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Abstract

Proteins are constantly challenged by environmental stress conditions that threaten their structure
and function. Especially problematic are oxidative, acid, or severe heat stress, which induce very
rapid and widespread protein unfolding and generate conditions that make canonical chaperones
and/or transcriptional responses inadequate to protect the proteome. Here, we review recent
advances in identifying and characterizing stress-activated chaperones, which are inactive under
non-stress conditions but become potent chaperones under specific protein-unfolding stress
conditions. We discuss the posttranslational mechanisms by which these chaperones sense stress
and consider the role intrinsic disorder plays in their regulation and function. We examine their
physiological roles under both non-stress and stress conditions, their integration into the cellular
proteostasis network, and their potential as novel therapeutic targets.
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Stress-Activated Chaperones

Cells and organisms are constantly challenged by a variety of intracellular and extracellular
stress conditions. Some of the most vulnerable organisms are bacteria and unicellular
parasites, which are exposed not only to rapidly changing environmental conditions, but also
encounter extremely fast acting stress conditions upon entry into the host. These stress
conditions, which have evolved as part of the mammalian host defense, include sudden
changes in temperature as encountered during host invasion and/or inflammation, sudden
drops in pH as experienced when ingested bacteria pass through the mammalian stomach, or
exposure to very high levels of reactive oxygen species (ROS) or reactive chlorine species
(RCS) at the epithelia of the gut or during the oxidative burst in macrophages [1-3]. All of
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these stress conditions cause significant cellular damage in a matter of seconds to minutes,
simultaneously affecting the structure and stability of many different proteins [4, 5] (see Box
1). To counteract these sudden-onset protein-damaging conditions, organisms have evolved a
subgroup of molecular chaperones that are posttranslationally activated under the very
specific stress conditions that demand their activity (see Table 1). To achieve this, these
chaperones have developed elaborate regulatory mechanisms to rapidly sense the respective
stress conditions and respond with the specific activation of their chaperone function. Once
activated, the chaperones typically serve as ATP-independent chaperone holdases (see
Glossary) that apparently form stable complexes with the unfolding client proteins and
prevent them from irreversibly aggregating as long as stress conditions persist. Stress-
induced transcriptional upregulation of these chaperones increases their levels and likely
contributes to prolonged protection [6]. Once the stress subsides, for instance when ingested
bacteria reach the intestine or a parasite leaves its mammalian host, the stress-activated
chaperones return to their original, chaperone-inactive state. The client proteins are released
and can either refold on their own or use canonical chaperone foldases (Table 1) for
refolding. This mechanism provides a unique ability to deal with stress conditions that
would otherwise inactivate and kill the organisms. Although stress-activated chaperones
have primarily been identified in bacteria, recent work suggests that they might also serve
important protective functions in eukaryotic cells. In this review, we discuss the various
strategies that stress-activated chaperones employ to sense and respond to fast acting stress
conditions, including oxidative, acid, and heat stress, and consider the physiological roles
that these important first line of defense proteins play in cell survival.

Redox-Regulated Chaperones: First Defenders Against Oxidative Stress

Aerobically growing cells contain an assortment of antioxidant enzymes (e.g.,
peroxiredoxins, catalases) and small redox-buffering systems (e.g., glutathione) that work
together to maintain redox homeostasis and protect cells against the toxic accumulation of
ROS (for an overview, see Ref. [7]). However, as nearly always in life, systems can fail. In
humans, for instance, aging, age-related neurodegenerative diseases, and certain metabolic
diseases (e.g., diabetes) can disturb the cellular redox homeostasis, causing a condition
termed oxidative stress [8-10]. Moreover, UV light, gamma rays, and X-rays, as well as
various pollutants can promote oxidative stress in humans [11]. Bacteria, too, are exposed to
high levels of oxidative stress when they invade their hosts. Neutrophils, part of the innate
immune defense system, contain myeloperoxidase, which converts peroxide into the
extremely reactive hypochlorous acid (HOCI, bleach) that acts as a very powerful natural
disinfectant [1].

The expression of most known molecular chaperones is under heat shock control and is
triggered by the accumulation of protein unfolding intermediates [12]. Although this
response works well for stress conditions that slowly increase the pool of unfolded proteins,
some ROS, such as hydroxyl radicals and RCS are, by definition, extremely reactive. They
can very rapidly react with protein side chains, with rate constants typically in the 106-107
M-1s-1 range, and cause irreversible damage (see Box 1) long before cells can respond with
transcriptional upregulation and de novo synthesis of new chaperones, which can take up to
an hour in bacteria [13, 14]. Moreover, many proteins involved in transcription and
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translation are themselves highly oxidation-sensitive, causing a decrease in general protein
transcription and translation during severe oxidative stress [15, 16]. Finally, oxidative stress
triggers a sharp decrease in cellular ATP levels (Figure 1). This not only contributes to the
downregulation of many essential processes during oxidative stress [17], but also reduces the
activity of some canonical chaperones, such as heat shock protein (Hsp) 70 (DnaK) [18].
It has long been thought that the drop in intracellular ATP levels is due to the oxidative
inactivation of glyceraldehyde dehydrogenase and other players of glycolysis and oxidative
phosphorylation [17]. Recent studies in £scherichia coli, however, demonstrated that the
observed decline in ATP levels upon HOCI stress is at least in part caused by the active re-
routing of ATP into long chains of inorganic phosphate, which themselves function as
molecular chaperones that protect proteins against oxidative unfolding (Figure 1) [19].

