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Abstract

Extreme acidophiles thrive in harsh environments characterized by acidic pH, high concen-
trations of dissolved metals and high osmolarity. Most of these microorganisms are chemo-
lithoautotrophs that obtain energy from low redox potential sources, such as the oxidation of
ferrous ions. Under these conditions, the mechanisms that maintain homeostasis of proteins
(proteostasis), as the main organic components of the cells, are of utmost importance.
Thus, the analysis of protein chaperones is critical for understanding how these organisms
deal with proteostasis under such environmental conditions. In this work, using a bioinfor-
matics approach, we performed a comparative genomic analysis of the genes encoding
classical, periplasmic and stress chaperones, and the protease systems. The analysis
included 35 genomes from iron- or sulfur-oxidizing autotrophic, heterotrophic, and mixo-
trophic acidophilic bacteria. The results showed that classical ATP-dependent chaperones,
mostly folding chaperones, are widely distributed, although they are sub-represented in
some groups. Acidophilic bacteria showed redundancy of genes coding for the ATP-inde-
pendent holdase chaperones RidA and Hsp20. In addition, a systematically high redun-
dancy of genes encoding periplasmic chaperones like HtrA and YidC was also detected. In
the same way, the proteolytic ATPase complexes ClpPX and Lon presented redundancy
and broad distribution. The presence of genes that encoded protein variants was noticeable.
In addition, genes for chaperones and protease systems were clustered within the
genomes, suggesting common regulation of these activities. Finally, some genes were dif-
ferentially distributed between bacteria as a function of the autotrophic or heterotrophic
character of their metabolism. These results suggest that acidophiles possess an abundant
and flexible proteostasis network that protects proteins in organisms living in energy-limiting
and extreme environmental conditions. Therefore, our results provide a means for under-
standing the diversity and significance of proteostasis mechanisms in extreme acidophilic
bacteria.
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Introduction

Protein homeostasis, or proteostasis, is determined by a highly flexible network of chaperones
and proteases that participate in the biosynthesis, folding, trafficking and degradation of pro-
teins [1]. This system enables the proteome to adjust to environmental changes as an adaptive
response [2]. Molecular chaperones are proteins that interact with other proteins and assist
with their folding and/or assembly, without forming part of their final structure [3]. Based on
the mechanism of action and ATP requirements, chaperones can be classified into two groups.
The first group includes the foldase chaperones, which directly participate in the folding of
nascent proteins or unfolded mature proteins, using cellular ATP. Their functions determine,
in many cases, that the proteins acquire their native conformation [3]. This group includes the
trigger factor (TF) (the only ATP-independent foldase), DnaK, Dna]J (co-chaperone of DnaK),
GroEL, GroES (co-chaperone of GroEL), HtpG, HscA, HscB, CbpA, DjlA (DnaJ homologues),
MsrA and MsrB [4-6]. The second group includes holdase chaperones that act by binding to
exposed hydrophobic sequences of unfolded, partially folded, or misfolded proteins, thus pre-
venting their aggregation or degradation. While some holdase chaperones are constantly
active, others are only activated under certain stress conditions [2]. Most holdases are ATP-
independent and do not directly participate in restoring the native conformation of their sub-
strates, so in many cases they depend on ATP-dependent foldase chaperones for protein
refolding once the stress condition ends [2]. This group includes the chaperones ClpB, GrpE,
RidA, SurA, Skp, CnoX(YbbN) and the small chaperones Hsp (heat shock protein), such as
Hsp33 (HslO), Hsp20 and Hsp31 (YajL, PfpI) [7-10].

Proteins that cannot be rescued by cellular chaperones are degraded through proteolytic
systems such as ClpA/P, ClpXP, ClpCP, HtrA (DegP or Do protease) and Lon (also called La
protease) [11]. Proteases participate in proteostasis by degrading proteins when they are no
longer required by the cell, or when they have lost their functionality. This allows the recycling
of amino acids and cofactors for the synthesis of new functional biomolecules [12]. Interest-
ingly, some proteases such as HtrA and Lon, also possess ATP-dependent foldase activity [13,
14]. This dual activity of proteases could be crucial in regulating the final fate (refolding/prote-
olysis) of proteins, thus determining their life cycle and recycling.

Microorganisms are constantly exposed to diverse environmental challenges such as high
temperature, acidic pH, or highly oxidant conditions, which can favor the accumulation of
misfolded proteins [15]. To adapt the proteome to the environmental challenges, microorgan-
isms regulate the functionality and abundance of the determinants of proteostasis. In Escheri-
chia coli, high temperature directly modulates the activity of the DnaK/J system by causing the
reversible inactivation of the nucleotide exchange factor GrpE [16]. GrpE inactivation delays
substrate release by slowing down the exchange of ATP/ADP by DnaK, maintaining its high-
affinity state for its substrates, thus ensuring that the proteins remain bound during stress con-
ditions. On the other hand, heat stress is usually accompanied by oxidative stress; under this
dual stress, DnaK is inactivated due to the rapid and widespread decrease in cellular ATP levels
[17]. In this situation, the chaperone holdase Hsp33 is activated and replaces the function of
DnaK by protecting proteins, independently of ATP [18]. Once the stress ends and cellular
ATP levels are restored, Hsp33 releases its substrates which are then refolded by ATP-depen-
dent foldase chaperone systems [19]. In addition to this highly regulated mechanism, the upre-
gulation of diverse molecular chaperones, Hsps and proteases has been described as a means
of coping with temperature extremes, high osmolarity, high metal concentrations, and acidic
conditions, among other factors, in a number of bacterial species [20-23].

Acidophilic chemolithoautotrophic prokaryotes that inhabit acidic environments are capa-
ble of oxidizing Fe** ions and/or reduced inorganic sulfur compounds (RISC) to form Fe’”,
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and sulfate, respectively [24]. Acidophiles play an important role in bioleaching of metals from
sulfide ores [25]. In addition, these microorganisms are found in natural and industrial envi-
ronments where extremely harsh conditions such as very acidic pH, high osmolarity, high tem-
perature, high load of soluble metals or severe oxidative conditions can be found [26]. All
these extreme environmental conditions impose important restrictions on the growth of the
microorganisms and induce stress. Although by omics studies, some knowledge concerning
the nature and regulation of chaperone systems in acidophilic bacteria such as Acidithiobacil-
lus ferrooxidans, and Leptospirillum spp. has been obtained [6, 27, 28], a detailed characteriza-
tion of the components that configure the proteostasis network, and their corresponding
regulation in these microorganisms, is still missing.

