variants were not substrate-dependent.
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Then, the recruitment of Hsc70 to G6PDH aggregates by DnalJA2 wt and its
single-point variants was analyzed in the presence of Apg2, which favors chaperone
transfer to the aggregate surface (Cabrera et al.,, 2019) (Figure 5.17.B). Bands
corresponding to aggregated G6PDH, DnalA2 and Hsc70 were quantified and
binding estimated as DnalJA2/G6PDH (Figure 5.17.C) and Hsc70/G6PDH (Figure
5.17.D) ratios. Data in panels C and D showed that the different DnaJA2 variants
interact similarly to the wt protein with aggregated G6PDH (Figure 5.17.C), and that
the DnJA2ss1¢ mutant recruited two-fold less Hsc70 than the wt protein (Figure
5.17.D). These data suggest that impairment of aggregate reactivation assisted by
this mutant is due to its lower affinity for Hsc70 that results in deficient chaperone
recruitment at the aggregate surface. The lower affinity of DnalA2ss1e for Hsc70
could be also inferred from controls lacking G6PDH aggregates (-), as the amount of
Hsc70 cosedimenting with the phosphomimetic mutant was smaller than that

observed with the wt cochaperone (Figure 5.17.B).
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Figure 5.17. The DnaJA2ss:e mutant interacts with aggregated G6PDH as DnaJA2 wt, but is
deficient in recruiting Hsc70 to the aggregate surface. (A) Reactivation of G6PDH
aggregates by DnaJA2 wt or its S51 mutants. G6PDH (0.4 uM) was thermally aggregated at
50 °C for 30 minutes and reactivated by the ternary chaperone mixture composed of 2 uM
Hsc70, 0.4 uM Apg2, 2 mM ATP and 0.5 uM DnaJA2 wt (blue), DnaJA2ss1a (yellow) or
DnaJA2ssie (gray). (B) Recruitment of Hsc70 to native (-) or aggregated (+) G6PDH by DnalJA2
and its mutants. Native G6PDH or G6PDH aggregates (0.4 pM) were incubated with 1 pM
DnalA2 wt or the S51 mutants in the presence of 2 uM Hsc70, 0.4 uM Apg2 and 2 mM ATP.
After 10 min incubation at 30 °C, samples were centrifuged and the pellet was analyzed by
SDS-PAGE. (C) Quantification of G6PDH aggregate recruitment in panel (B) indicated as
DnalA2/G6PDH ratio. (D) Quantification of Hsc70 recruitment driven by the different
DnalA2 variants, indicated as Hsc70/G6PDH ratio. Data correspond to the mean +SD (A,B,C)
of three independent experiments.

The same interpretation explained the foldase activity of the variants. As
expected from a deficient interaction with Hsc70, only the DnaJA2ss:¢ mutant, and
not DnalA2ss1a, showed a strongly diminished foldase activity in collaboration with
Hsc70, especially in the presence of Apg2 (Figure 5.18.A). The stronger Apg2-
dependence of the foldase activity might be due to a displacement of the functional
cycle of Hsc70 towards the complex with Apg2 as a consequence of a loss of affinity

for DnalA2ssie, which would impair substrate transfer from the cochaperone to

Hsc70.
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Figure 5.18. DnaJA2ss:e protects luciferase against aggregation and does not collaborate
with Hsc70 in substrate folding. (A) Foldase activity of 1 uM DnalJA2 or its S51 variants in
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collaboration with 2 uM Hsc70 in the absence (left panel) or presence (right panel) of 0.4
UM Apg2. Luciferase was denatured (0.125 pM) at 42 °C in the absence (-) or presence of
DnalJA2 wt (blue), DnaJA2ss1e (gray) or DnalJA2ss1a (yellow). Samples obtained after 40 min
at 42 °C were supplied with 2 mM ATP and 2 pM Hsc70 in the absence or presence of 0.4
UM Apg2, and luciferase (0.1 uM) recovery was measured after 120 min at 30 °C. (B)
Luciferase was chemically denatured with 6 M urea and aggregated by diluting the sample
100 times in the absence (black) or presence of 1 uM DnalA2 wt (blue), DnaJA2ss1e (gray) or
DnalA2ss1a (yellow). Samples were supplied with 2 pM Hsc70 and 0.4 uM Apg2, and
luciferase (0.1 uM) recovery was measured after 120 min at 30 °C. Additionally, S51 mutants
were also supplied with DnaJA2 wt, to distinguish the two processes included in the foldase
activity: the holdase activity and the refolding activity. Data are mean 1SD of three
independent experiments.

To prove that DnalA2ss;e protects luciferase from aggregation despite
showing a reduced foldase activity, we included in the supplemented chaperone
mixture DnaJA2 wt. Under these conditions, the foldase activity became wt-like
(Figure 5.18.B), indicating that the phosphomimetic mutant interacts with unfolded

luciferase as DnaJA2 wt.

Taken together, these results suggest that the phosphomimetic substitution
S51E could be a reversible switch to regulate the productive interaction between
DnaJA2 and Hsc70. If this PTM would occur under stress conditions, the
collaboration of DnaJA2 with Hsc70 would be inhibited without affecting the
holdase activity of the cochaperone, and could be restored by dephosphorylation

once the unfavorable conditions cease, leading to an efficient substrate remodeling.

5.2.5. How phosphorylation could modulate the interaction between the J
domain of DnaJA2 and Hsc70

Data presented so far strongly indicate that phosphorylation of specific residues of

the J domain could modulate the interaction of DnaJA2 with Hsc70 through

different mechanisms. To substantiate this hypothesis, we used different structural

methods, including homology modeling, Molecular Dynamics (MD) simulations and

Nuclear Magnetic Resonance (NMR).
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First, we performed multiple sequence alignments of different JDs to
compare their primary structures (Figure 5.19), and particularly the following
specific phosphorylatable positions that were mutated in DnaJA2: Y10, Y28 and S51.
Tyrosine 10 of DnalA2 is conserved in other human Hsp40s (Figure 5.19.A-B) and in
E. coli too (Figure 5.19.C). Y28 is also well conserved, except in the class B human
Hsp40 DnalB9 that instead has phenylalanine (Figure 5.19.B). Mutation of tyrosine
to phenylalanine has been used to mimic a non-phosphorylatable change for
tyrosine (Bachman et al., 2018; Tan et al., 2009; Wehinger et al., 2015), as they differ
in the phosphorylatable hydroxyl group only present in tyrosine. The strongest
difference is found at position S51 of DnaJA2: whereas all cytosolic human class A
Hsp40s conserve the serine, most class B Hsp40s do not. Only DnaJB8 harbors a
serine in this position, being replaced by an alanine (DnaJB5, DnaJB1, DnalB4,
DnalB9, DnalB2, DnalB7, DnalB3 and DnalB6) or a glycine (DnalB12, DnalJB14 and
DnalJB11) in the other members. Serine is known to evolve very fast as is a more
likely target of mutations than other residues (Creixell, Schoof, Tan, and Linding,
2012), and substitution of serine by alanine, a non-phosphorylatable change, is very
common (Pearlman, Serber, and Ferrell, 2011). Moreover, due to the
physicochemical properties of alanine, which differs from serine in the lack of the
phosphorylatable hydroxyl group, this change has been used to compare phospho-
deficient and phosphomimetic mutants, in which the serine is replaced by alanine
or glutamic/aspartic acid, respectively (Chen et al., 2014; Dissmeyer and Schnittger,
2011; Guo et al., 2015; Jovcevski et al., 2015; Kao et al., 2020; Muller et al., 2013;
Somale et al., 2020; Wehinger et al., 2015). The substitution by glycine, also a small,
non-polar and non-phosphorylatable residue, could have a similar effect. In DnalJ of
E. coli, a lysine is found in this position (K51) instead of a phosphorylatable serine
(Figure 5.19.C). If the properties of the interacting surface responsible for the
stability of the DnaJ/DnaK complex are maintained in DnalA2/Hsc70, the lysine
found in Dnal instead of the phosphorylated serine might increase the affinity of

the cochaperone for DnaK.
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Figure 5.19. Multiple sequence alignments of the J domain of different Hsp40 proteins
highlighting Y10 (orange), Y28 (yellow) and S51 (gray) residues of DnalJA2 and their
conservation in other J domains. (A) Sequence alignment of the J domain of human Hsp40s
from class A. The three phosphorylatable residues are conserved in three cytosolic human
class A Hsp40s, but S51 is not in DnaJA3, which is expressed in mitochondria. (B) Sequence
alignment comparing the J domain of human class B Hsp40s. Y10 is conserved in all J
domains of class B, and Y28 is also conserved, except in DnalJB9, which instead has a
phenylalanine. Position S51 shows more variability, as alanine, glycine or serine (only in
DnalB8) are found in this position. (C) Alignment of the J domains of DnaJA2, DnaJB1 and E.
coli Dnal. Residues Y10 and Y28, as numbered in DnalA2, are conserved in the three
proteins, while at position S51, an alanine is found in DnalB1, as in most human class B
Hsp40s, and a lysine replaced this residue in Dnal. The top line corresponds to the secondary
structure distribution of the J domain showing the a-helixes.
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5.2.5.1. In silico studies of the phosphorylated J domains of DnaJA2

To provide a theoretical basis to the experimental data presented so far, we built
atomistic models of the JD of DnaJA2 and its complex with Hsc70(ATP). Although
the JD of DnalA2 has been assigned by NMR (Faust et al., 2020), its structure was
not solved, so a homology model was generated based on the JD of DnaJB1 (Qian,
Patel, Hartl, and McColl, 1996). The JD-Hsc70(ATP) complex was generated using as
template the crystal structure of the JD of Dnal in complex with DnaK (PDB ID:
5NRO) (Kityk et al., 2018). Both homology models were energy minimized using
OMMProtocol (Rodriguez-Guerra Pedregal et al., 2018) and refined by MD to
correct inaccuracies (Fan and Mark, 2004). Phosphorylated variants of the JD were
also generated in silico. MD simulations of the wild type and phosphorylated (pY10,
pY28 and pS51) JDs were performed and the intradomain interactions were

compared to predict possible phosphorylation-dependent conformational changes.