Over the past few years, several chaperones have been identified whose chaperone function
is activated as a direct consequence of ROS/RCS-mediated posttranslational modifications,
either through oxidation of redox sensitive cysteines (e.g., prokaryotic Hsp33, eukaryotic
Get3) or chlorination of amino acid side chains (e.g., £. coliRidA). Deletion of these genes
renders the respective organisms highly sensitive to /n vivo protein aggregation and causes a
significant increase in oxidative stress sensitivity, suggesting that one mechanism by which
physiological oxidants damage cells and Kkill organisms is through the oxidative unfolding
and aggregation of proteins.

Hsp33: A Paradigm for Stress-Activated Chaperones

The first report of a redox-regulated chaperone came in 1999 [20], only a few months after
the discovery that transient oxidation-induced disulfide bond formation can take place within
the reducing environment of the £. coli cytosol and is used for the activation of the oxidative
stress transcriptional regulator OxyR [21]. Hsp33, a 33 kDa heat shock protein that is highly
conserved in bacteria, several eukaryotic parasites such as Lesshmania, and green algae, was
found to use oxidation of four absolutely conserved cysteines to convert from an inactive
chaperone under non-stress conditions to an active chaperone under oxidative stress
conditions [20] (Figure 1). The finding that cytosolic proteins, such as OxyR and Hsp33, use
reversible disulfide bond formation to actively control their protein function, contributed to a
paradigm shift in the field. Now, almost 20 years later and fostered by the development of
highly quantitative redox proteomic techniques, hundreds of proteins are known to use redox
regulation as a posttranslational mechanism to control their protein activity in response to
oxidative stress [22-24].

The stress sensor in Hsp33 is composed or four absolutely conserved cysteine residues that
reside in Hsp33's C-terminal redox switch domain. Under non-stress conditions, all four
cysteines are engaged in the high-affinity binding of one zinc ion (Figure 2). Zinc binding
appears to serve at least two purposes: it primes the cysteines for rapid oxidation by
coordinating them in a highly reactive thiolate anion form, but, at the same time, it stabilizes
them and prevents their premature oxidation [25]. Over the years, many more proteins have
been identified that use zinc-coordinating cysteine motifs as functional redox switches,
which directly communicate increased ROS levels to physiological changes in organisms
[26].
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The mechanism by which Hsp33 activates its chaperone function appears to be precisely
tailored to oxidative stress conditions that induce protein unfolding. For example, neither
peroxide alone nor heat alone causes Hsp33 activation. This makes physiological sense
because peroxide alone leads to cellular ATP decline but does not cause protein unfolding in
bacteria [18], and heat-induced aggregation is taken care off by canonical chaperones [27].
Peroxide stress in combination with heat stress, however, causes protein aggregation, rapidly
inactivates canonical chaperones such as DnaK within minutes, and, most importantly,
activates Hsp33 [18]. By contrast, HOCI, which oxidizes and unfolds proteins within
seconds at any temperature, activates Hsp33 at any temperature [28]. Analysis of Hsp33's
three-dimensional structure revealed the answer as to how Hsp33's redox switch can be so
precisely tuned to these specific stress conditions. Hsp33 consists of two domains, a
compactly folded N-terminal domain and a C-terminal redox-sensing domain, which is
equally compactly folded as long as the four cysteines are reduced and zinc coordinated [25]
(Figure 2). The two domains are connected by a highly charged ~50 aa linker region, which
folds into three helices and covers a largely hydrophobic four-stranded B-sheet platform in
the N-terminal domain [25, 29]. In the presence of kinetically slow (non-protein unfolding)
oxidants, such as peroxide, the distal C-X-X-C pair engages in a disulfide bond, which
causes zinc release and the partial unfolding of Hsp33's C-terminal domain. This unfolding
destabilizes the upstream linker region and converts it into a thermolabile folding sensor,
ready to unfold should unfolding conditions (e.g., elevated temperatures, bile salts) be
encountered as well [30, 31]. Once the linker region unfolds, the proximal C-X-C pair forms
the second disulfide bond, leading to the constitutive unfolding of the linker region and the
constitutive activation of Hsp33 as a chaperone [32]. Kinetically fast, protein-unfolding
oxidants, such as HOCI, rapidly form both disulfide bonds in Hsp33 and activate the
chaperone within the mixing time of /in vitro experiments (T1/2 <1 min) [28]. Once disulfide
bonded and partially unfolded, two oxidized Hsp33's monomers associate and form a
chaperone-active dimer [28] (Figure 2).

Proteins with regions of intrinsic disorder have long been known to exist (Box 2) [33].
However, intrinsic disorder was generally associated with the inactive form of the protein,
and refolding was thought to be required to attain cellular function. The discovery that
Hsp33 must lose its structure and convert into an intrinsically disordered protein to gain
activity suggested a second paradigm shift in biology. Several other so-called conditionally
disordered chaperones are also known to activate by partial protein unfolding [34].