Whereas a few bioleaching acidophilic microorganisms have a heterotrophic or mixo-
trophic metabolism [29], most are strict autotrophs that must compulsorily synthesize all their
cellular components by the fixation of inorganic carbon, involving a high-energy cost for the
cells [30]. Furthermore, it is remarkable that most chemolithoautotrophic microorganisms sat-
isfy all energy requirements through the oxidation of low-energy substrates like iron [31].
Based on such observations, it is predicted that these microorganisms may be subjected to a
high selection pressure to optimize the synthesis and reuse of their biomolecules, especially of
proteins as they are the main, and most metabolically-expensive component (approx. 55% dry
weight) in the cell [32]. In this work, we performed a comparative genomic study of the pro-
teostasis mechanisms by identifying and analyzing the variability, redundancy and distribution
of the genes for the folding, repair and disaggregation of proteins, as well as proteolysis and
degradation in acidophilic microorganisms. The analysis was carried out using the complete
genomes of strains belonging to the phyla Pseudomonadota (Alphaproteobacteria, Betaproteo-
bacteria, Gammaproteobacteria and Acidithiobacillia), Campylobacterota, Nitrospirota, Bacil-
lota, Acidobacteriota, and Actinomycetota.

Methods
Strains and genomes

The genomes of 35 acidophilic bacteria, classified as heterotrophs (10), autotrophs (194), and
mixotrophs (6), were bioinformatically inspected. The genomes of 1 acid-tolerant (Metallibac-
terium scheffleri) and 8 neutrophiles (Gallionella capsiferriformans ES-2, Sideroxydans lithotro-
phicus ES-1, Mariprofundus ferrooxydans O-1, Sulfurimonas autotrophica DSM16294) E. coli
(0157:H7 and BW25113), Pseudomonas putida NBRC 1416, and Salmonella enterica serovar
Thyphimurium LT2, were also included in the analysis. Genome sequences were obtained
from the National Center for Biotechnology Information (NCBI) database. The strains and
genome accession codes are listed in S1 Table of supporting information.

Gene presence and gene context analysis

The genome sequences of each strain were analyzed to detect genes that code for classical cyto-
plasmic chaperones (Trigger Factor, DnaK, DnaJ, DjlA, CbpA GrpE, GroEL, GroES, HtpG,
ClpB, HscAB, MsrAB), membrane and periplasmic chaperones (HtrA, FtsH, SurA, Skp,
YidC), stress response holdase chaperones (Hsp33, Hsp20, Hsp31, SlyD, CnoX, RidA), and
proteolytic systems (ClpX/A/CP, Lon) using the SnapGene 6.0.2 program. Identified genes
and predicted protein products were analyzed by sequence comparison using NCBI Blast tools
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The presence of conserved domains/motifs and of
the ATP-binding site of each identified protein was also confirmed using the CDART (Con-
served Domain Architecture Retrieval Tool) and CDD (Conserved Domains) tools from the
NCBI portal (https://www.ncbi.nlm.nih.gov/cdd).
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Phylogenetic analysis

The alignment of the sequences was performed with ClustalO. The Maximum Likelihood con-
struction algorithm was added to a Bootstrap of 1000, integrated within the MEGA11 program
version 11.0.9 [33]. Tree drawing and visualization were undertaken using the software Jalview
version 2.11.2.5 [34].

Results and discussion

To gain insights into the genes and proteins that shape the proteostasis network in acidophilic
bacteria, a bioinformatics search was performed as described in Methods. We carried out a
genomic analysis of chaperones (foldases and holdases) and proteases using the complete
genome sequences from 35 acidophilic strains belonging to 11 classes from five bacterial
phyla. The identified genes of proteostasis and their corresponding products were grouped
into four functional categories that included classical chaperones, AAA+ proteolytic com-
plexes, periplasmic chaperones or proteases, and stress chaperones. Below we describe the
main findings regarding these categories.

1. Classical chaperones

In E. coli, it is well described that the two main cytoplasmic ATP-dependent chaperone sys-
tems that promote refolding of protein substrates are DnaK/J/GrpE and GroEL/ES [35]. In the
DnaK/J/GrpE complex, DnaK is a central foldase involved in the folding of newly synthesized
polypeptides, preventing aggregation, and the refolding of misfolded and aggregated proteins
[5]. DnaK binds to exposed hydrophobic regions of its substrates and promotes protein refold-
ing in an ATP-driven process regulated by the co-chaperone Dna] [36] or its homologues
CbpA or DjlA [5]. In our analysis, the dnaK gene was conservatively distributed (Fig 1), with
only one copy in most of the acidophiles. An exception was Ferrovum myxofaciens P3G and
Sulfobacillus acidophilus TPY, which presented two non-identical copies of this gene. The gene
for the co-chaperone DnaJ was present in all studied genomes, but unlike dnak; it showed
high redundancy in most bacterial groups, reaching a maximum of four copies in the genomes
of Sulfurimonas denitrificans DSM1251 and Sulfobacillus thermosulfidooxidans DSM9293.
Interestingly, genes for the DnaJ homologues CbpA and DjlA, were also found. Most of the
cbpA copies were detected in strains of the Acidithiobacillia, and Alpha- and Gamma-Proteo-
bacteria classes, although one copy was also identified in Leptospirillum ferriphilum
DSM14647 and CF-1, and in S. acidophilus TPY. The gene that codes for DjlA was found
mostly in Pseudomonadota and in L. ferriphilum DSM14647. It should be noted that DnaJ also
presented redundancy in neutrophilic bacteria. Thus, the redundancy of the co-chaperone
DnaJ and Dna] homologues suggests the existence of variations in the activity, substrate speci-
ficity, and/or regulation of the DnaK/J/GrpE system that could potentially confer more flexi-
bility to the proteostasis network. Also, multiple copies could contribute to suppress dnaJ
mutations, thus representing a genetic back up to guarantee proteome maintenance in the
cells under stressful conditions.

The GrpE chaperone holdase plays an important role in regulating the activity of the
DnaK/]J system in response to thermal stress [37]. In acidophiles, the gene encoding for GrpE
was present as a single copy in all the analyzed bacterial strains (Fig 1). As in other microor-
ganisms [38], in most acidophiles grpE was clustered with genes for DnaK/J/GrpE (S1 Fig).
However, in the species from the Clostridia class, grpE clustered with genes for chaperone
ClpB (not shown), which is also related to the DnaK antiaggregant system, where its function
is to act on larger aggregates than those dealt with by the DnaK/]J/GrpE system. Interestingly,
the genomes belonging to Acidimicrobiia class (Actinomycetota phylum) harbor the genes for
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chaperones GrpE and ClpB in the same context as genes for the DnaK/]J system, which could
constitute an adaptive advantage that favors the coordinated expression of the antiaggregant
system for protecting proteins against stress conditions. In neutrophilic model microorgan-
isms, the genes for the DnaK/] system are found in the same context as the gene encoding the
heat-inducible repressor HrcA. In Clostridium botulinum, the dnaK operon is regulated by
HrcA under heat shock, NaCl and acid stress [39]. Interestingly, this repressor is absent in
acidophiles belonging to classes Zeta-Proteobacteria, Epsilon-Proteobacteria from phylum
Campylobacterota, and Clostridia. In addition, members of the genus Sulfurimonas of the
Epsilon-Proteobacteria class do not have the gene for co-chaperone DnaJ in the same context
as dnaK. These data reveal differences in the genomic organization of the DnaK/J/GrpE sys-
tem, and in the gene regulatory circuits that govern the expression of the classic chaperones
DnaK/]J in some acidophilic bacteria.