The conserved structure of the JD contains four a-helices with a loop
between helices Il and Ill that contains the HPD motif essential for its productive
interaction with Hsp70 (Cheetham and Caplan, 1998). Tyrosine 10 of DnalA2 is
located in the first helix of the JD, and according to the wild type domain it could
interact with residues R63, Y66 and D67 of helix IV (Figure 5.20.A), all well
conserved in other JDs (Figure 5.19). These results are consistent with structural
data of the JD of DnalB1 (Qian et al., 1996), where Y5 (Y10 in DnaJA2) interacts with
R60 and Y63 (R63 and Y66 in DnalA2). Tyrosine phosphorylation in silico induced
the following changes in the interaction network: the phosphate group of the
phospho-tyrosine interacted with the positively charged side-chain of R63, changing
its position and thus avoiding its interaction with Y66 and D67 (Figure 5.20.B). The
structure of the complex between the JD and Hsc70 showed that Y10 is located at
the opposite side of their interaction surface (Figure 5.20.C). Our experimental data
showed that the helical content of DnalJA2yioe Was lower than that of DnalA2 wt,

suggesting a partial unfolding of the J domain. They also showed a reduced
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disaggregase and foldase activities in collaboration with Hsc70. These data suggest
that phosphorylation of this residue might affect the interaction between these two
helices (I and 1V), destabilizing the domain responsible for the main contact of the

cochaperone with Hsc70.
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Figure 5.20. Structure of the JD of DnaJA2 highlighting the phosphorylatable Y10 residue
and its interaction network. (A) The representative frame of the most populated cluster of
DnaJA2 JD after 300 ns MD, showing Y10 interacting with R63, Y66 and D67 located in helix
IV of the J domain. Black lines correspond to electrostatic interactions and gray lines to
hydrophobic interactions. (B) The most representative frame after 300 ns of MD of the JD
of DnalA2pv10. Upon phosphorylation, pY10 establishes electrostatic interactions with R63,
stabilizing the domain in a different conformation. (C) The complex between JD of DnalA2
(light gray) and Hsc70 (light sea green) showing Y10 at the opposite side of the interaction
surface.

Phosphorylation of Y28 notably altered the intradomain interaction
network. In the model of the JD wt, Y28 is located in helix Il and interacts with S51
and Y54, both in helix lll (Figure 5.21.A). When Y28 was phosphorylated, the
interaction with S51 became weaker and a new electrostatic interaction appeared
between the phosphate group and the side chain of R29 (Figure 5.21.B). The model
of the complex between the JD of DnaJA2 and Hsc70 suggested that the pY28/R29
interaction could affect binding to Hsc70 (Figure 5.21.C). Indeed, Y28 interacted in
the complex directly with L394 of Hsc70 by hydrophobic contacts and R29 through
electrostatic interactions with D214 of Hsc70 (Figure 5.21.C). These two
interactions are well supported by previous studies of the Dnal-DnaK complex (Kityk
et al., 2018); in which Y25 of Dnal (Y28 of DnaJA2) interacts with L392 (L394 of
Hsc70) and R26 (R29 of DnaJA2) with E217 (D214 of Hsc70). Therefore, the newly
intradomain pY28/R29 contact could reduce the affinity of DnalA2 for Hsc70.
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Figure 5.21. Structure of the J domain of DnaJA2 highlighting the phosphorylatable Y28
residue and its interaction network with Hsc70. (A) The representative frame of the most
populated cluster of the J domain of DnaJA2 after 300 ns MD showing Y28 interacting with
Y54 and S51. (B) The most representative frame after 300 ns of MDs of the J domain of
DnalA2pv28. Upon Y28 phosphorylation, pY28 interacts with R29 instead of S51. (C) Structure
of the complex between Hsc70 (light sea green) and the J domain of DnalA2 (light gray)
showing the interactions between Y28 and R29 of DnaJA2 and L394 and D214 of Hsc70,
respectively. Black lines correspond to electrostatic interactions and gray lines to
hydrophobic interactions.

Residue S51 is located in helix Ill of the JD, and according to MD analysis it could
contact Y28 (Figure 5.22.A). In silico phosphorylation of S51 results in the loss of
this interaction (Figure 5.22.B). Moreover, the phosphate group interacted with
K48, also in helix Ill, forming a salt bridge (Figure 5.22.B). In the structure of the JD-
Hsc70 complex, S51 interacted with T419 of Hsc70 via hydrophobic interactions
(Figure 5.22.C). S51 is not conserved among all JDs (Figure 5.19), suggesting that it
is not essential for the interaction with Hsc70. Indeed, the hydrophobic contact
observed between S51 and T419 of Hsc70 does not involve the hydroxyl group of
the serine (Figure 5.22.C). In principle, an alanine or a glycine residue at this position
could establish a similar interaction. However, unlike glycine or alanine, serine can
be phosphorylated, and this PTM could alter the interaction with Hsc70 in different
ways: in the non-phosphorylated state, K48 interacted with D479 of Hsc70 (Figure
5.22.C), as in the Dnal-DnaK complex, where K48 (K48 in DnalA2) interacts with
D477 (D479 in Hsc70) (Kityk et al., 2018). In DnalA2gss1, the phosphoryl group
interacts with the side chain of K48, and this modification could avoid the formation

of the salt bridge between K48 and D479 of Hsc70. The lysine residue that Dnal of

167






Chapter 5: Regulation of DnaJA2 cochaperone by phosphorylation

E. coli has in this position (K51) (Figure 5.19.C) interacts with T420 of DnaK (T419 in
Hsc70) through an electrostatic contact that contributes to the stability of the
complex (Kityk et al., 2018). Considering that the binding surface of the DnalJ-DnakK
complex is conserved in DnaJA2-Hsc70, this K51/T420 interaction suggests that the

negative charge of the pS51 could hamper cochaperone binding to Hsc70.

To understand the experimentally observed deficient interaction between
DnalA2ss:e and Hsc70, we generated a complex between the modified (pS51) JD and
Hsc70 based on the previously generated complex between the wt proteins. During
the MD simulation of this new complex, the phosphorylated JDyss1 moved from the
initial position characteristic of the wt complex to a distance compatible with
complex dissociation (Figure 5.22.D). This different behavior could be predicted by
measuring the distances between the nitrogen of the side chain of K48 (JD) and the
oxygen atoms of D479 (Hsc70) in both the wild type and pS51 complexes (Figure
5.22.D). These results suggest that S51 phosphorylation impairs the interaction

between these two proteins, in agreement with the experimental data.
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Figure 5.22. Effect of S51 phosphorylation on DnaJA2 and complex formation with Hsc70.
(A) The representative frame of the most populated cluster of the JD wt after 300 ns MD
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showing S51 interacting with Y28. (B) The most representative frame of the JDpss1 of DnalA2.
Upon phosphorylation, S51 interacts with K48 instead of Y28. (C) Structure of the complex
between Hsc70 (light sea green) and the JD of DnaJA2 (light gray) showing K48 of DnalJA2
interacting with D479 of Hc70, and E55 and S51 of DnaJA2 with T419 of Hsc70. (D) Distances
between the nitrogen of the side chain of K48 (JD) and D479 oxygen (OD2) of Hsc70 during
MD simulations (50 ns) of the complexes between JDut (blue) or JDpss1 (gray) with Hsc70.
The most representative frames of wt (blue) or pS51 (gray) JD in complex with Hsc70
showing the distances between the nitrogen of K48 and the oxygen atoms (OD1 and OD2)
of D479. The side chains of K48 and D479 are too far to interact upon S51 phosphorylation.
Black lines correspond to electrostatic interactions and gray lines to hydrophobic
interactions, respectively.