The initial finding that unfolding of the linker region exposes hydrophobic surfaces that are
otherwise buried in reduced Hsp33 provided a straightforward model by which Hsp33 and
potentially other intrinsically disordered chaperones use partial unfolding as a mode of
activation (Box 2) [31]. More recent studies revealed that chaperone-active Hsp33 uses its
own disordered, hydrophilic linker region to directly interact with early protein-unfolding
intermediates [35]. Binding of these partially structured intermediates appears to stabilize
and potentially refold the linker region, contributing to the stabilization of the chaperone-
client complex [35]. Indeed, a recent study using unnatural amino acids incorporated into
Hsp33 to enable either in vivo crosslinking or site-directed 19F nuclear magnetic resonance
spectroscopy, revealed a composite client-binding site in Hsp33 that consists of polar
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residues from the flexible linker region and nonpolar residues from the N-terminal p-sheet
platform surface of Hsp33 [36].

The oxidative activation of Hsp33's chaperone function is fully reversible (Figure 1). Upon
returning to non-stress-reducing and protein-refolding conditions, oxidized Hsp33 dimers
are reduced by the cellular glutaredoxin and thioredoxin system yet remain bound to their
client proteins [37]. Upon restoration of the cellular ATP levels, ATP-dependent chaperone
foldases composed of the bacterial DnaK/DnaJ/GrpE (Hsp70) system mediate the release of
Hsp33's client proteins and trigger its full inactivation [35, 37]. Subsequently, the KJE
system supports the refolding of client proteins to the native state (Figure 1). By using this
controlled inactivation mechanism, client proteins are released only when redox homeostasis
is restored and the canonical proteostasis network is present to support their refolding [37].

Several questions regarding Hsp33's working mechanism and /n7 vivo roles remain open,
including one relating Hsp33 function under non-stress conditions. Indeed, a recently
conducted study in £. colireported that overexpression of Hsp33 rescued the synthetically
lethal phenotype of a strain lacking the canonical chaperones trigger factor (TF) and DnaK
[38]. The study suggested that Hsp33, by sequestering the essential elongation factor-Tu
(EF-TU) for degradation to the Lon protease, slows down de novo protein synthesis,
alleviating the need for TF and DnaK. Since the authors did not investigate the redox status
of Hsp33 under these conditions, it remains to be tested whether this activity represents a
specific function of reduced Hsp33, or whether it relates to the previously reported
interaction between Hsp33 and EF-Tu under oxidative stress conditions [39].

Link to Redox-Regulated Chaperones in Eukaryotes

Except for Clamydomonas and some members of the 7rypanosoma family, no Hsp33
homologues have been found in any eukaryotes. This observation raised the question as to
how eukaryotic cells cope with oxidative protein unfolding. Recent evidence suggests that
the highly conserved eukaryotic ATPase Get3 (TRC40 in mammals) moonlights as a redox-
regulated chaperone under ATP-depleting stress conditions, such as oxidative stress [40, 41].
Like Hsp33, Get3 exhibits no significant chaperone activity under reducing non-stress
conditions. In contrast to Hsp33, however, reduced cytosolic Get3 has a well-known job—it
serves as the central player of the Guided Entry of T7ail-anchored proteins (GET) pathway in
yeast, where it mediates the posttranslational integration of tail-anchored (TA) proteins into
the membrane of the endoplasmic reticulum (ER) [42-44]. Under these non-stress
conditions, dimeric Get3 shuttles TA proteins from the ribosome to the ER membrane [45,
46] using ATP-binding and hydrolysis to control the binding and release of TA proteins [47,
48].

As would be expected for a protein that is involved in the global targeting of TA proteins
[49], deletion of the mammalian Get3 homologous TRCA4O0 or its partners is embryonically
lethal [50]. It was therefore surprising that mutants of get3in Saccharomyces cerevisiae or
Avrabidopsis thaliana did not show any global growth defects [51]. Moreover, while many
different TA proteins were found to employ the Get3/TRC40 system for successful
membrane targeting /n vitro, in vivo studies in yeast or tissue-specific knockout mice failed
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to identify more than a handful of proteins that show targeting defects [52]. This is likely
because at least two functional backup systems exist that take over the targeting of TA
proteins in the absence of the GET pathway [53, 54]. This result, however, raised questions
regarding the observed stress-associated phenotypes of a get3 deletion strain, which included
increased copper and oxidative stress sensitivity as well as decreased survival during glucose
starvation [55, 56]. Indeed, recent studies revealed that the copper sensitive phenotype of a
get3deletion strain is in fact not due to a defect in TA targeting but due to the lack of a
second function of Get3 as an oxidative stress-activated, ATP-independent general
chaperone [41].

Although no sequence homology exists between Hsp33 and Get3, the two proteins show
some intriguing similarities: both coordinate zinc via a conserved CXXC-motif, release zinc
upon oxidative disulfide bond formation, and undergo partial oxidative unfolding that results
in an alternative structure that is active as a molecular chaperone [41] (Figure 2). These
structural rearrangements, which can be monitored on secondary, tertiary, and quarternary
structure levels, cause inactivation of Get3's ATPase activity, exposure of hydrophobic
surfaces, and formation of higher oligomeric species, with a tetramer being the smallest
chaperone-active unit [41]. While we hypothesize that the newly exposed hydrophobic
residues will likely serve as interaction sites for unfolded substrate, high-resolution
structures of oxidized Get3 tetramers in the presence of client proteins are still lacking. Most
importantly, all of the conformational and functional changes in Get3 are fully reversible,
allowing Get3 to return to its ATPase-dependent functions once stress conditions no longer
exist [41] (Figure 2).