ClpB is a high molecular weight chaperone that has an ATP-binding site that plays an
essential role in the response and protection of proteins against thermal stress, as well as a
great ability to rescue damaged proteins from large aggregates, together with the DnaK/J/GrpE
system [40, 41]. In this study, and as shown in Fig 1, most of the microorganisms studied pre-
sented a single copy of the cIpB gene in their genomes. Exceptions were the strains Acidibacil-
lus ferrooxidans Huett2 and Alicyclobacillus acidicaldarius Tc-4-1, in which no copies were
detected.

The GroEL and GroES chaperones form a multimeric structure that has a central compart-
ment with ATPase activity that traps substrates and promotes folding inside [42]. GroEL/
GroES promotes the folding of almost 250 proteins in E. coli, representing between 10-15% of
its total cytosolic proteins [43]. As shown in Fig 1, the genes for these chaperones were found
in most of the genomes in a single copy; however, most representatives from Alpha-Proteobac-
teria, Clostridia and Acidimicrobiia classes possessed 2 copies. These data agree with previous
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reports of higher redundancy and diversity of chaperones in members of the Actinomycetota
phylum (formerly called Actinobacteria) [44]. Interestingly, redundancy of groEL and groES
genes was detected in chemolithoheterotrophs or mixotrophs, but not in chemolithoauto-
trophs. The GroEL/GroES chaperone system consists of a large complex of double rings of
approximately 800-1000 kDa in total [42]; thus the synthesis of multiple copies could repre-
sent a high energy cost that can only be met by cells that possess metabolisms with lower
energy demands.

HtpG is a chaperone foldase that promotes the folding and activation of newly synthesized
cellular proteins, and prevents aggregation and facilitates disaggregation and refolding of mis-
folded and aggregated proteins. The activity of HtpG increases under thermal and oxidative
stress [45]. The deletion of the htpG gene is not lethal in bacteria and only results in higher sen-
sitivity to the stress induced by high temperatures and reactive oxygen species (ROS) [46, 47].
The chaperone HtpG has also been shown to be influential in bacterial swarming, biofilm for-
mation, cell division, and pathogenicity; indeed, cellular functions and mechanisms that
underlie the role of the HtpG chaperone can be found in comprehensive reviews [45, 48].
Besides E. coli, this chaperone has been described in bacterial species such as Clostridium tyro-
butyricum [49], Bacillus licheniformes [50], and Streptomyces spp. [51]. In the present study,
the htpG gene was present in all proteobacterial strains as a singleton, with the exception of A.
sulfuriphilus CJ-2 in which no copies were found. In the same way, with the exception of A. fer-
rooxidans Huett2, no genes were detected in strains from Nitrospirota, Bacillota or Actinomy-
cetota phyla. Our results suggest that htpG is underrepresented in acidophiles and is restricted
to representatives of Pseudomonadota.

Methionine sulfoxide reductases (Msr) are thioredoxin (Trx)-dependent oxidoreductase
enzymes that repair oxidized proteins at methionine (Met-O) residues. In this way, they partic-
ipate in the refolding and recovery of proteins damaged during oxidative stress [52]. MsrA and
MsrB exhibit specificity for the S and R Met stereoisomers. As shown in Fig 1, in Pseudomona-
dota, the genes for these two proteins were present with low redundancy (1 or 2 copies). In the
Alpha-Proteobacteria and Nitrospiria classes, only MsrA was found, while in the Acidimicro-
biia class neither MsrA nor MsrB encoding genes were detected (only msrA in Ferrithrix ther-
motolerans DSM19514). Interestingly, the Beta-proteobacterium Ferrovum myxofaciens
harbors an msrA gene that codes for a methionine oxidoreductase of 408 aa while other MsrA
oxidoreductases possess predicted sizes ranging between 140 at 220 aa. This MsrA possesses
two methionine sulfide reductase domains, at the N- and C-terminal, and a Trx domain at the
N-terminal which shows similarity with the holdase CnoX from E. coli [35]. This non-canoni-
cal Msr from F. myxofaciens is similar to the fused protein MsrA/B described in Neisseria
meningitidis which also possesses a Trx domain [53]. Interestingly, in this bacterium, the Trx
domain was able to reduce both oxidized MsrA and MsrB domains, thus restoring their cata-
Iytic activity [52]. Thus, it is tempting to speculate that the atypical MsrA of F. myxofaciens is
similar in its structure and functionality to the MsrA/B protein of N. meningitidis.

Finally, trigger factor (TF) is the only bacterial chaperone associated with ribosomes. TF is
transiently associated with ribosomes in a 1:1 stoichiometry, binding to and acting on the
most recently-nascent polypeptides emerging from the ribosome [54]. It is estimated that
approximately 70% of proteins fold to their native structures after association with TF, hence a
conserved presence in all bacterial genomes is expected. In agreement, in our analysis a highly
conserved single copy was found in all acidophilic bacterial groups (Fig 1, S1 Table). As in
other types of microorganisms, except for the strains belonging to the genus Sulfurimonas, in
acidophiles TF is found in the same gene context along with genes for proteases ClpX and
ClpP (S1 Fig). In addition, in many cases these genes were grouped with the gene that encodes
the Lon protease (S1 Fig), and some genomes even presented two contiguous copies of the lon
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gene (class Bacilli and Clostridia). In the most studied genomes belonging to the phylum Pseu-
domonadota, TF was also detected in the same context as a gene encoding a DNA binding
beta subunit of the HU (uh-B) transcriptional regulator. HU plays important pleiotropic roles
in DNA replication, gene regulation, translation, DNA supercoiling, and other processes, and
its regulation in E. coli is dependent on Lon protease activity [55]. Also, it should be noted that
all genomes belonging to the Acidithiobacillia and Gammaproteobacteria classes (except for
Acidiferrobacter thiooxydans Z]) also harbor a contiguous gene to uh-B that codes for HtrA
(PipD) which is a peptidyl propyl cis-trans isomerase that has both proteolytic and chaperone
activity [56].

In summary, classical chaperones are widely distributed in the classes from Pseudomona-
dota and Nitrospirota phyla. However, in Bacillota, Acidobacteriota and Actinomycetota, a
sub-representation of genes for these chaperones was observed. Likely, as a compensatory
adaptation, a higher redundancy of genes for GroEL and GroES systems was detected in these
groups. It is interesting to note that the genes for DnaJ chaperone presented redundancy in all
the studied groups, in the same way that genes for DnaJ homologues are redundant in the
genomes of some groups belonging to Pseudomonadota and Nitrospirota phyla. The analysis
of the gene context clearly shows that genes encoding classic chaperones and proteases are
clustered, likely facilitating the regulation and coordination of the folding and degradative
activities, respectively.