5.2.5.2. The effect that phosphorylation on the JD of DnaJA2 could have on
the Hsc70-DnaJA2 complex

In silico results provide interesting information about the structural changes that
could be triggered by phosphorylation of specific residues of the JD of DnaJA2. To
confirm those predictions two different types of experiments were performed. The
first one was aimed to corroborate that the functional defects observed for the
phosphomimetic mutants were similar to those induced by truly phosphorylated
IDs. In the second one, we analyzed the structural changes caused by the pseudo-
phosphorylation of the JD and how they modulate its interaction with Hsc70 by
NMR.

Four synthetic peptides of the JD (residues 1-78) were synthesized: JD wt
and its pY10, pY28, and pS51 mutants (containing phosphorylated Y10, Y28 or S51,
respectively). We compared the ability of these peptides to stimulate the ATPase
activity of Hsc70 in the absence and presence of Apg2. (Figure 5.23). This
comparison could be extended to the phosphomimetic full-length DnalA2 variants
based on the finding that the JD can activate Hsc70 by itself (Kampinga and Craig,
2010). The results showed that, in agreement with data obtained for the
phosphomimetic mutants shown before, pY28 and pS51 were not able to stimulate
the ATPase activity of Hsc70, either in the absence (Figure 5.23.A) or presence of

Apg2 (Figure 5.23.B). pY10 was the only JD that stimulated the ATPase activity of
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the chaperone, but the stimulation was slightly lower than that obtained with the
ID wt, especially in the presence of Apg2. Although the JD itself can stimulate the
ATPase activity of Hsc70, the activation was much lower than that observed with
the full-length DnaJA2 (compare Figure 5.14.A and Figure 5.23.B). As this might be
due to a loss of affinity of the isolated JD for Hsc70, the concentration of wt and
pY10 JDs was further increased to 50 uM, where the difference between them was
enhanced (Figure 5.23.C-D). This finding indicates that the Hsc70 activation induced

by JDpv10 Was significantly lower than that seen for JDu:.
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Figure 5.23. Phosphorylated JDs of DnaJA2 stimulate the ATPase activity of Hsc70 similarly
to the phosphomimetic mutants. (A-B) Stimulation of the ATPase activity of 2 uM Hsc70 by
the JD (20 uM) of DnalA2 or its phosphorylated variants (color code in the legend), in the
absence (A) or presence (B) of 0.4 uM Apg2. pY10 is the only phosphorylated JD that
stimulates the ATPase activity of Hsc70. (C-D) ATPase stimulation of Hsc70 by 20 uM (dark)
or 50 uM (light) of wild type (blue) or pY10 (orange) JD in the absence (C) or presence (D) of
Apg2. Dotted bars correspond to the basal ATPase activity of Hsc70 (A, C) or Hsc70 and Apg2
(B, D). Data are mean £SD of at least three independent experiments.
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The same was observed when experiments were performed in the presence of
FYQLALT peptide (FT7), an artificial substrate of Hsc70. FT7 interacts with Hsc70
stimulating its ATPase activity (Takenaka et al., 1995), and the synergic effect
exerted by the JD and FT7 on Hsc70 activation allowed us to better compare the
effect of the different JDs (Figure 5.24). As it was expected, JDpv2s and JDyss1 were
not able to stimulate Hsc70, even in the presence of Apg2. JDyy10 Was capable to
stimulate Hsc70, but to a lower extent than the wt domain. These results showing
that the JDgvio variant stimulates Hsc70 less than the JD wt seem to contradict the
data obtained with the full-length DnalA2yi0e phosphomimetic mutant, as the ability
of this variant to activate Hsc70 was reduced only 25% as compared with DnaJA2
wt (Figure 5.14.A). There are two possible explanations for this apparent
contradiction: 1) the Y10E mutation does not properly mimic phosphorylation of
Y10; or 2) the functional consequences of Y10 phosphorylation are less pronounced
in the context of the full-length protein most likely due to interactions with other

domains that could stabilize the JD.
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Figure 5.24. Hsc70 ATPase stimulation by the J domain of DnaJA2 or its phosphorylated
variants in the presence of Apg2 and FT7. (A) Stimulation of the ATPase activity of 2 uM
Hsc70 by increasing concentrations of JD wt or its phosphorylated variants (color code in the
figure) in the presence of 0.4 uM Apg2 and 100 uM FT7. (B) Same as in panel A but only
showing the effect at the highest concentration (100 uM) of JDs. The dotted bar corresponds
to the ATPase activity of the mixture (Hsc70+Apg2+FT7) without adding JD. Data are mean
1SD of at least three independent experiments.

171






Chapter 5: Regulation of DnaJA2 cochaperone by phosphorylation

Next, we wanted to explore the effect of these substitutions on the structure of
the cochaperone and on its interaction with Hsc70. To this aim, constructs
containing the JD and G/F domain of the wt protein and its phosphomimetic
variants (Y10E, S51E and Y28E) were designed and purified enriched in 3C and °N
isotopes for NMR studies. Indeed, due to the ability of this domain combination
(JD+G/F) to stimulate the ATPase activity of Hsc70 better than the isolated JD
(Nachman, Wentink, Madiona, Bousset, Katsinelos, Kampinga, et al., 2020), the
same construct has been recently used to study its interaction with Hsc70 (Faust et
al.,, 2020). In contrast to the other constructs, when the SUMO-(JD+G/F)yioe
expression product was cleavaged with ULP, (JD+G/F)yior was proteolyzed into
several fragments (Figure 5.25). This suggests that Y10E replacement destabilizes
the JD and that this destabilization could be critical in the absence of the other
protein domains, which could interact with the cochaperone N-terminal region. This
precluded further characterization of the (JD+G/F)yioe mutant, and only the (JD+G/F)
wt protein and its Y28E and S51E variants were used to explore the effect of these
substitutions on the overall structure of the JD and on its interaction with Hsc70.

SUMO- sumo
(JD+G/F) +ULP

- - Figure 5.25. The (JD+G/F)vice is proteolyzed upon
SUMO cleavage. (JD+G/F)vioe was expressed and

+ULP  (JD+G/F)

50

37

-
purified fused to SUMO at the N-terminus. Cell extract
2 was loaded on a Ni-NTA packaged column and eluted
20 | ‘ (lane SUMO-(JD+G/F)). Then, the sample was dialyzed
. and treated with ULP overnight to remove SUMO, and

18 passed through the same column to obtain unbound,

pure (JD+G/F) (lane (JD+G/F)) and bound, eluted
10 SUMO+ULP.

We studied the conformation and thermal stability of these protein species by
CD as described before. The far-UV CD spectra of the three proteins were virtually
identical, showing the double minima at 208 and 222 nm characteristic of a-helical
conformations (Figure 5.26.A) (Kelly, Jess and Price, 2005). However, the thermal

stability of DnalA2(JD+G/F)v.se Was significantly lower than those of wt and its S51E

172





Chapter 5: Regulation of DnaJA2 cochaperone by phosphorylation

variant (Figure 5.26.B). The Tm value estimated for their cooperative unfolding was
around 53 °C for the Y28E mutant and around 75 °C for the wt and S51E variant. The
Tm of the transition observed for (JD+G/F)wt is in accordance with the value found
before for the third transition of the wt protein, further reinforcing the assignment
of this transition to JD unfolding. In the three cases, as expected after
denaturalization, the spectra at 90 °C showed lower and higher ellipticities at 222
and below 200 nm, respectively (Figure 5.26.C), which is associated with unfolding
of the polypeptide chain (Chemes, Alonso, Noval, and De Prat-Gay, 2012). These
results suggest that the phosphomimetic mutations do not significantly alter the
secondary structure of the (JD+G/F) construct, although the Y28E substitution

reduces its stability.
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Figure 5.26. Secondary structure and thermal stability of DnaJA2(JD+G/F) variants. (A) Far-
UV CD spectra of DnalA2(JD+G/F)wt (blue), DnalA2(JD+G/F)v2se (yellow) or
DnalA2(JD+G/F)ss1e (gray) at 20 °C. (B) Changes on the ellipticity at 222 nm as a function of
temperature for the same (JD+G/F) variants (same color code). (C) Far-UV CD spectra at 90
°Crecorded after thermal unfolding. All measurements were performed at 15 uM protein in
10 mM potassium phosphate buffer pH=7.6.

To further study the structural changes of these phosphomimetic mutants, we
performed NMR correlation spectroscopy experiments in collaboration with Drs.
Ganeko Bernardo and Oscar Millet (CIC Biogune). In these experiments, the

chemical perturbations (CSPs) of the mutants were analyzed and compared with
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those of the wt construct, which were previously assigned in Faust et al., 2020
(BMRB entry 50168). The >N HSQC spectrum of (JD+G/F)wt (99.3% of the residues
of the JD assigned) was used as the reference for the phosphomimetic variants, and
all the ®N-HSQC spectra were recorded in the same conditions. Y28E and S51E
mutants displayed large CSPs compared to the wild type protein (Figure 5.27),

indicating that both substitutions lead to structural rearrangements of the JD.