The discovery that Get3 has two distinct functions /n vivois in excellent agreement with
previous findings in Caenorhabditis elegans, where deletion of the Get3 homologue
ASNA-1/TRC40 was found to cause a severe growth defect and increased sensitivity to the
oxidative stress-inducing anti-cancer drug cisplatin [57, 58]. Intriguingly, while expression
of wild-type ASNA-1 rescued both phenotypes, a mutant variant of ASNA-1 lacking two of
the conserved cysteines rescued the growth defect but not the cisplatin sensitivity [59].
These results suggest that ASNA/TRC40 also works as a dual-function protein in higher
eukaryotes. Questions to be addressed in the near future include the client specificity of
oxidized Get3 and the role of the other components of the GET pathway in Get3's chaperone
function. It is exciting to think that the chaperone function of Get3/TRC40 might be the
physiologically more relevant activity of this conserved class of proteins. Further studies are
required to address this important question.

N-chlorination as Mechanism of Oxidative Chaperone Activation

More recently, another intriguing redox-mediated activation mechanism for oxidative stress-
activated chaperones was discovered in £. coli. The protein RidA, a member of the highly
conserved yet functionally diverse YjgF/YERO057¢c/UK114 protein family [60], was found to
specifically undergo reversible N-chlorination reactions, which turn the enzyme into a highly
active chaperone that protects bacteria specifically against HOCI stress-mediated protein
aggregation [60].
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Salmonella enterica RidA has long been known for its ability to speed up the release of
ammonia from enamine/imine intermediates of the pyridoxal 5’ -phosphate-dependent
threonine dehydratase (1lvA) [61]. In the presence of RCS, such as HOCI or
monochloramine, however, RidA was found to strongly inhibit the activity of IlvA [60]. This
surprising result raised the question as to whether RidA might function as a protein-binding
chaperone holdase that inhibits 1lvA's catalytic activity by forming a tight complex. Indeed,
in vitro aggregation studies with unfolded IlvA and other model substrates showed that
HOCI-treated RidA prevents protein aggregation, whereas untreated RidA shows no
significant chaperone activity [60]. Deletion of RidA increased E. colfs sensitivity to HOCI,
suggesting that RidA is an integral component that protects £. coli cells against RCS [60].

Only incubation of RidA with RCS activated the chaperone function, whereas incubation
with other tested oxidants, such as peroxide or diamide, had no effect [60]. Subsequent
structural studies revealed that RidA's activation is accompanied by an increase in surface
hydrophobicity and the formation of higher oligomers, hallmarks of other stress-activated
chaperones [41, 60]. The observation that RCS activated a cysteine-free RidA variant
excluded cysteine oxidation as possible regulation mechanism [60]. However, the authors
found that HOCI-treated RidA showed substantially decreased levels of free amino groups
and up to seven different N-chlorination sites. These results led to the conclusion that N-
chlorination of lysine and/or arginine side chains is likely responsible for the activation of
RidA's chaperone activity [60]. These results agree well with earlier studies on alpha-2
macroglobulin, which also shows an increase in chaperone activity likely due to the
chlorination of positively charged side chains [62]. So far, it is unclear whether one or more
N-chlorinations are responsible for the observed effects.

Note that RidA's chaperone function appears to be relevant in other organisms as well.
However, although N-chlorination of RidA's amino acid side chains was fully reversible by
DTT, ascorbic acid, or the physiological redox systems Trx or GSH, activation of the
Drosophila melanogaster homologue DUK114 appears to be irreversible [60]. The next step
is to determine whether chaperone activation is mediated by the N-chlorination of specific
residues or due to a general increase in surface hydrophobicity, triggered by the
neutralization of positive side chains. If the latter is true, many more proteins might undergo
HOCI-mediated conversion into molecular chaperones than previously anticipated,
bolstering the defense system against oxidative stress.

Acid-Activated Chaperones: Defense Against Low pH Stress

One of the most extreme and rapid changes in environmental pH that organisms encounter is
in the mammalian stomach, where up to 2 L of 10 mM hydrochloric acid (HCI) (pH 2.0) are
produced per day to aid in food digestion and protect the host against foodborne pathogens
[63]. This raises the obvious question as to how enterobacteria survive this voyage, which is
necessary to colonize the intestinal tract. Due to the porous nature of the outer membrane,
the periplasm of Gram-negative bacteria is in free exchange with small molecules in the
extracellular environment, making periplasmic proteins particularly vulnerable to acidic pH
[64]. Moreover, since the periplasm lacks ATP, none of the canonical chaperones are present
to protect and refold proteins. To deal with the proteotoxic effects of highly acidic pH,
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Gram-negative bacteria contain the small periplasmic proteins HdeA and HdeB (~10 kDa),
which undergo rapid acid-induced activation as molecular chaperones [65, 66] (Figure 1).

At neutral pH, HdeA is compactly folded, dimeric, and chaperone-inactive. When exposed
to acidic environments, however, HdeA partially unfolds and within seconds dissociates into
chaperone-active monomers, exposing a hydrophobic dimer interface in the process, which
appears to be crucial for client binding [67]. Intramolecular FRET studies revealed that the
partial unfolding is critical for HdeA to adopt different conformations, an apparently
necessary prerequisite for its broad client specificity [67].