2. Proteolytic ATPase complexes associated with a variety of cellular
activities (AAA+)

Here we studied the distribution and characteristics of ClpA, C, P, and X proteases, as well as
the Lon protease. Clp proteins (caseinolytic proteases) are classified into class I (ClpA, ClpC,
ClpD and CIpE) and class II chaperones (ClpX and ClpY) [57]. In their active form, these pro-
teins are made up of catalytic and substrate recognition subunits. For example, the protease
ClpPA consists of the catalytic ClpP and the recognition ClpA subunits. ClpP also associates
with ClpX to form a protease complex with different specificity than ClpPA [58]. The structure
of these proteases is like that of the GroEL/ES complex, in that they are made up of rings of
several subunits that form a cavity where the target protein is degraded. In the case of ClpPA
or ClpPC, the protease is made up of two central rings of seven ClpP subunits and a ring of six
ClpA or ClpC subunits, respectively, at each extreme of the ClpP cylinder. These complex Clp
chaperones bind to specific hydrophobic regions of misfolded or unfolded proteins to prevent
their aggregation in the cytoplasm. Although under certain conditions the ClpA, ClpC and
ClpX recognition subunits can also work alone as ATP-independent chaperones [59], in over-
all terms they constitute key regulatory components of the ATP-dependent serine protease
ClpP by presenting it with the specific substrates that are destined for degradation [59]. There-
fore, these systems have an important role in the death of proteins and the recycling of their
components. In acidophiles, according to our results, genes for AAA+ Clp protease complexes
were detected in all studied strains (Fig 1). While the clpP and clpX genes were widespread, the
clpA and clpC genes were more narrowly distributed. In agreement with a previous report
[57], clpC was detected only in Bacillota and Actinomycetota phyla.

ClpX uses multivalent strategies to discriminate between substrates that are in their native
conformations or that are unfolded [58]. Therefore, when the correct folding of their substrate
proteins is not achieved, a specific signal is recognized that directs them to the ClpP protease
for degradation. In E. coli, ClpXP associates with protein aggregates [59]. As can be deduced
from Fig 1, except for the neutrophile Sideroxydans lithotrophicus ES—1, clpP was present in all
the species studied, and in multiple copies in strains belonging to Bacillota and
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Actinomycetota, reaching a maximum of four copies in A. ferrooxidans Huett2 (Bacilli class).
These data agree with the previously-described essential role of ClpP for representatives of the
Bacillota (Firmicutes) phylum [60]. In our study, most strains containing multiple copies were
classified as heterotrophs or mixotrophs (S1 Table).

Lon (La) is an ATP-dependent protease that degrades abnormal proteins or proteins that
are no longer necessary for the cell [61]. In E. coli, this protease is responsible for 70-80% of
proteolysis in the cytosol [62], and is required to maintain homeostasis and cell survival under
stressful conditions. In bacteria, Lon plays a role in processes like motility, DNA replication,
sporulation, and pathogenicity [63, 64]. It has a specific binding site for double-stranded DNA
and proteolytically regulates the activity of some regulatory proteins like RcsA, SulA, the tran-
scriptional activator SoxS, and UmuD [65]. In E. coli and S. enterica, among others, Lon prote-
ase activity has been reported to increase resistance to harsh conditions such as radiation,
nutrient starvation, bacteriophage lysogeny, and thermal, osmotic, and oxidative stresses [63,
66, 67]. As shown in Fig 1, unlike the strains belonging to the genus Sulfurimonas and Ferro-
vum, and Acidihalobacter ferrooxidans V8, which presented a single copy, most strains contain
more than two copies (2-5 copies). It should be noted that psychrotolerant strains At. ferrooxi-
dans PG0O5 and MC2.2 [68], presented up to 4 gene copies, one of which is a truncated form
that lacks the ATPase and proteolytic domains. This truncated form of Lon protease has previ-
ously been shown to be present in other microorganisms and to be active in foldase activity
[69]. On the other hand, no Lon protease gene was detected in representatives of the phylum
Actinomycetota. Recently, [70] showed that in the Alpha-proteobacterium Caulobacter sp., the
lack of the Lon protease can be compensated by a variant of ClpX (named ClpX*). The com-
plex variant ClpPX* degraded Lon substrates and suppressed defective phenotypes. Interest-
ingly, we detected 3 copies of the clpP gene in actinobacterial genomes. Thus, these data
suggest that in Actinomycetota, Lon activity could be potentially replaced by one or more
ClpPX* variants.

In summary, the search for genes that code for proteases in acidophiles shows that they are
widely distributed and that there is a redundancy of proteolytic systems that could be indica-
tive of the importance of proteolytic degradation in the turnover of proteins. This issue could
be especially relevant in organisms that possess hetero- or mixotrophic metabolism, in which
protein degradation is an energetically more feasible option than in their autotrophic counter-
parts where, due to lower intracellular ATP levels, the degradative function could be more
restrictive. The presence of variants could also represent an adaptation that confers more flexi-
bility to the network to respond to multiple environmental challenges.

3. Membrane/periplasmic chaperones or proteases

In neutrophilic microorganisms, the proteostasis of the envelope proteins is carried out by
periplasmic or membrane chaperones and proteases such as HtrA, SurA, Skp, YidC and FtsH.
In extreme acidophiles, the pH of the periplasm lies between 2.5-3.0 [71], meaning that the
proteins of this compartment, including most of the redox proteins related to iron and sulfur
oxidation, carry out their functions under very acidic conditions [72]. Other stressful condi-
tions such as the presence of H,O, and superoxide, and high heavy metal concentrations have
also been reported as having an impact on the components of the cell envelope [73, 74]. Thus,
stability and tolerance to oxidants and low pH are important adaptations of proteins that are
located in the periplasm and cell membrane of acidophiles. The role and nature of the chaper-
ones that protect these proteins in these microorganisms have not yet been addressed.

The chaperone HtrA, also called protease Do, is present in all three domains of life. It is
encoded in multiple copies in eubacteria, suggesting expansion by gene duplication during
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evolution [75]. HtrA has a dual activity, acting as both a chaperone and a protease, so it can
directly degrade or refold unfolded or misfolded proteins through the use of ATP in the peri-
plasm. Its presence and activity are essential for bacterial survival in extreme environments
[76]. This chaperone has been shown to protect the Helicobacter pylori proteome against mul-
tiple stresses such as heat shock, antibiotic treatment, acidic or basic stress, NaCl exposure,
and elevated temperatures, preventing protein denaturation and aggregate formation [76].
Our analysis showed that, with the exception of Ferrithrix thermotolerans DSM19514 and the
neutrophile Sulfurimonas autotrophica DSM16294, the chaperone HtrA is encoded in all the
strains studied showing high redundancy, reaching a maximum of four copies in the Bacillota
strains Alicyclobacillus acidocaldarius subsp. acidocaldarius Tc-4-1 and Alicyclobacillus teng-
chongensis CGMCC1504. Of note is that in genomes of E. coli and other neutrophilic bacteria,
htrA was detected as a single copy (S1 Table). In addition, in all analyzed Bacillota, genes for
chaperones SurA and Skp were not detected, suggesting that the multiple copies of htrA could
compensate for the lack of activity of these chaperones, thus guaranteeing the protection and
functionality of periplasmic proteins (Fig 1).