Regarding the (JD+G/F)vse mutant, the largest CSP was observed for H36,
followed by residues Y28, K30, A32 and S51 (Figure 5.27.A-C). Additionally, L31, F47
and F52 also presented large CSPs. This structural rearrangement involves residues
of the interacting surface with Hsc70. Indeed, the interaction of residues Y25 (Y28
in DnalJA2), R27 (K30 in DnaJA2), H33 (H36 in DnalA2), F47 (F47 in DnaJA2) and K51
(551 in DnalA2) of Dnal with DnaK has been previously described for the JD-DnaK
complex (Kityk et al., 2018). Moreover, a recent study identified, among others, A32
and H36 of DnalA2 as part of the interacting surface with Hsc70 (Faust et al., 2020).
It is interesting to point that the Y28E mutant showed a lower signal dispersion as
compared to the wt protein (Figure 5.27.A), which could suggest partial unfolding
of some residues. Indeed, residues with random coil conformation are independent
of the neighboring amino acids, displaying low signal dispersion (Mielke and
Krishnan, 2009). This observation on the chemical shifts of (JD+G/F)y,se together
with its thermal unfolding suggest that this mutation could slightly destabilize the
JD. Y28 is located at the hydrophobic core of the JD and plays a key role in the
stabilization and folding of the protein, so as mentioned before, its replacement by
E could not be the best option to mimic its phosphorylation. A better way to prove
that phosphorylation of this residue modifies the cochaperone binding surface
would be to replace it by the non-canonical p-carboxymethyl-L-phenylalanine
(pCMF), which is often used to mimic phospho-tyrosine in vitro (Guerra-Castellano
et al., 2015; Pérez-Mejias et al., 2020). The DnalA2(JD+G/F)ssie mutant also had

residues that, as compared with (JD+G/F).:, showed perturbed chemical
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environments: besides S51, which was obviously perturbed due to its change to
glutamic acid, CSPs were also observed for Y28, E34, K46, F47, A53, V56 and G70
(Figure 5.27.D-F). Residues E34 and F47 are involved in the interaction with Hsc70
(Faust et al., 2020), suggesting that S51E substitution could alter the environment

of residues that contact Hsc70 and thus inhibit its interaction with the chaperone.
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Figure 5.27. The environment of residues at helix Il and Ill, which form part of the
interacting region with Hsc70, are modified in the phosphomimetic (JD+G/F) variants. (A,
D) >N-HSQC spectrum of 0.2 mM DnaJA2(JD+G/F)wt (blue) superimposed with >N HSQC
spectra of 0.2 mM Y28E mutant (yellow) (A) or S51E mutant (gray) (D). Peaks altered in the
spectra of the mutants indicate changes in the chemical environment of these positions. (B,
E) CSPs induced by Y28E (B) or S51E (E) mutations, as compared to the wt construct. The
thresholds correspond to the CSP means + SD obtained for each comparison. (C,F) Mapping
on the structure of DnaJA2 JD the residues with altered chemical environment due to the
phosphomimetic substitutions Y28E (C) and S51E (F). Residues with ACS values above the
threshold shown in panels B and E are highlighted in red, with the highest intensity
corresponding to the largest perturbation.
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Finally, NMR correlation spectroscopy studies were designed to characterize
the interaction of (JD+G/F) constructs with Hsc70. The transient interaction
between Hsp40s and Hsc70s hinders the analysis of their complex, so this study was
performed with a mutant of Hsc70 (T204A) that displays a defective ATPase
hydrolysis (Meng et al., 2018). Therefore, as the hydrolysis rate of Hsc70r044 is very
low, the complex will be stable for a longer period, allowing its study by NMR (Faust
et al., 2020). To this aim, the *N-HSQC spectrum of the corresponding isolated
(JD+G/F) constructs and in the presence of Hsc70m04a Were superimposed (Figure
5.28.A,D,G). To better observe the interaction of each construct with Hsc70 T204A,
the H, °N signal intensities recorded for the (JD+G/F) constructs alone were used
as references and compared with the intensities of the same proteins in the
presence of Hsc70r,04a. Reduction in the intensity values represented as normalized
delta intensities (Figure 5.28.B,E,H) indicates that Hsc70 interacts with the affected
residues of DnalA2. To facilitate data interpretation, a delta intensity threshold
(mean * SD) was established for the (JD+G/F)w: construct, and values below the
threshold were highlighted in the structure of the JD for the three variants (Figure
5.28.C,F,l).

The interaction of Hsc70m04a With DnalA2(JD+G/F)w: was clear under these
experimental conditions (Figure 5.28.A-C). In agreement with previous studies, the
residues that displayed major changes in the presence of Hsc70 (Faust et al., 2020)
were A32, K33, E34, Y35, H36, D38, K39 and F47. Additionally, other residues, such
as Y28 and S51 also changed upon binding to Hsc70r204a. The analysis of the mutants
showed that, in contrast to the (JD+G/F)w: protein, the Y28E and S51E variants did
not sense the presence of the chaperone, even at the high concentrations used in
this type of experiments (200 pM) (Figure 5.28.D-F and Figure 5.28.G-l,
respectively). Indeed, no relevant changes were observed in the spectra of the
mutants upon addition of Hsc70m04a, indicating a lack of interaction that explains

why they did not assist the chaperone in substrate remodeling.
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Figure 5.28. Interaction of the (JD+G/F) construct of DnaJA2 wt and its Y28E and S51E
phosphomimetic variants with Hsc70. (A,D,G) Overlay of >N-HSCQ spectra of 0.2 mM
DnalA2(JD+G/F)wt (A), DnalA2(JD+G/F)v2ge (D) or DnaJA2(JD+G/F)ss1e (G) in the absence or
presence of 0.2 mM Hsc70m04a. Signals that disappear or display significant CSPs are
considered to be directly involved or affected by Hsc70 binding. (B,E,H) Changes in intensity
between spectra of (JD+G/F) alone (reference) and in the presence of Hsc70t204a,
represented as the intensity differences for each residue. The biggest change upong binding
corresponds to the highest delta intensity reduction. The threshold was estabilished for the
wt protein (mean + SD) and applied in the three cases. (C,F,l) Structure of DnaJA2 JD with
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the Hsc70 binding region, identified by NMR in (B,E or H), colored in red and blue, being the
darkest red the biggest difference in intensity and shown in blue the residue whose signal
disappeared in the HSQC spectrum. While many changes are observed for the wt construct
(C) upon Hsc70m204a binding, no significant changes were observed for the Y28E (F) or S51E
(I) mutants.

However, analysis of the CSPs indicated a change in the environment of residues
K30, A32, E34 and D38 of both DnaJA2(JD+G/F)wtand DnalA2(JD+G/F)ssie, although
less pronounced for the phosphomimetic mutant (Figure 5.29). In contrast, no
significant differences in CSPs were detected for DnaJA2(JD+G/F)y.se (Figure 5.29.A).
This suggests that phosphorylation of S51 ensures that the interaction of the same
surface of DnaJA2 with Hsc70 does not render a stable complex. This confers the
advantage that upon dephosphorylation, the interaction between both proteins

could again occur without the need of an extensive conformational rearrangement.
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Figure 5.29. Phosphorylation of S51 could hamper the formation of a stable
DnaJA2(JD+G/F)-Hsc70t20sa complex without altering the interaction surface of the
cochaperone. (A) CSPs induced by addition of 0.2 mM Hsc70m20sa to the different (JD+G/F)
constructs (color-coded in the bottom). The threshold (0.08) corresponds to the CSP mean
+ SD obtained for the wt complex. Signals that display significant CSPs are considered to be
directly involved or affected by Hsc70 binding. (B-C) Structures of DnaJA2 JD highlighting in
red the residues shown in panel A with CSPs above the threshold value (0.08) for wt (B) or
S51E (C). The darkest red corresponds to the biggest CSPs and blue to the residue whose
signal disappeared in the HSQC spectrum.
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5.3.DISCUSSION

Regulation of distinct components of the proteostasis system allows cells to adapt
to different stresses and conditions and meet the requirement to survive in a
changing environment, as they maintain the proteome in an optimal shape with a
minimum energy cost (De Graff et al., 2020; Lindquist and Kelly, 2011; Niforou et
al., 2014). Molecular chaperones are key elements in the cellular adaptation to
stressful situations as they can be differentially expressed and/or modified with
distinct post-translation labels, such as phosphorylation, to rapidly tune the
function of this network to specific conditions (Didomenico, Bugaisky, and

Lindquist, 1982).

We have studied herein the effects that phosphorylating the class A human
Hsp40 DnalA2 could have in the modulation of its interactions with client proteins
and Hsc70, analyzing the functional and structural consequences of the
phosphomimetic substitutions. Regulating DnaJA2 has an important advantage as
compared with the more general effect expected from manipulating Hsc70, which
is implicated in a plethora of different essential cellular functions. Cochaperone
modification might help to regulate more specifically the function of the Hsc70
system, affecting only the cellular processes in which the particular Hsp40 is

involved.