Its small size and unique mode of activation have made HdeA a popular candidate for
structural studies and molecular dynamics simulations. Constant-pH molecular dynamics
(CPHMD) together with mutational studies revealed key residues that appear to be
responsible for pH sensing [68]. Indeed, mutation of only two key acidic residues was
sufficient to convert HdeA into a constitutively active chaperone at near neutral pH [69].
Recent NMR studies revealed that while the dimer structure of HdeA is maintained until pH
3, increasing charge neutralization of Asp and Glu residues causes a loosening of the tertiary
structure and the eventual dissociation into chaperone-active monomers at pH <3 [70]. Upon
return to neutral pH, HdeA appears to mediate the refolding of its client proteins in an ATP-
independent manner concomitant with the return into its dimeric chaperone-inactive
conformation. It is thought that HdeA exploits a “slow-release mechanism” to keep the
concentration of unbound aggregation-prone substrate species low and hence facilitate
efficient client refolding [71] (Figure 1).

More recently, HdeB, which is part of the /#deA-hdeB acid stress operon and displays
structural similarities to HdeA, was shown to have chaperone activity under low pH as well
[72]. However, while HdeA is chaperone-active under severe acid stress (e.g., pH <3), HdeB
exhibits its highest chaperone activity at pH 4 [73]. Moreover, unlike HdeA, HdeB remains
dimeric and apparently folded in its chaperone-active state, suggesting two rather distinct
activation mechanisms for HdeA and HdeB [73]. Recently conducted pH-dependent NMR
studies suggest that changes in HdeB's intrinsic dynamic properties could contribute to its
chaperone function at pH 4 [74]. The differential regulation of chaperone activity by pH for
HdeA and HdeB shows how bacteria have adapted to survive varying degrees of acid stress-
induced protein-unfolding conditions.

Multi-Stress Sensing Chaperone Families

At least two protein families have been described in which individual family members sense
different stress conditions yet undergo similar conformational changes that lead to the
specific activation of their chaperone function. One of these is the small heat shock proteins
(sHsps), a diverse group of chaperones that play important roles in maintaining protein
homeostasis in all kingdoms of life [75]. Stress-specific activation of their chaperone
function has been observed for several members. Yeast Hsp26, for instance, undergoes local
unfolding events upon exposure to elevated temperatures [76], whereas mammalian HspB5/
HSBP1 appears to use the protonation state of specific His residues to sense low pH
conditions [77, 78]. Although the sensing mechanisms are different, the structural events that
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follow are quite similar. The respective sHsps, which typically form large oligomeric
structures that are considered to be inactive storage forms of the chaperones [76], dissociate
into chaperone-active dimers with high client binding activity [76, 79]. Upon binding their
client proteins, which effectively prevents their aggregation, the sHsps reassemble into
higher molecular weight chaperone-client complexes. Once non-stress conditions have been
restored, the client proteins can then be extracted and refolded by members of the Hsp70/
Hspl104-system [27, 80]. Outstanding, very recent reviews are available that provide deeper
mechanistic and regulatory insights into the chaperone function of sHsps [75, 81]

A second group of multi-stress sensing chaperones includes members of the large family of
peroxiredoxins (Prxs), highly conserved and extremely abundant proteins [82]. In their “day
job,” Prxs function as true enzymes, using the presence of a highly reactive cysteine in their
active site to effectively detoxify peroxide and other reactive oxygen and nitrogen species
(for review, see [83]). In their role as peroxidases, Prxs are directly involved in cellular H,O5
signaling and protein oxidation [83, 84]. In addition, however, certain members of the Prx
family reversibly lose their peroxidase function and switch into effective ATP-independent
chaperones (Figure 3). Stress conditions that trigger chaperone activation of Prxs include
severe peroxide stress (e.g., yeast Tsal, mammalian hPrxIl), which is mediated by the
overoxidation of the active site cysteine [84, 85], low pH (e.g., SmPrxI from the trematode
Schistosoma mansoni) [86], or elevated temperatures (e.g., mitochondrial mTXNPx from
Leishmania infantum, C2C-Prx1 from Chinese cabbage) (Figure 3) [87, 88]. Because we
discussed the mechanisms used to sense elevated ROS levels and acidic pH in some detail,
we will focus this final discussion on the temperature sensing mechanism of mitochondrial
mTXNPx from the parasite L. infantum. Recent studies revealed that the temperature-
mediated switch from peroxidase to chaperone function allows parasites to rapidly adapt to
the elevated temperatures experienced during their transition from the insect to the
mammalian host [87].

Prxs typically cycle between a reduced, decameric ring-like conformation and an oxidized
dimeric conformation [83]. /n7 vitro studies showed that at elevated temperatures, reduced
mTXNPx within minutes undergoes significant structural rearrangements, which increase its
structural flexibility, expose previously buried hydrophobic patches, and trigger ATP-
independent chaperone activity. When present in the oxidized, dimeric conformation,
however, none of these structural changes occur, and mTXNPx remains inactive as a
chaperone. Further studies into this dual function of reduced mTXNPx revealed that as the
chaperone activity increases with temperature, the peroxidase activity decreases. These
results suggest that reduced mTXNPx exists in two alternative conformations that appear to
be functionally exclusive and are determined by the environmental temperature [87].
Transmission electron microscopy of mTXNPx decamers incubated with client proteins at
elevated temperatures indicated that binding of the client proteins occurs in the center of
each decameric ring. Reference-free class averages showing top-down views also revealed
the presence of up to five spoke-like structures that extend from mTXNPX into the interior of
the ring. These structures likely represent the highly flexible N-termini of Prx, which are
known to face the interior of the ring but have so far remained unresolved in X-ray structures
[89]. Indeed, when the N-termini of mTXNPx were modified by His-tags, the stress-induced
chaperone function of mTXNPx was lost, but the peroxidase activity remained [87].
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In vivo studies showed that raising the temperature to 37°C leads to extensive protein
unfolding and aggregation in L. /nfantum mutants lacking mTXNPX, and reduces survival of
the parasites in mammalian hosts. Whereas expression of wild-type mTXNPx or a
peroxidase-inactive variant of mTXNPx fully rescued both effects [90], expression of the N-
terminally tagged chaperone-inactive, peroxidase-active variant failed to do so [87]. These
results clearly demonstrate that the stress-induced chaperone function of reduced mTXNPx
and not its peroxidase activity is crucial for parasitic adaptation and survival in the
mammalian host.