SurA and Skp are holdase chaperones specialized in the transport of unfolded proteins
from the inner membrane to the outer membrane of Gram-negative bacteria, although it has
been described that they also act as holdase chaperones in the periplasm under stress condi-
tions, and are thus essential for cell survival [9]. SurA mediates the folding of proteins translo-
cated to the periplasm and combines both peptidyl propyl isomerase and chaperone functions.
In neutrophilic bacteria such as E. coli, the periplasmic chaperones HdeA/HdeB are specifi-
cally-activated by acid stress, thus preventing protein aggregation in the periplasm, while the
chaperones SurA and Skp participate only in protein transport [9]. In this study, it was possible
to establish that the chaperones HdeA and HdeB are not encoded in the genome of any of the
strains studied, which could indicate that the chaperones SurA and Skp play a crucial role in
the protection of periplasmic proteins under different types of stress. Interestingly, while skp
was found as a singleton in most genomes of Pseudomonadota and Nitrospirota phyla, surA
was detected in two or three copies (Fig 1). In addition, skp was present in a conserved context
(S1 Fig) in strains from Acidithiobacillia, Beta-Proteobacteria, and M. ferrooxydans, being
clustered with genes for oxidoreductases which could have a role in the maintenance of the
redox status of substrate proteins.

YidC is a transmembrane protein that is involved in the insertion of membrane proteins
into the lipid bilayer in E. coli [77]. Under stressful conditions, it acts as a holdase chaperone
by interacting with hydrophobic domains of unfolded or damaged proteins, so its absence
results in an accumulation of aggregated or misfolded proteins in the cytoplasm and in the
internal membrane. YidC can function as a ribosome receptor that directly accepts membrane
proteins for their subsequent insertion [78]. Here, one copy of the YidC encoding gene was
found in all the studied acidophiles (Fig 1). In most genomes, the gene was located next to
those encoding the ribosomal protein L34 (rmpH), and others like rnpA that encodes the pro-
tein component of ribonuclease P involved in tRNA processing [79] (S1 Fig). Inspection of the
gene context also revealed the presence of a gene that encodes YidD, a membrane protein
potentially involved in the insertion of novel proteins within the membrane [80]. Therefore, as
in other microorganisms, the YidC chaperone seems to have an active role in folding and
insertion of membrane proteins in acidophiles.

Finally, FtsH is a highly-conserved zinc-dependent metalloprotease located in the inner
membrane that belongs to the AAA+ type ATPase family. E. coli FtsH is the best studied of all
known members and has been shown to be the only protease essential for growth and survival
in bacteria. FtsH is involved in the quality control of specific membrane proteins [81], and
plays an important role under heat shock when the bacterial cell has to deal with protein
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aggregation [82]. In our bioinformatic analysis, at least one copy of ftsH was found in all
genomes studied; the strains from Bacillota, Acidiphilium spp., and A. thiooxydans Z] harbored
between 2 and 3 copies (Fig 1).

Summarizing, the data obtained indicate that, with the exception of HdeA/B that were not
detected, acidophiles use canonical periplasmic chaperones or proteases. However, unlike
model neutrophilic bacteria such as E. coli or P. putida, which have a single copy (S1 Table), in
acidophiles, genes htrA, yidC and ftsH were detected in multiple copies likely indicating a high
level of the corresponding chaperone/protease products. This may represent a special adapta-
tion to satisfy the requirements of folding, protection and recycling of proteins in the acid and
oxidant conditions prevailing in the periplasm and external side of the membrane.

4. Stress response chaperones

As mentioned above, acidophiles are usually exposed to conditions like low pH, high oxidative
conditions, high concentration of heavy metals, or high osmolarity, among other extreme fac-
tors. Since these challenges could induce stress, we were interested in evaluating the presence
and distribution of chaperones that are generally involved in stress responses such as heat
shock protein RidA, SlyD, CnoX, and Hsp.

4.1. Holdase chaperones

As environmental stress can lead to the accumulation of ROS and decrease the intracellular
level of ATP, the activity of foldase ATP-dependent chaperones such as GroEL/ES can be
affected. To cope with these stressful conditions and prevent protein aggregation, E. coli
induces the expression of ATP-independent holdase chaperones [19, 35, 83]. These molecular
chaperones are regulated at the transcriptional and/or post-translational level under stress,
which allows them to respond quickly and protect the integrity of the bacterial proteome [2].
Holdase chaperones form a stable complex with damaged proteins, preventing their irrevers-
ible aggregation while the stress persists. Once the unfavorable condition subsides, the chaper-
ones return to their inactive state and release the bound protein, which then folds itself or
requires the activity of foldase chaperones. Although holdase chaperones lack refolding activ-
ity, this mechanism provides a means to prevent the accumulation of misfolded proteins and
to protect the cell against the toxicity associated with protein misfolding.

RidA is a holdase chaperone that specifically responds to oxidative stress by N-chlorination,
preventing protein aggregation [2]. As can be seen in Fig 1, the gene for this chaperone showed
high redundancy in most of the strains, reaching up to a maximum of five copies in Acidical-
dus organivorans DX-1. Figs 2A and S2 Fig (supporting information) show the phylogenetic
relationships of ridA gene copies and highlights the wide distribution of the gene. In addition,
depending on the phylogenetic lineage, it was possible to identify two different gene contexts
(Fig 2B). In Pseudomonadota, ridA is located next to genes spoT for ppGpp synthetase, and
recG for DNA helicase RecG. The ppGpp synthetase catalyzes both the synthesis and degrada-
tion of ppGpp (guanosine 3’-diphosphate 5’-diphosphate) which is an important player in
stress responses and biofilm formation [84]. The ATP-dependent DNA helicase plays a critical
role in recombination and DNA repair [85]. Thus, the context of ridA suggests a coordinated
relationship of the RidA foldase with other proteins related to protection against oxidative
stress or other stressful factors, likely representing an important determinant when faced with
extreme environmental conditions. Although the redundancy of ridA is evident in the acido-
philic strains studied, this gene was also redundant in strains of neutrophilic bacteria, suggest-
ing that its multicopy character is widely distributed, and that it could have an impact on
protein abundance and/or regulation under different conditions.
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https://doi.org/10.1371/journal.pone.0291164.9g002