Our data indicate that phosphorylation of different domains of DnalA2, as
the JD, ZFD and CTDI, could drive the function of the cochaperone under stress
conditions, as most of the PTMs described here have been found under stress
(Hornbeck et al., 2015). The starting point of the experimental strategy followed in
this work was to prove the effect of accumulating phosphorylations in each protein
domain, as phosphorylation often affects clusters of residues (Park, Mohapatra,
Misonou, and Trimmer, 2006; Schweiger and Linial, 2010; Yachie, Saito, Sugahara,
Tomita, and Ishihama, 2009). Afterward, the number of phosphorylatable residues

was reduced to find out whether some of the functional changes could be assigned
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to the modification of a small number (eventually one) of residue(s). It is important
to mention that distinct combinations of phosphorylated residues in different
domains could add an additional layer of complexity to DnalA2 regulation.
However, due to the high number of possible combinations, this possibility has not
been analyzed here. The strategy uses phosphomimetic mutants, in which the
phosphorylatable residue is replaced by glutamic acid, to predict the putative
functional effect of the PTM. Despite these limitations, we have found that
phosphorylation of specific residues of DnalJA2 might modulate the holdase/foldase

balance of the Hsc70 system.

DnalA2 is a potent holdase, being considered one of the best suppressors
of tau aggregation (Mok et al., 2018), but it is not as good as other members of the
Hsp40 family in assisting Hsc70 during aggregate/fibril reactivation (Faust et al.,
2020; Nachman, Wentink, Madiona, Bousset, Katsinelos, Allinson, et al., 2020; Yu,
Ziegelhoffer, and Craig, 2015). It can be envisioned that an efficient manner to
regulate the activity of the Hsp70 system, especially under stress conditions, would
be to maintain and even improve the holdase activity of its components while
reducing the foldase activity to avoid folding of unstable substrate proteins that will
be unfolded again in these unfavorable conditions. Once the physiological
conditions are restored, the foldase activity, i.e., the collaboration between the
different components, would be activated. We show here that this type of

regulation can be achieved by phosphorylating specific residues of DnalA2.

The first example of a residue of DnalA2 that can regulate the
holdase/foldase balance of the Hsc70 system is Y128, which upon phosphorylation
would enhance this ratio, as seen for the DnalA2y1,se phosphomimetic variant. This
mutant displays a stronger holdase activity and a weaker abilty to remodel
substrates in collaboration with Hsc70 than the wt protein. The comparison of
DnalA2 and DnalB1 also suggests that the effect of phosphorylation of equivalent

residues of different Hsp40s might be class-specific. The specific regulation of
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classes A and B human Hsp40s has been previously postulated (Faust et al., 2020;
Irwin, Faust, Petrovic, Wolf, Hofmann, et al., 2021; Nillegoda et al., 2015;
Wyszkowski et al., 2021), and suggests the importance of modulating one class
Hsp40 without affecting others to ensure proper regulation of the activities in which
a particular cochaperone is involved. Our interpretation is supported by the fact
that the DnalBlyizee mutant behaves like DnalB1 wt regarding its holdase and
disaggregase/foldase activities. This might be relevant considering the different
client profiles that these cochaperones bind (Irwin, Faust, Petrovic, Wolf, Hofmann,
etal., 2021).Y128/Y176 are located in the hinge connecting the two B-barrels of the
CTDs, which is involved in tau binding to DnaJA2 but not to DnalB1 (Irwin, Faust,
Petrovic, Wolf, Hofmann, et al., 2021). This difference might explain why the

holdase activity is modulated only for the DnaJA2 phosphomimetic mutant.

Chaperones are abundant and costly, so under stress conditions, cells are
under strong selective pressure to find economical chaperone combinations for
maintaining low levels of misfolded proteins (De Graff et al., 2020; Lindquist and
Kelly, 2011). Phosphorylation of this specific position might act as a class-specific,
rapid and reversible switch to enhance the holdase/foldase balance of DnalA2
under stress conditions (De Graff et al.,, 2020). Furthermore, simultaneous
phosphorylation of S123 would further increase the holdase/foldase balance by
completely inhibiting cochaperone collaboration with Hsc70 in substrate

remodeling.

Functional and structural analyses of the phosphomimetic mutants of the
JD indicate that phosphorylation of this domain could inhibit, to a different extent
and by different mechanisms, its interaction with Hsc70. The defective
collaboration of these mutants with Hsc70 leads to poor assistance in substrate
remodeling without compromising the holdase function of the cochaperone.
Phosphorylation is a common mechanism to modulate binding (Nishi et al., 2014)

by altering protein stability, kinetics and dynamics (Johnson, 2009). Our results
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indicate that phosphorylation of Y10 or Y28 may modulate Hsc70-DnalJA2 complex
formation by altering the structure of the JD. Several studies reveal that
phosphorylation affects the structure of different proteins both at local and global
levels (Xin and Radivojac, 2012; Zanzoni et al., 2011), as the protein needs to
accommodate the dianionic phosphate group (Nussinov, Tsai, Xin, and Radivojac,
2012). The JD is thought to adopt diverse conformations, which are reduced upon
Hsp70 binding (Landry, 2003). Phosphorylation of specific residues of the JD could
generate new cochaperone conformers and/or shift the conformational equilibrium
of DnaJA2 towards conformations that are unable to interact productively with the
chaperone. This phosphorylation-driven mechanism occurs when the PTM event
elicits a large perturbation that destabilizes the complex and leads to the
dissociation of a binding partner (Nussinov et al.,, 2012). In contrast,
phosphorylation of S51 may disrupt the interaction with Hsc70 through a different
mechanism. Our in silico and NMR results indicate that S51 interacts directly with
Hsc70, in agreement with the structure of the DnalJ-DnaK complex, in which K51
directly contacts T420 of DnaK (Kityk et al., 2018). Phosphorylation of this hotspot
inhibits formation of the transient DnaJA2-Hsc70 complex, a common molecular
trick used by phosphorylation to modulate protein-protein interactions (Nishi,
Hashimoto, and Panchenko, 2011). Indeed, a comprehensive analysis of
phosphorylation sites in protein-protein interfaces found that changes in binding
affinity produced by substitutions at phosphorylation sites in binding interfaces are
statistically enriched compared to non-interfacial sites (Nishi et al., 2011).
Interestingly, DnalB1 has an alanine in this position, which has been used in
different works as the non-phosphorylatable substitution of serine (Chen et al.,
2014; Dissmeyer and Schnittger, 2011; Jovcevski et al., 2015; Kao et al., 2020; Shen
et al., 2016; Somale et al., 2020). The finding that substitution of S51 by alanine in
DnalA2 does not affect the functional properties of the cochaperone suggests that
phosphorylation of S51 could also act as a class-specific switch to avoid the

interaction of DnaJA2 with Hsc70 under harsh conditions. DnaJB8 is the only human

182





Chapter 5: Regulation of DnaJA2 cochaperone by phosphorylation

class B Hsp40 containing a serine (S50) in this position, and it has been found
phosphorylated in HTP experiments (Wang et al., 2011). In contrast to other human
class B Hsp40s, DnalB8 S50 phosphorylation could also regulate its interaction with
Hsc70 if complex formation follows similar structural requirements. Interestingly,
DnalB8 is also considered a good suppressor of aggregation, as it efficiently
prevents aggregation of poly-Q amyloidogenic proteins, and it is not able to

collaborate with Hsc70 in aggregate reactivation (Hageman et al., 2010).

Proteins are usually phosphorylated on multiple sites simultaneously (Olsen
et al., 2006), making functional studies of protein phosphorylation difficult. The
cooperation of different PTMs often results in more accurate regulation patterns
(Eissler et al., 2011; Nishi et al., 2014; Nussinov et al., 2012; Olsen et al., 2006). Thus,
it is worth considering the possible cooperativity of simultaneous phosphorylation
of residues S51 and Y128 of DnalA2, which would result in a more efficient system
to ensure proteostasis under stress conditions. In general, activation of stress-
responsive signaling pathways results in the synthesis and/or activation of
regulators that manage programs to enhance the proteostasis capacity (Lindquist
and Kelly, 2011). In this context, phosphorylation of S51 and Y128 of DnaJA2 would
result in a stronger holdase activity and a reduced Hsc70-mediated refolding
activity, which would help to maintain minimum levels of misfolded proteins,
minimizing energy consumption under stress conditions. DnaJA2 would maintain
bound substrates in a non-native, refolding-competent state that could be
efficiently refolded once the stress disappears. Dephosphorylation of DnaJA2 would
facilitate substrate transfer to Hsc70 for its subsequent refolding. The chaperone-
bound (unfolded) substrate reactivation process is less energy-consuming than the
reactivation of protein aggregates (Gongalves et al., 2021; Ungelenk et al., 2016),
and thus, a potent holdase would contribute to save energy. It has also been shown
that this PTM regulates the activity of other Hsp40s, as DnalBl. Multiple

phosphorylation at $149, S151 and S171 by the mitogen-activated protein kinase 5
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(MK5) stimulates the ATPase activity of the Hsp40/Hsp70 complex (Kostenko et al.,
2014), supporting an enhanced collaboration between DnaJB1 and Hsc70 under

stress conditions.