Concluding Remarks and Future Perspectives

Over the past decade, an increasing number of stress-activated chaperones have been
discovered. They share at least three major features: (1) they are activated in a matter of
seconds to minutes upon exposure to specific stress conditions, making them ideal first
responders to protect cells against conditions that lead to sudden protein unfolding and
aggregation (oxidative stress, heat stress, and/or acid stress); (2) they undergo highly stress-
specific structural rearrangements during their activation, ensuring that they are only
activated when truly needed; and (3) they function ATP-independently, which allows them to
prevent protein aggregation under stress conditions or in cellular compartments that are
devoid of ATP. Of course, one might wonder why nature didn't want these chaperones to be
always active, given their highly effective chaperoning activity. However, since their protein
binding activity, which is of very high affinity and low specificity, cannot be regulated by
any other means (i.e., ATP binding), activation under non-stress conditions would likely
interfere with de novo protein folding processes and proteostasis. Indeed, bacteria expressing
a constitutively active variant of Hsp33 suffered severe growth disadvantages and
accumulated large amounts of cellular proteins in insoluble aggregates [32]. The fact that
many of these proteins have a second, typically mutually exclusive function under non-stress
conditions likely ensures that the respective genes are not lost during evolution even in those
organisms that do not experience these particular stress conditions over many generations.

Another commonality among stress-activated chaperones is their prevalence in pathogenic
bacteria and parasites. While it simply might require more research to find additional stress-
activated chaperones in eukaryotes, it is enticing that several of the stress-activated
chaperones identified in pathogens so far (e.g., HdeA, HdeB, Hsp33) have no clear
eukaryotic homolog, making them potentially very attractive new drug targets. Given that
these chaperones all use partial protein unfolding as their mode of activation, it is tempting
to speculate that small compounds that stabilize the chaperones could be used to specifically
prevent their activation, and hence might serve as suitable new therapeutics in combating
bacterial and parasitic diseases.

Finally, it will be exciting to learn how many more proteins that have been characterized as
enzymes, targeting factors, or co-factors turn out to convert into chaperones under extreme
stress conditions (see Outstanding Questions). Partial unfolding comes naturally to proteins
—all that is needed to become an effective buffer for other unfolding proteins is the right
arrangement of hydrophobic surfaces to foster interactions with them, and hydrophilic
regions to prevent self-aggregation and keep client-chaperone complexes soluble. Once the
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stress conditions are over and energy supplies have been restored, the canonical chaperones
can take over, reactivating unfolded proteins and restoring protein homeostasis in the cell.
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Canonical chaperones

The term canonical chaperone is used to describe members of the Hsp60/10 family
(GroEL/ES in bacteria), the Hsp70/Hsp40 family (DnaK/DnaJ in bacteria) and Hsp90 (HtpG
in bacteria) that represent the most common properties among molecular chaperones

Chaperone foldases

Chaperone foldases are a specific subgroup of molecular chaperones that assist in folding
nascent polypeptide chains and/or preventing protein aggregation, and in refolding unfolded
proteins and/or extracting proteins from aggregates. Binding and release of client proteins is
typically regulated by ATP binding and hydrolysis. Repeated cycles of client binding and
release ensure proper client folding. Typical ATP-dependent foldases include members of
the Hsp60 and Hsp70 chaperone families

Chaperone holdases

Most ATP-independent chaperones work as chaperone holdases. They tightly bind to
unfolding client proteins and prevent their aggregation. Some chaperone holdases are
specifically active under distinct stress conditions (e.g., Hsp33), whereas others, like Hsp40,
are constantly active under normal conditions. Stress-activated chaperone holdases often
depend on ATP-dependent foldases for client refolding once stress conditions subside. The
more recently discovered bacterial chaperones Spy and HdeA, which reside in the bacterial
periplasm, show both ATP-independent holdase and foldase function
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Heat shock protein (Hsp)

Heat shock proteins are a highly conserved group of protein families whose expression is
induced by the accumulation of protein-unfolding intermediates. Protein unfolding can be
caused by a variety of stress conditions, including elevated temperatures (i.e., heat shock),
oxidative stress, nutrient starvation, and viral infections. During non-stress conditions, most
Hsps are constitutively expressed and participate in the folding and trafficking of nascent
polypeptides, the assembly of multi-protein complexes, and/or the coordinated degradation
of proteins. Under stress conditions, the increased expression of Hsps protects cells against
the accumulation of aggregated proteins and/or promotes disassembly, refolding or
degradation of unfolded, aggregated proteins