The chaperone SlyD is a member of the peptidyl-prolyl isomerase (PPIase) family, classified
as an FK506-binding protein (FKBP) [86]. It is structurally composed of the PPIase domain
that catalyzes peptidyl-prolyl cis/trans-isomerization, which accelerates the slow steps in pro-
tein folding, and the C-terminal domain with chaperone activity called IF (insert-in-flap),
which prevents cytosolic protein aggregation [87]. Our results showed that slyD was present
only in acidophilic bacteria belonging to the phylum Pseudomonadota (Fig 1). In the Acid-
ithiobacillia class, it was present in just one copy. However, in other Pseudomonadota, genetic
redundancy was detected, such as the case of Ferrovum sp. JA12 (2 copies), and A. thiooxydans
Z] (3 copies). Interestingly, slyD was not found in members of the Alphaproteobacteria class,
all of which are classified as heterotrophs. In the genus Acidithiobacillus, slyD was neighbor to
genes coding for enzymes with predicted nuclease, kinase and ferrochelatase activities, while
in the microaerophilic neutrophilic iron-oxidizer M. ferrooxydans all four copies presented dif-
ferent gene contexts, two of which were close to classic chaperones MsrAB and DnaK/J/GrpE,
respectively (Fig 3). Since SlyD accelerates protein folding and shortens the lifespan of protein
intermediates [88], its marked gene redundancy in strict autotrophs could contribute to the
efficient folding of novel, unfolded or misfolded proteins, therefore favoring a rapid and less
energy-consuming response of the proteome under environmental challenges.

In oxidative stress, cysteine and methionine residues of proteins can be oxidized, which can
lead to protein inactivation or misfolding. Therefore, in addition to chaperones, the oxidore-
ductase enzymes contribute to proteostasis by rescuing redox-sensitive residues from oxida-
tion [20]. In this sense, CnoX (YbbN) oxidoreductase is a multidomain protein that contains a
Trx domain in the N-terminal (12 kDa), and a tetratricopeptide repeat (TPR) domain in the
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C-terminal portion (20 kDa). The Trx domain consists of four stranded beta-sheets flanked by
three alpha-helices, and the redox-active CXXC motif, which is involved in the reduction of
oxidized thiols in proteins, whilst the TPR domain consists of 3 to 16 repeated regions that
provide a concave groove for protein-protein interactions and protein folding processes. It has
been reported that CnoX-deficient strains are sensitive to heat stress [89]. More recently,
CnoX was described as a key protein in the bacterial response to hypochlorous acid (HOCI) in
E. coli [35]. Therefore, CnoX has a dual function that prevents irreversible protein aggregation
and protects cellular proteins from hyperoxidation. After stress, CnoX transfers its substrates
to DnaK/J/E and GroEL/ES for refolding, so CnoX is the only known holdase to date that
directly cooperates with the essential GroEL/ES machinery. In this study, our results showed
that all strains studied belonging to the Acidithiobacillia and Alpha-Proteobacteria classes, and
Nitrospirota and Actinomycetota phyla had a single copy of cnoX (Fig 1; Fig 4A). In Pseudo-
monadota, cnoX was detected in the same gene context as the gene for the protease HtrA (Fig
4). As previously reported [90], in representatives of the Nitrospirota class, a gene for a shorter
CnoX-like protein that conserves the Trx fold domain was found adjacent to genes coding for
GroES/EL and a protease.
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leucine tRNA ligase; ptr: phosphotransferase; folP: dihydropteroate synthase; tra: transferase; akr: aldo-keto reductase; ntrY: nitrogen regulation protein; pol:
DNA polymerase; oprB: carbohydrate porin; ybbP: uncharacterized ABC transporter permease; ybbA: putative ABC transporter ATP-binding protein; ybbO:
uncharacterized oxidoreductase; fetB: probable iron export permease; fetA: putative iron ABC exporter ATP-binding; htrA: serine protease; xerD: site-specific
tyrosine recombinase; do: protease; crpA: protease; groES: chaperone GroES; groEL: chaperone GroEL; tfp2: thioredoxin-fold protein 2; recN: DNA repair
protein. Phylogenetic analysis was performed by maximum likelihood algorithm as indicated in Methods.

https://doi.org/10.1371/journal.pone.0291164.9004

4.2. Small heat shock protein (sHsp)

The sHsps are low-molecular-weight holdase chaperones, ranging from 12 to 43 kDa that were
initially described as heat shock proteins [91]. However, it is currently known that they can
have a protective role against a variety of stressful environmental conditions in both eukaryotic
and prokaryotic cells [91, 92]. Some examples of the most studied Hsps in prokaryotes are
Hsp20, Hsp31, Hsp33, and Spy [93-96].

The chaperones Hsp31 and Hsp33 play a major role in the oxidative stress response in E. coli,
preventing protein aggregation [2]. Hsp31 is also involved against acid stress [10]. As shown in
Fig 1 and Fig 5A, the genes of both chaperones were present as single copies in the genome of
most Pseudomonadota. The Hsp33 encoding gene was also detected in Bacillota. In members of
the genus Acidithiobacillus, and A. ferrooxydans V8, the gene for Hsp31 was found in the same
context as genes for the ClpA protease and the Clp protease adaptor ClpS [57] (Fig 5B).

The Hsp20 chaperone is constitutively active and forms stable complexes with its substrates
under stress conditions [97]. In vitro experiments have shown the ability of this protein to sup-
press protein aggregation at elevated temperatures in Deinococcus radiodurans [97]. In E. coli,
Hsp20 suppressed inactivation of several enzymes by heat, ROS, and freeze-thaw [98, 99]. In
bacteria, the gene that encodes Hsp20 is under the control of RpoH or RpoS, which are master
regulators of heat shock and general stress responses, respectively [99, 100]. In Azotobacter
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https://doi.org/10.1371/journal.pone.0291164.g005

vinelandii, Hsp20 is also involved in desiccation resistance [100]. In our analysis, Hsp20-en-
coding genes are widely-distributed and highly-redundant. The gene was present in most acid-
ophiles with an average of 2 copies per genome, reaching a maximum of 4 copies per genome.
Exceptions that did not contain hsp20 were Acidithiobacillus ferrivorans SS3, Ferrovum spp.,
and S. acidophilus TPY. In members of the Acidithiobacillus genus, three non-identical hsp20
gene copies were detected (hsp20.1, hsp20.2, and hsp20.3). The hsp20.1 and hsp20.3 genes were
also identified in representative genomes of the Nitrospiria class. These copies clustered into
three discrete groups (named I, IT and III) (Figs 6A and S3 Fig). Additionally, in different
genomes, each copy presented a highly conserved and particular gene context. The hsp20.1
was adjacent to a gene for an alcohol dehydrogenase with a GroES domain (Fig 6B), hsp20.2
was close to genes encoding HtrA or YidC proteases, and hsp20.3 was next to a gene coding
for a Lon protease. The high redundancy of hsp20 suggests that this holdase chaperone plays a
pivotal role in protein protection and cell proteostasis in acidophiles. The proximity of hsp20
to protease encoding genes suggests a coordinated regulation of gene expression, and thus
likely of the activities of the corresponding proteins.