DnalA2 is able to self-associate giving rise to heterogeneous, dynamic and
ordered oligomeric tubular assemblies of different sizes in equilibrium (see chapter
4), as found for DnalB6, DnalB8 or Hsp27 (Gillis et al., 2013; Jovcevski et al., 2015;
Soéderberg et al., 2018). Analysis of the effect of phosphorylation on the association
equilibrium and function of DnaJA2 is not straightforward. Some phosphomimetic
substitutions in the JD and ZFD (Y10E and S184E, respectively) induce oligomer
dissociation. These results support the importance of both domains in the self-
association of the protein observed upon deletion of these domains (chapter 4), and
go a step further, as they identify specific hotspots that modulate the stability of
these assemblies. They also agree with previous studies showing that protein
phosphorylation modulates transitions between different oligomeric states, which
in turn regulate protein activity (Hashimoto, Nishi, Bryant, and Panchenko, 2011;
Ma and Stern, 2008; Nishi et al., 2011; Randez-Gil, Sanz, Entian, and Prieto, 1998).
Furthermore, the relationship found herein between phosphorylation of specific
residues and oligomer dissociation has been described for other Hsps, such as
Hsp27 (Liu et al., 2020). (Pseudo)Phosphorylation of three residues of Hsp27 under
stress conditions leads to oligomer dissociation, a process that promotes exposure
of a specific protein domain that is involved in aggregation prevention (Freilich et
al., 2018; Z. Liu et al., 2018), and thus, results in an enhanced holdase activity (Liu
et al., 2020). In our case, the holdase activity of these DnalJA2 phosphomimetic
variants is similar and slightly lower than that of the wt protein. Therefore, these
data do not allow establishing a clear relationship between phosphorylation-
induced oligomer dissociation and holdase activity of DnaJA2. The reason could be
that phosphorylation of these amino acids weakens interactions essential for

oligomer stability but do not ensure complete exposure of the protein regions
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engage in substrate binding. The lack of a clear relationship between protein

oligomerization and holdase activity agrees with findings shown in chapter 4.

The enhanced holdase activity of DnalA2y12se might be explained if this
phosphomimetic substitution induces exposure of the CD and other substrate
interacting regions of the cochaperone. This variant forms oligomeric assemblies,
and therefore phosphorylation might pursue exposure of the protein regions
required to hold the unfolded substrate in the bound state without destabilizing the
protein assembly. The charge complementarity between the positively charged
environment of Y128 and the negatively charged CD would favour disruption of the
interaction after adding a phosphoryl group in Y128. A similar behavior has been
described for Hsp26, as phosphorylation of this chaperone does not induce
oligomer dissociation but activates the protein to a substrate binding-competent
state through the exposure of the N-terminal domain (Mihlhofer et al., 2021). In
contrast, phosphorylation of other residues, such as S184, could enhance
interactions between the CD and other DnaJA2 domains, as the ZFD, reducing the
holdase activity of the cochaperone, as observed for the DnalA2sisse dimeric
mutant. The crosslink found between the CD and the ZFD (residues R388 and K153,
respectively) supports the interaction between these domains, which could be
modulated by S184 phoshorylation. Therefore, we suggest that the ability of DnaJA2
to interact with unfolded substrates depends on the accessibility of its substrate-
binding regions more than on the oligomerization state of the protein. The
oligomeric state could facilitate binding of several Hsc70 molecules to the accessible
binding sites of the DnalA2-bound, unfolded substrate for its cooperative

remodelling, as shown in the previous chapter.
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CONCLUSIONS

With the results presented in this Doctoral Thesis, the following conclusions are

drawn:

1- DnalA2 self-associates into ordered tubular structures through longitudinal
and lateral interactions between protein dimers. Different domains are
involved in the formation of this assembly, including the JD, ZFD, CTDI and
CD. The association equilibrium involves dimers and oligomers of different
sizes, and can be modulated in vitro by distinct factors, such as disruptors
of weak hydrophobic interactions, salt and temperature. Interestingly,

these elongated DnalJA2 structures are also observed in vivo.

2- Among the different domains of DnalA2, the characteristic C-terminal
domain is responsible for preventing the aggregation of client substrates.
The high efficiency of the Hsc70 system to refold DnaJA2-bound substrates
suggests that the oligomeric assembly could serve as a scaffold that
facilitates the simultaneous binding of several Hsc70s to large, unfolded

client proteins for an efficient substrate remodeling.

3- Phosphorylation of different DnaJA2 domains, as the JD, ZFD and CTDI,
could regulate the interaction of the cochaperone with Hsc70 and client
proteins. This has an important advantage as compared with the more
general effect expected from regulating Hsc70, which is implicated in many
essential functions, as it would only affect the cellular processes in which
the particular Hsp40 is involved. Phosphorylation of DnaJA2 would serve as

a reversible and fast switch to enhance the holdase/foldase balance of the
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cochaperone under stress conditions, leading to an economical, class-

specific response to maintain low levels of misfolded proteins.

Phosphorylation of specific residues of DnaJA2 regulate the oligomeric
state, holdase activity and collaboration of the cochaperone with Hsc70 in
a fine-tuned manner. The effects observed for S51 and Y128
phosphomimetic substitutions are good examples to explain how their
phosphorylation could enhance the holdase/foldase balance of the Hsc70
system, as the former inhibits the interaction with Hsc70 and the latter
improves the holdase activity of DnaJA2 compromising its collaboration

with Hsc70 in substrate remodeling.
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APPENDIX

1- Script deposited in GitHub (enzyme _filter.py) to filter the results obtained from
Re site finder online tool.

from _ future__ import division, print_function

import sys

def palindrome {seq):

""*Define what a palindromic sequence is

complement = {'A": 'T*, 'C": "G', "G': 'C’, 'T': 'A'}
complement_seq = ''.join{[complement[base] for base in seg[::-111)
return seq == complement_seq

def re_position (re_site_file=Mone, enzyme_name=None, initisl_position=8, final_position=1000838):

ilter the results of & .csv file

if re_site_file iz MNone:
print("ENTER at least THE FILE NAME")
sys.exit()
re_site = open(re_site_file)
for line in re_site:
line = line.strip() # Get rid of starting and trailing whitespace
if not line or line.startswith{"#"):
continue
info = line.split{",")
num_changes = info[@]
position = int(info[1])
enzyme = info[2]
initial_seq = info[3]
new_seg = info[4]
site_len = len(initial_seq)
if enzyme_name in (None, enzyme, "all") and palindrome(new_seq)} and initial_position <= (position)} <= final_position:
print("The enzyme", enzyme, "cuts”, new_seg, "at position”, position,
"by introducing”, num_changes, "silent mutation{s)} in the original seguence", initial_seq)

##Enter the filters from the comand line
if __mame__ == '__main__':
# Map command line arguments to function arguments
if len{sys.argv) »= 4:
sys.argv[3] = int{sys.argv[3])
if len(sys.argv) »= 5:
sys.argv[4] = int(sys.argv[4])

re_position(*sys.argv[1:])



https://github.com/lvelasco022/scripts/blob/master/enzyme_filter.py



2- Zinc finger parameters developed for MD simulations of DnaJA2.

MASS

$32.06000 2.90000 ; S
SA 32.06000 2.90000 ; SA
SB 32.06000 2.90000 ; SB
SC 32.06000 2.90000 ; SC
H11.00800 0.13500; H
CT 12.01000 0.87800 ; C
ZN 65.40900 2.10000 ; Zn

BOND

S-ZN 44.67501 2.40213 ; Averaged bond related parameters from VFFDT
SA-ZN 44.67501 2.40213 ; Averaged bond related parameters from VFFDT
SB-ZN 44.67501 2.40213 ; Averaged bond related parameters from VFFDT
SC-ZN 44.67501 2.40213 ; Averaged bond related parameters from VFFDT
CT-SA 237.00 1.850