Proteostasis

This blend of the words “protein” and “homeostasis” describes a network of chaperones and
proteases that support and regulate de novo protein folding, trafficking, and degradation of
proteins. The interconnected and competitive pathways of the network maintain a correctly
folded proteome and the health of the organism itself. The proteostasis network is highly
flexible, using posttranslational regulation of protein activity to adjust to changing
environments within minutes, as well as transcriptional responses to ensure long-term
adaptation
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Box 1
Effects of Oxidative, Acid, or Heat Stress on Protein Structure and Function

Proteins are the major targets of endogenous and exogenous stress. Elevated temperatures
and low pH are known to destabilize a protein's tertiary structure by disrupting hydrogen
bonds and electrostatic interactions, causing loss of secondary structure and inducing
unfolding [4, 5]. Exposure of hydrophobic surfaces, normally buried in the interior of the
protein, can cause non-specific protein-protein interactions and lead to irreversible
protein aggregation. Reactive oxygen and chlorine species cause a variety of side chain
modifications, including the oxidation of sulfur-containing cysteine and methionine,
chlorination of side-chain amines, and oxidation of histidines and tryptophans [14, 91,
92]. These madifications, when affecting functionally or structurally important residues,
can lead to loss of protein function, increased destabilization, protein unfolding,
fragmentation, and aggregation. In some proteins, posttranslational modifications,
especially thiol oxidation, are reversible processes and have regulatory functions [15, 93].
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Box 2
Role of Intrinsic Disorder in Chaperone Function

Stress-activated chaperones that are activated by partial unfolding are termed
conditionally disordered because they can adopt a folded or an intrinsically disordered
(ID) state, depending on the environmental conditions [34]. Regions of intrinsic disorder
are typically rich in polar charged and uncharged amino acids and poor in hydrophobic
amino acids [94], and many excellent prediction programs have been developed to
identify these regions in proteins [95]. Due to a lack in hydrophobic core, ID regions are
unable to fold into defined secondary or tertiary structures unless stabilized by other
proteins, lipids, or membranes [96]. In reduced Hsp33, the linker region, which is
predicted to be intrinsically disordered and unable to fold in isolation [32], is stabilized
by the nearby zinc-containing redox switch. When the zinc binding domain is
destabilized by disulfide bond formation and zinc release, however, the linker region
converts into an intrinsically disordered structure [35]. Disordered regions appear to play
several important roles in chaperone function. They provide: (1) wide-range electrostatic
interactions, which appear to be involved in the initial recognition and binding of
unfolding intermediates [35, 97] and which are followed by closer-range hydrophobic
interactions that stabilize the complex; (2) flexibility and plasticity, which are necessary
to bind and interact with a variety of different protein-unfolding intermediates [35, 67];
and (3) solubility of the client-chaperone complex, which is necessary to prevent co-
aggregation [32]. Potential refolding of the disordered region upon client binding might
contribute to increased stability of the complex, and has been proposed to generate an
entropy transfer reaction that destabilizes the bound client protein and allows it to re-
enter the folding pathway [34, 35, 98]. This new chaperone category includes yeast
Hsp26, bacterial Hsp33, yeast Get3, and HdeA [35, 67, 99]. Both sHsps and Prx have
been shown to also undergo structural changes consistent with unfolding, but the regions
involved appear less extensive [87, 100]. Nevertheless, the role of these ID regions in
chaperone function is likely the same.
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Outstanding Questions

. For stress-activated chaperones with dual functions, are both functions
equally relevant /n vivo or is one more important than the other?

. What proportion, if any, of stress-activated chaperones is chaperone-active
even under non-stress conditions?

. How many more proteins are yet to be discovered that undergo stress-induced
unfolding and convert into protein-binding chaperones under specific stress
conditions?
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Trends
. Cells require a fast reacting and flexible proteostasis network to quickly
respond and adapt to sudden environmental changes under energy limiting
conditions.
. Stress-induced activation of chaperone function involves conversion into a

partially disordered conformation (i.e., conditional disorder), which appears
to be directly involved in client interaction.

. Many stress-activated chaperones serve as dual-function proteins with
distinct, mutually exclusive enzymatic or regulatory activities under non-
stress conditions.

. N-chlorination of amino acid side chains serves as a novel mechanism to
activate chaperones in response to HOCI stress.
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Figure 1. Stress-Activated Chaperones Ensure Bacterial Survival
Bacteria are exposed to extremely fast acting stress conditions that have evolved as part of

the mammalian host defense. Ingested gram-negative bacteria that colonize the intestine
need to survive the highly acidic environment of the stomach. Their porous outer membrane
(dashed line) allows the free passage of small molecules such as protons causing the sudden
acid-induced unfolding of periplasmic proteins (red shaded area). To deal with these stress
conditions, Gram-negative bacteria employ the periplasmic chaperones HdeA and HdeB
(grey), which undergo rapid acid-induced unfolding and dissociation, activating their ATP-
independent chaperone function. Chaperone-active HdeA/B bind unfolding proteins (red),
maintain their solubility and prevent the accumulation of toxic protein aggregates. Upon
return to neutral pH (green shaded area), HdeA mediates client protein refolding
concomitant with its own refolding. Another mammalian host defense involves the
production of high levels of reactive oxygen or chlorine species (ROS/RCS), such as H,O»
and HOCI, respectively at gut epithelia and in macrophages. ROS/RCS-mediated side chain
modifications cause protein unfolding and aggregation in the cytosol (red shaded area within
solid line). In addition, ROS/RCS cause a decline in cellular ATP levels, and directly inhibit
canonical ATP-dependent chaperones. In bacteria, ATP is largely rerouted to polyphosphate,
which functions as chaperone itself. To cope with this stress, bacteria employ redox-
regulated ATP-independent chaperone such as Hsp33 and RidA (blue), which sense
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ROS/RCS through disulfide bond formation or N-chlorination of amino acid side chains,
respectively. Chaperone-active Hsp33/RidA bind unfolding proteins, prevent their
aggregation and maintain their solubility. Once reducing, non-stress conditions and ATP
levels are restored, canonical chaperones release and refold the unfolded client proteins
bound to Hsp33. So far it remains unclear whether RidA can transfer its substrate to
canonical chaperones for refolding.
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Figure 2. Analogies between pro-and eukaryotic redox-regulated chaperones
Hsp33 in bacteria and the structurally unrelated tail-anchored protein insertion factor Get3 in