Conclusions

The genomic study of the proteostasis machinery involving folding, repair, disaggregation,
proteolysis and degradation of proteins revealed that acidophiles use widely distributed
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https://doi.org/10.1371/journal.pone.0291164.9006

canonical systems (Fig 7). The encoding genes were found to be broadly dispersed in Pseudo-
monadota, Nitrospirota, and Acidobacteriota. A remarkable feature of acidophilic bacteria was
the redundancy of genes for certain systems including, for example, the protease Lon and the
chaperone Dna]J. Also, the gene encoding the periplasmic chaperone/protease HtrA and chap-
erone SurA showed a redundancy which is likely necessary to confer protection to proteins
and to ensure the degradation of mis/un-folded proteins in the harsh conditions that persist in
the periplasm. Furthermore, the redundancy of genes for holdase chaperones Hsp20 and RidA
may represent an adaptive strategy to protect proteins and to avoid their aggregation under
low-ATP conditions. Bacillota and Actinomycetota also showed additional gene redundancy
for the protease ClpP, the chaperone GroES, GroEL, and the holdase FtsH while other systems
like protease ClpA, chaperones CbpA, DjlA and HtpG, and holdases Skp, SurA, Hsp31 and
SlyD were absent. It is also noticeable that genes for holdase chaperones in acidophiles were
clustered with genes encoding proteases suggesting a coordinated regulation of activities
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https://doi.org/10.1371/journal.pone.0291164.9007

related to protein protection and degradation, thus avoiding accumulation and toxicity of
unfolded proteins. The copies of hsp20 and ridA genes were non-identical, and present in dif-
ferent genetic contexts suggesting their functional differentiation that could significantly con-
tribute to providing a higher flexibility of responses to various environmental challenges. In
this way, in our study the holdases Hsp20 and RidA arose as important candidates of tolerance
in acidophilic microorganisms. In addition, the presence of atypical protein variants of mem-
bers of this system, such as those detected for MsrA and ClpPX could confer additional capa-
bilities to the proteostasis network in those microorganisms that contain them. The findings of
this study provide the first clue about the diversity and abundance of genes related to the pro-
teostasis network in acidophilic bacteria and raise questions and perspectives about the func-
tionality and relevance of these elements in order to thrive in extreme acidic environments.
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S1 Fig. Conserved gene contexts of different chaperones and proteases.
(TIF)

S2 Fig. Phylogenetic tree of RidA in acidophiles by maximum likelihood method.
(PDF)

S3 Fig. Phylogenetic tree of Hsp20 in acidophiles by maximum likelihood method.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0291164  September 8, 2023 16/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291164.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291164.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291164.s003
https://doi.org/10.1371/journal.pone.0291164.g007
https://doi.org/10.1371/journal.pone.0291164

PLOS ONE

Predicted proteostasis network in acidophiles

S1 Table. Accession numbers of predicted proteins involved in the proteostasis network in
acidophiles.
(XLSX)

Author Contributions

Conceptualization: Claudia Mufioz-Villagran, Omar Orellana, Gloria Levican.
Formal analysis: Katherin Izquierdo-Fiallo, Claudia Mufioz-Villagran, Rachid Sjoberg.
Investigation: Katherin Izquierdo-Fiallo, Claudia Mufioz-Villagran.

Methodology: Katherin Izquierdo-Fiallo, Claudia Mufioz-Villagran, Gloria Levican.
Writing - original draft: Katherin Izquierdo-Fiallo, Claudia Mufioz-Villagran.

Writing - review & editing: Omar Orellana, Gloria Levican.

References

1. Santra M, Farrell DW, Dill KA. Bacterial proteostasis balances energy and chaperone utilization effi-
ciently. PNAS 2017; 114(13):E2654—E2661. https://doi.org/10.1073/pnas.1620646114 PMID:
28292901

2. Voth W, Jakob U. Stress-activated chaperones: a first line of defense. Trends Biochem Sci. 2017; 42
(11):899-913. https://doi.org/10.1016/j.tibs.2017.08.006 PMID: 28893460

3. KimH, WuK, Lee C. Stress-Responsive Periplasmic Chaperones in Bacteria. Front Mol Biosci. 2021;
8:678697. https://doi.org/10.3389/fmolb.2021.678697 PMID: 34046432

4. Aussel L, Ezraty B. Methionine redox homeostasis in protein quality control. Front Mol Biosci. 2021;
8:665492. https://doi.org/10.3389/fmolb.2021.665492 PMID: 33928125

5. Castanié-Cornet MP, Bruel N, Genevaux P. Chaperone networking facilitates protein targeting to the
bacterial cytoplasmic membrane. BBA 2014; 1843(8):1442—-1456. https://doi.org/10.1016/j.bbamcr.
2013.11.007 PMID: 24269840

6. Pérez M, Paillavil B, Rivera-Araya J, Mufioz-Villagran C, Chavez R, Levican G. Insights into systems
for iron-sulfur cluster biosynthesis in acidophilic microorganisms. J Microbiol Biotechnol. 2022; 32
(9):1-10.

7. Dupuy E, Collet JF. Fort CnoX: Protecting bacterial proteins from misfolding and oxidative damage.
Front Mol Biosci. 2021; 8:681932. https://doi.org/10.3389/fmolb.2021.681932 PMID: 34017858

8. LiDC, YangF, LuB, Chen DF, Yang WJ. Thermotolerance and molecular chaperone function of the
small heat shock protein HSP20 from hyperthermophilic archaeon, Sulfolobus solfataricus P2. Cell
Stress Chaperones. 2012; 17(1):103-108.

9. Mas G, Thoma J, Hiller S. The periplasmic chaperones Skp and SurA. Subcell Biochem. 2019;
92:169-186. https://doi.org/10.1007/978-3-030-18768-2_6 PMID: 31214987

10. KimJ, ChoiD, Cha SY, Oh YM, Hwang E, Park C, et al. Zinc-mediated reversible multimerization of
Hsp31 enhances the activity of holding chaperone. J Mol Biol. 2018; 430(12):1760-1772. https://doi.
0rg/10.1016/j.jmb.2018.04.029 PMID: 29709570

11.  Bouchnak |, van Wijk KJ. Structure, function, and substrates of Clp AAA+ protease systems in cyano-
bacteria, plastids, and apicoplasts: a comparative analysis. J Biol Chem. 2021; 296:100338.

12. Fauvet B, Renaud ME, Tiwari S, de los Rios P, Goloubinoff P. Repair or degrade: the termodynamic
dilemma of cellular quality-control. Front Mol Biosci. 2021; 8:768888.