CT-SB 237.00 1.850

CT-SC 237.00 1.850

ANGL

S-ZN-SA 65.729 109.47 ; Averaged angle related parameters from VFFDT
S-ZN-SB 65.729 109.47 ; Averaged angle related parameters from VFFDT
S-ZN-SC 65.729 109.47 ; Averaged angle related parameters from VFFDT
CT-S-ZN 65.64521 101.41 ; Averaged angle related parameters from VFFDT
SA-ZN-S 65.729 109.47 ; Averaged angle related parameters from VFFDT
SA-ZN-SB 65.729 109.47 ; Averaged angle related parameters from VFFDT
SA-ZN-SC 65.729 109.47 ; Averaged angle related parameters from VFFDT
CT-SA-ZN 65.64521 101.41 ; Averaged angle related parameters from VFFDT
SB-ZN-S 65.729 109.47 ; Averaged angle related parameters from VFFDT
SB-ZN-SA 65.729 109.47 ; Averaged angle related parameters from VFFDT
SB-ZN-SC 65.729 109.47 ; Averaged angle related parameters from VFFDT
CT-SB-ZN 65.64521 101.41 ; Averaged angle related parameters from VFFDT
SC-ZN-S 65.729 109.47 ; Averaged angle related parameters from VFFDT
SC-ZN-SA 65.729 109.47 ; Averaged angle related parameters from VFFDT
SC-ZN-SB 65.729 109.47 ; Averaged angle related parameters from VFFDT
CT-SC-ZN 65.64521 101.41 ; Averaged angle related parameters from VFFDT
H1-CT-SA 50.000 109.500

CT-CT-SA 50.000 113.445

H1-CT-SB 50.000 109.500

CT-CT-SB 50.000 113.445

H1-CT-SC 50.000 109.500

CT-CT-SC 50.000 113.445

DIHE

S-ZN-SA-CT 1 0.000 0.000 1.000
S-ZN-SC-CT 1 0.000 0.000 1.000
S-ZN-SB-CT 1 0.000 0.000 1.000
SA-ZN-S-CT 1 0.000 0.000 1.000
SA-ZN-SC-CT 1 0.000 0.000 1.000
SA-ZN-SB-CT 1 0.000 0.000 1.000
SB-ZN-S-CT 1 0.000 0.000 1.000
SB-ZN-SC-CT 1 0.000 0.000 1.000
SB-ZN-SA-CT 1 0.000 0.000 1.000
SC-ZN-S-CT 1 0.000 0.000 1.000
SC-ZN-SB-CT 1 0.000 0.000 1.000
SC-ZN-SA-CT 1 0.000 0.000 1.000
CT-CT-S-ZN 1 0.000 0.000 1.000
H1-CT-S-ZN 1 0.000 0.000 1.000





CT-CT-SA-ZN 1 0.000 0.000 1.000
H1-CT-SA-ZN 1 0.000 0.000 1.000
CT-CT-SB-ZN 1 0.000 0.000 1.000
H1-CT-SB-ZN 1 0.000 0.000 1.000
CT-CT-SC-ZN 1 0.000 0.000 1.000
H1-CT-SC-ZN 1 0.000 0.000 1.000

NONB

ZN 1.455 0.02662782 ; info frcmod.ions234Im_1264_tip3p of amber16

SA 2.00 0.250 ; info ambermd.org/tutorials/advanced/tutorial20/files/zaff/ZAFF.frcmod
SB 2.00 0.250 ; info ambermd.org/tutorials/advanced/tutorial20/files/zaff/ZAFF.frcmod
SC 2.00 0.250 ; info ambermd.org/tutorials/advanced/tutorial20/files/zaff/ZAFF.frcmod











Resumen

Las proteinas se sintetizan en los ribosomas como cadenas lineares de aminoacidos unidos
covalentemente que tienen que plegarse adecuadamente, es decir, adoptar su estructura nativa
para ser funcionalmente activas. Esto se consigue mediante un proceso complejo denominado
plegamiento proteico que, cuya heterogeneidad desde el punto de vista termodindmico
depende de la ruta de plegamiento. Durante este proceso se producen una serie de
interacciones débiles no-covalentes entre aminoacidos cercanos y lejanos en la estructura
primaria que originan intermediarios de plegamiento que normalmente exponen zonas
hidrofdbicas y regiones desestructuradas al disolvente. Estas propiedades pueden dar lugar a
interacciones intermoleculares no-nativas que son responsables de un proceso aberrante
denominado agregacién proteica. Que una proteina adquiera su estructura nativa no asegura
que este proceso no ocurra debido a las pequefias barreras energéticas que separan la
estructura nativa de algunas conformaciones no-nativas. Un cambio, incluso sutil, producido por
condiciones de estrés puede desestabilizar la estructura nativa y dar lugar a estructuras mal
plegadas o (parcialmente) desplegadas que pueden interaccionar entre si produciendo
agregados proteicos. Las proteinas plegadas defectuosamente pueden ser extremadamente
daininas para las células, ya que ademas de la pérdida de funcidn de la proteina afectada, los
agregados que forma son normalmente téxicos para la célula. Este plegamiento defectuoso da
lugar a muchas patologias conocidas como trastornos de la conformacién proteica que pueden
afectar a todos los tipos celulares. Entre estas patologias se encuentran las enfermedades
neurodegenerativas que se caracterizan por la degeneracién progresiva de la estructura y
funcién del sistema nervioso central y periférico. Entre las enfermedades neurodegenerativas
mas comunes se encuentran el Alzheimer o el Parkinson, originadas, entre otros factores, por el

plegamiento incorrecto de una o varias proteinas.

Las células de todos los organismos disponen de sistemas de control de calidad de las
proteinas que se encargan de mantener un proteoma celular sano mediante un proceso
conocido como proteostasis proteica. El sistema de control de calidad proteica estd compuesto
por chaperonas moleculares, sistemas de protedlisis y degradacidén y numerosos cofactores
proteicos que regulan sus funciones. En células humanas, este sistema costa de unas 2000
proteinas. Su funcién principal es facilitar el plegamiento correcto de las proteinas y cuando este
no pueda producirse en condiciones de estrés prolongado, identifican las proteinas plegadas
defectuosamente vy, si es factible, las repliegan o dirigen a rutas de degradacion. Ademas,

cuando la agregacidn es inevitable, también son capaces de reactivar agregados proteicos





mediante la extraccion de mondmeros desplegados del agregado para su posterior

replegamiento.

Las chaperonas moleculares, también denominadas proteinas de choque térmico (Hsp),
son los principales componentes de esta red de proteostasis, y se definen como un grupo de
proteinas que comparten la funcidn de asistir el plegamiento y ensamblaje de otras proteinas
sin formar parte de su estructural final. Las Hsps se clasifican en diferentes familias dependiendo
de su masa molecular: sHsps, Hsp40s, Hsp60s, Hsp70s, Hsp90s o Hsp100, y cooperan entre ellas
para llevar a cabo sus funciones. La variedad de chaperonas y sus diversas funciones permiten
la regulacion de las proteinas durante toda su vida, desde su sintesis hasta su degradacion.
Ademas, también tienen un papel principal en la translocacién proteica a través de membranas
celulares y en la degradacion y desagregacion de proteinas. Por lo tanto, la regulacién de su
actividad es fundamental para asegurar la localizacién proteica adecuada y evitar las especies
proteicas toxicas que originan distintas enfermedades neurodegenerativas. Esta regulacioén se
produce a nivel transcripcional y post-traduccional, siendo las modificaciones post-traduccion,

como la fosforilacidn, la manera mas rdpida de modular sus funciones.

El sistema Hsp70 controla funciones esenciales para la viabilidad celular, como la
neutralizacion de conformaciones proteicas mal plegadas, evitando su agregacién, y la
reactivacién de agregados formados cuando este Ultimo proceso es inevitable. Por ello, es un
sistema importante para la proteostasis celular en condiciones normales y especialmente en
situaciones de estrés. La Hsp70 es el componente principal de este sistema y utiliza la energia
de la hidrdlisis de ATP para realizar estas funciones. Sin embargo, esta chaperona sélo es
funcional en presencia de dos proteinas accesorias que regulan su actividad: uno o varios
miembros de la familia Hsp40 e intercambiadores de nucleétido. La familia Hsp40 es la mas
numerosa y diversa desde el punto de vista funcional y estructural. Los miembros de esta familia
presentan los sustratos proteicos a Hsp70, y por lo tanto dependiendo del cliente o sustrato

proteico que transfieran a la chaperona haran que esta se involucre en funciones diferentes.

Los miembros de la familia Hsp40 se clasifican en tres clases (A, B y C) segun la
organizacion de sus dominios proteicos. Todas las cochaperonas de la familia Hsp40 tienen en
comun el dominio J, que esta muy conservado y consta de unos 75 aminodcidos. Este dominio
es esencial para la interaccidon productiva con Hsp70 que estimula su actividad ATPasa. El
dominio J se encuentra en el extremo N-terminal en las clases Ay B y puede estar en cualquier
lugar de la secuencia de las Hsp40 de clase C. Los miembros de las clases A y B estan mas

conservados que los de la clase C, tanto desde el punto de vista funcional como estructural. Las





Hsp40 de clase A tienen cinco dominios: el dominio J, el dominio rico en glicinas y fenilalaninas
(G/F), el carboxilo-terminal | (CTDI) que contiene un dominio de zinc (ZFD), el carboxilo-terminal
Il (CTDII) y el dominio de dimerizacion. Las Hsp40s de clase B tienen la misma organizacién de
dominios, pero carecen del dominio de zinc. La clase C es un grupo mucho mas heterogéneo, ya

gue en muchos de sus miembros sdélo tienen en comun con otras Hsp40s el dominio J.