yeast turn into effective ATP-independent chaperones during oxidative stress conditions.
Under reducing non-stress conditions, both proteins are chaperone-inactive. Hsp33, a
monomer when reduced, contains four redox sensitive cysteines (indicated with stars), which
are located in the C-terminal redox-sensing domain (yellow). The cysteines are arranged in a
C-X-C and C-X-Y-C motif and coordinate one zinc ion. Zinc binding confers stability to the
C-terminus as well as an adjacent flexible linker region (green), which nestles onto the N-
terminal domain of Hsp33 (blue). Get3, a dimer when reduced, also contains four redox
sensitive cysteines arranged in a C-X-C and C-X-Y-C motif (stars) and coordinates zinc
(grey sphere). In contrast to Hsp33, however, only the C-X-C motifs of the two monomers
coordinate zinc, which stabilizes the reduced dimer. The two other cysteines are located in
close vicinity to the ATP binding pocket of the ATPase domain (light green) of Get3. Upon
exposure to oxidative stress, each protein forms two intramolecular disulfide bonds,
connecting the two neighboring cysteines (red star) within the respective motifs. This
oxidative disulfide bond formation causes zinc release in both proteins, and massive
structural rearrangements. Oxidative activation of Hsp33 involves significant unfolding of
the C-terminal redox-sensing domain and the flexible linker region, and is accompanied by
dimerization. In Get3, structural rearrangements appear to affect the ATPase domain and
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alpha-helical subdomain (blue) and leads to the formation of tetramers and higher oligomers
with no significant ATPase activity. Both oxidized Hsp33 and Get3 bind tightly to unfolding
protein intermediates and prevent their aggregation in an ATP-independent manner. Upon
return to non-stress condition, thiols in both chaperones become reduced and the structural
rearrangements are reversed. Unfolded substrate proteins bound to Hsp33 are transferred to
the DnaK/DnaJ/GrpE system, which promotes refolding to their native structures. The fate
of Get3's client proteins remains to be elucidated.
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Figure 3. Peroxiredoxins - A Multi-stress Sensing Dual-Function Protein Family
Members of the peroxiredoxin (PRX) family (blue) effectively detoxify peroxide and other

reactive oxygen and nitrogen species (green shaded area). As part of the oxidation/reduction
process, PRX cycles between reduced decamers and oxidized dimers. Members of the PRX
family have been found to switch into potent ATP-independent chaperones once specific
protein-unfolding stress conditions are encountered. Leishmania infantum peroxiredoxin
MTXNPX, for instance, specifically senses heat stress, whereas Schistosoma mansoni
SmPrxl's responds to pH stress and Tsal from Saccharomyces cerevisiae is activated by high
levels of ROS. The mechanism of stress sensing depends on the respective stress conditions
(please see text for details) but the structural changes that the PRX members undergo appear
to be similar. They include the formation of chaperone-active decamers and higher
oligomeric states, which show increased exposure of hydrophobic surfaces, and decreased
peroxiase activity. The chaperone-active peroxiredoxins bind unfolding proteins and hence
prevent the formation of cytotoxic protein aggregates. While the binding of unfolding client
proteins in the center of the ring-like structure has been shown for mTXNPX, it is unclear
where the other PRXs bind their client proteins. mTXNPx interacts with canonical
chaperone systems to release the client proteins and support their refolding. Stress-specific
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peroxiredoxins in parasites appear to be necessary for parasitic organisms to successfully
propagate in the mammalian host.
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Prokaryotes Invitro Activating Conditions Stress-Sensitive Phenotypes” Ref
Hsp33 H,0, + Temp > 43°C HOCI or HOBr Bilesalt + H,0, + heat shock HOCI or HOBr Bilesalt | [20] [28, 101] [30]
H20,
RidA HOCI HOCI [60]
HdeA / HdeB pH2/pH 4 pH2-3/pH 4 [65, 66, 73]
Eukaryotes In vitro Activating Conditions Stress-Sensitive Phenotypes * Ref
Get3 H,0, + Cu Cu? [41, 58]
Hsp26 Temp > 43°C - [76]
HspB5/HspB1 pH 6.5-7.5 n.d. [77, 78]
Tsal H,0, Temp > 43°C H,0, Heat shock [85]
SmPrxI pH 4.2 H,0, n.d. [86]
mTXPNx/C2C-Prx1 Temp > 40°C Heat shock [87, 88, 90]

*
only stress-related phenotypes of the respective deletion mutants are listed; n.d. not determined.
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