Las Hsp40s de clases A y B son consideradas cochaperonas candnicas que unen una
amplia variedad de sustratos desplegados, mal plegados o agregados y asisten a la familia Hsp70
en el remodelado de sustratos proteicos, un proceso necesario para reorganizar el sustrato
proteico durante su plegamiento. Hay estructuras resueltas de los dominios J o CTD aislados de
Hsp40s de las clases A y B, pero no de proteinas completas, ya que la flexibilidad de estas
proteinas multidominio dificulta la obtencidn de estructuras a alta resolucidn. Se cree que la
unidad funcional de las Hsp40s de clase Ay B es el dimero, que adopta una estructura con forma
de V. Sin embargo, estudios recientes sugieren que ciertas Hsp40s pueden autoasociar en
oligdmeros mds grandes. A pesar de su importancia en la regulacion de la funcién del sistema
Hsc70, no existen estructuras de Hsp40s completas a alta resolucion y se desconoce la funcion

de muchas de ellas, sobre todo de las que pueden formar multimeros.

En los seres humanos, DnaJA2 y DnalJB1 se encuentran entre las Hsp40 mas abundantes
y se han utilizado como representantes de las clases A y B, respectivamente. Mientras que
DnalB1 es una de las Hsp40 mds estudiadas en humanos y se sabe que funciona como dimero,
DnalA2 no estd tan bien caracterizada. DnaJA2 previene la agregacién de sustratos mediante su
union a ellos, una actividad denominada holdasa que es independiente de su interaccidn con
miembros de la familia Hsp70. También colabora con Hsp70s en la reactivaciéon de sustratos
desplegados o agregados, siendo menos eficiente que otras Hsp40s en la funcidn de
desagregacién. En este trabajo nos centramos en la caracterizacidn estructural y funcional de
DnalA2 y la posible regulacidén de su actividad y colaboracién con Hsp70 por fosforilacion de

residuos especificos.

DnalA2 presenta una arquitectura multidominio compartida con Dnal de Escherichia coli
e Ydj1 de Saccharomyces cerevisiae. Contiene un dominio J en el N-terminal seguido de un
dominio G/F flexible, dos dominios B sandwich (CTDI y CTDII), con un ZFD insertado en el
primero, un dominio de dimerizacién y a diferencia de sus homdlogos bacterianos o de levadura,
también contiene una regidon C-terminal intrinsecamente desordenada de 52 residuos. En este
trabajo hemos visto que DnalA2 autoasocia formando estructuras ordenadas y tubulares

mediante interacciones laterales y longitudinales entre dimeros adyacentes. El equilibrio de





asociacién implica dimeros y oligdmeros de distintos tamafos, y puede modularse in vitro
mediante distintos factores como disruptores de interacciones hidrofébicas débiles, sal o
temperatura. Los mutantes de eliminacién de distintos dominios (DnaJA2AJ, DnalA2AG/F,
DnalA2AZF y DnalA2AC) demuestran que la formacidon de estas estructuras multiméricas
depende de las interacciones entre varios dominios: el domino J, el dominio de zinc y la region
C-terminal desestructurada. La caracterizacion de estas estructuras por crio-microscopia
electrénica demuestra la implicacién de estos dominios, y ademas distingue las interacciones
longitudinales entre los CTDIs que forman filamentos y las interacciones laterales entre los
dominios de zinc que estabilizan el oligdmero formando un disco central. Ademas, el modelo
estructural del oligémero ha sido validado mediante la sustitucion de dos residuos concretos del
CTDI (L135 y Q136) que son esenciales para que se establezcan las interacciones longitudinales
necesarias para la formacién de los filamentos. Su sustitucion por acido glutamico impide la

formacion de las estructuras multiméricas, tubulares caracteristicas de DnalA2 silvestre.

Los estudios estructurales y funcionales de los dominios de eliminacidn demuestran que
el dominio C-terminal caracteristico de DnalJA2 es responsable de la actividad holdasa de la
proteina, modula su interaccién productiva con Hsc70 y estabiliza la estructura oligomérica.
Ademds, sugieren la presencia de una interaccidon intermolecular entre el dominio J y el C-
terminal de DnaJA2 que podria contribuir a la estabilizacion de la estructura oligomérica y a la
regulacién de su interaccién con Hsc70 y por lo tanto a la actividad del sistema Hsc70 completo.
Esta interaccidn podria explicar los cambios en las actividades holdasa y desagregasa asociados
a estos mutantes de eliminacion (DnaJA2AJ y DnalA2AC). Si interacttdan en la proteina wt, la
eliminacién del C-terminal aumentaria la accesibilidad del dominio J para la unién de Hsc70, con
el consiguiente aumento de la actividad de remodelacién del sustrato, como se observa
experimentalmente para el mutante DnaJA2AC. Esta interacciéon también se ve reforzada por la
mayor actividad holdasa que se obtiene al eliminar el dominio J, que aumenta la accesibilidad
del dominio C-terminal y potencia la actividad holdasa de la proteina. El hecho de que no
hayamos podido detectar contactos entre el dominio J y C-terminal de DnaJA2 podria deberse a
su flexibilidad y a la naturaleza desordenada de este ultimo. Sin embargo, el entrecruzamiento
encontrado entre el C-terminal y el ZFD apoya la posibilidad de una interaccién directa o

indirecta (a través de la ZFD) entre estos dominios

Los ensamblajes dindmicos y elongados de DnalJA2 que descritos in vitro también se
observan in vivo, lo que sugiere que podrian tener un papel importante en la regulacién de la
conformacién del sustrato desplegado para su posterior procesamiento por Hsc70. La alta

eficiencia del sistema Hsc70 para replegar sustratos unidos a DnaJA2 indica que el ensamblaje





oligomérico podria servir como un andamio que facilita la unién simultanea de varias Hsc70 a
proteinas cliente grandes y desplegadas para su remodelado eficiente. La capacidad de Hsc70

de desensamblar el oligdmero sugiere que este puede ser su papel funcional.

En el segundo capitulo de resultados, demostramos que la fosforilacion de residuos
especificos localizados en diferentes dominios de DnaJA2 podria regular su estado oligomérico,
actividad holdasa y colaboracidn con Hsc70. Esto tiene una ventaja importante en comparacion
con el efecto mas general que se esperaria de la regulacion de Hsc70, que estd implicada en
muchas funciones esenciales, ya que sélo afectaria a los procesos celulares en los que participa
la Hsp40 que se modifica. Esta regulacion mediada por fosforilacién serviria como un interruptor
reversible y rapido para mejorar el equilibrio holdasa/foldasa del sistema Hsc70 en
determinadas circunstancias, sin alterar todas las funciones esenciales en las que Hsc70 estd
implicada. Ademas, en condiciones de estrés, supondria una respuesta econdmica y especifica

para las distintas clases de Hsp40s que mantendria niveles bajos de proteinas mal plegadas.

Los efectos observados para los mutantes fosfomiméticos S51E e Y128E de DnalA2 son
buenos ejemplos para explicar como la fosforilacién de estos residuos podria mejorar el
equilibrio holdasa/foldasa del sistema Hsc70, ya que la primera inhibe la interaccién con Hsc70
y la segunda mejora la actividad holdasa de la cochaperona comprometiendo su colaboracién
con Hsc70 en la remodelacidén de sustratos proteicos. La fosforilacién de estos aminoacidos
mantendria/aumentaria la actividad holdasa y disminuiria la interaccién productiva de la
cochaperona con Hsc70 y por lo tanto el replegamiento de sustratos proteicos dependiente de
Hsc70. Este comportamiento ayudaria a mantener niveles minimos de proteinas mal plegadas,
minimizando el consumo de energia en condiciones de estrés en las que los sustratos que se
repliegan volverian a desnaturalizarse. En estas condiciones, DnaJA2 uniria los sustratos,
manteniéndolos en una conformacién no nativa, que puede ser replegado eficientemente
cuando el estrés desaparezca. La desfosforilacion de DnalA2 facilitaria la transferencia del
sustrato a Hsc70 para su posterior replegamiento con la ayuda de cochaperonas mas eficientes,
como DnalB1. El proceso de plegamiento de sustratos unidos a la cochaperona consume menos
energia que la reactivacion de los agregados proteicos, por lo que una potente holdasa también

contribuiria a ahorrar energia.

En resumen, en esta Tesis hemos profundizado en la caracterizacion estructural y
funcional de la cochaperona humana DnalA2, caracterizando su capacidad de formar
ensamblajes tubulares, e identificando algunos residuos clave que podrian regular sus

actividades de forma rapida y reversible mediante fosforilacion. Ademas, proponemos la





relevancia biolégica que podrian tener los oligdémeros ordenados de DnalA2 y la fosforilacién de

algunos de sus residuos en la actividad mediante la regulacién del sistema Hsc70 humano.