13. XueRY, Liu C, Xiao QT, Sun S, Zou QM, Li HB. HtrA family proteases of bacterial pathogens: pros
and cons for their therapeutic use. Clin Microbiol Infect. 2021; 27(4):559-564. https://doi.org/10.1016/
j.cmi.2020.12.017 PMID: 33359376

14. Pareek G, Pallanck LJ. Inactivation of Lon protease reveals a link between mitochondrial unfolded pro-
tein stress and mitochondrial translation inhibition. Cell Death Dis. 2018; 9(12):1168. https://doi.org/
10.1038/s41419-018-1213-6 PMID: 30518747

15. SongX, Lv T, Chen J, Wang J, Yao L. Characterization of residue specific protein folding and unfolding
dynamics in cells. J Am Chem Soc. 2019; 141(29): 11363—11366. https://doi.org/10.1021/jacs.
9b04435 PMID: 31305080

PLOS ONE | https://doi.org/10.1371/journal.pone.0291164  September 8, 2023 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291164.s004
https://doi.org/10.1073/pnas.1620646114
http://www.ncbi.nlm.nih.gov/pubmed/28292901
https://doi.org/10.1016/j.tibs.2017.08.006
http://www.ncbi.nlm.nih.gov/pubmed/28893460
https://doi.org/10.3389/fmolb.2021.678697
http://www.ncbi.nlm.nih.gov/pubmed/34046432
https://doi.org/10.3389/fmolb.2021.665492
http://www.ncbi.nlm.nih.gov/pubmed/33928125
https://doi.org/10.1016/j.bbamcr.2013.11.007
https://doi.org/10.1016/j.bbamcr.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24269840
https://doi.org/10.3389/fmolb.2021.681932
http://www.ncbi.nlm.nih.gov/pubmed/34017858
https://doi.org/10.1007/978-3-030-18768-2%5F6
http://www.ncbi.nlm.nih.gov/pubmed/31214987
https://doi.org/10.1016/j.jmb.2018.04.029
https://doi.org/10.1016/j.jmb.2018.04.029
http://www.ncbi.nlm.nih.gov/pubmed/29709570
https://doi.org/10.1016/j.cmi.2020.12.017
https://doi.org/10.1016/j.cmi.2020.12.017
http://www.ncbi.nlm.nih.gov/pubmed/33359376
https://doi.org/10.1038/s41419-018-1213-6
https://doi.org/10.1038/s41419-018-1213-6
http://www.ncbi.nlm.nih.gov/pubmed/30518747
https://doi.org/10.1021/jacs.9b04435
https://doi.org/10.1021/jacs.9b04435
http://www.ncbi.nlm.nih.gov/pubmed/31305080
https://doi.org/10.1371/journal.pone.0291164

PLOS ONE

Predicted proteostasis network in acidophiles

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Grimshaw JP, Jelesarov |, Schonfeld HJ, Christen P. Reversible thermal transition in GrpE, the nucle-
otide exchange factor of the DnaK heat-shock system. J Biol Chem. 2001; 276(9):6098—6104. https://
doi.org/10.1074/jbc.M009290200 PMID: 11084044

Winter J, Linke K, Jatzek A, Jakob U. Severe oxidative stress causes the inactivation of DnaK and acti-
vation of the redox-regulated chaperone Hsp33. Mol Cell. 2005; 17(3):381-392.

Rimon O, Suss O, Goldenberg M, Fassler R, Yogev O, Amartely H, et al. A role of metastable regions
and their connectivity in the inactivation of a redox-regulated chaperone and its inter-chaperone cross-
talk. Antioxid Redox Signal. 2017; 27(15): 1252—-1267. https://doi.org/10.1089/ars.2016.6900 PMID:
28394178

Fassler R, Edinger N, Rimon O, Reichmann D. Defining Hsp33'’s redox-regulated chaperone activity
and mapping conformational changes on hsp33 using hydrogen-deuterium exchange mass spectrom-
etry. J Vis Exp. 2018;(136): 57806. https://doi.org/10.3791/57806 PMID: 29939186

Dahl JU, Gray MJ, Jakob U. Protein quality control under oxidative stress conditions. J Mol Biol. 2015;
427(7):1549-1563. https://doi.org/10.1016/j.jmb.2015.02.014 PMID: 25698115

Matarredona L, Camacho M, Zafrilla B, Bonete MJ, Esclapez J. The role of stress proteins in haloarch-
aea and their adaptive response to environmental shifts. Biomolecules. 2020; 10(10):1390. https://
doi.org/10.3390/biom10101390 PMID: 33003558

Niu H, Yang Mingzhe, Qi Y, Liu Y, Wang X, Dong Q. Heat shock in Cronobacter sakazakiiinduces
direct protection and cross-protection against simulated gastric fluid stress. Food Microbiol. 2022;
103:103948.

Zuily L, Lahrach N, Fassler R, Genest O, Faller P, Sénéque O, et al. Copper induces protein aggrega-
tion, a toxic process compensated by molecular chaperones. mBio. 2022; 13(2):e0325121. https://
doi.org/10.1128/mbio.03251-21 PMID: 35289645

Nitschke W, Bonnefoy V. Energy acquisition in low pH environments. Quatrini R, Johnson DB, editors.
Acidophiles: Life in extremely acidic environments. Norfolk, UK: Caister Academic Press; 2016. pp
19-48.

Vera M, Schippers A, Hedrich S, Sand W. Progress in bioleaching: fundamentals and mechanisms of
microbial metal sulfide oxidation—part A. Appl Microbiol Biotechnol. 2022; 106(21):6933-6952.
https://doi.org/10.1007/s00253-022-12168-7 PMID: 36194263

Hedrich S, Schippers A. Distribution of acidophilic microorganisms in natural and man-made acidic
environments. Curr Issues Mol Biol. 2021; 40:25-48. https://doi.org/10.21775/cimb.040.025 PMID:
32159522

Almarcegui RJ, Navarro CA, Paradela A, Albar JP, Von Bernath D, Jerez CA. New copper resistance
determinants in the extremophile Acidithiobacillus ferrooxidans: a quantitative proteomic analysis. J
Proteome Res. 2014; 13:946-960.

Mosier AC, Li Z, Thomas BC, Hettich RL, Pan C, Banfield JF. Elevated temperature alters the proteo-
mic responses of individual organisms within a biofilm community. ISME J. 2015; 9(1):180-94.

Shiers DW, Collinson DM, Watling HR. Life in heaps: A review of microbial responses to variable acid-
ity in sulfide mineral bioleaching heaps for metal extraction. Res Microbiol. 2016; 167(7):576-586.
https://doi.org/10.1016/j.resmic.2016.05.007 PMID: 27283362

Johnson DB, Hallberg KB. Carbon, iron and sulfur metabolism in acidophilic microorganisms. Adv
Microb Physiol. 2009; 54:201-255. https://doi.org/10.1016/S0065-2911(08)00003-9 PMID: 18929069

Johnson DB, Kanao T, Hedrich S. Redox transformations of iron at extremely low pH: Fundamental
and applied aspects. Front Microbiol. 2012; 3:96. https://doi.org/10.3389/fmicb.2012.00096 PMID:
22438853

Madigan MT, Martinko JM, Stahl D. Brock. Biology of microorganisms. 13th edition. San Francisco,
USA: Benjamin Cummings Publishing Company; 2012.

Tamura K, Stecher G, Kumar S. MEGA11: Molecular evolutionary genetics analysis version 11. Mol
Biol Evol. 2021; 38(7):3022—-3027. https://doi.org/10.1093/molbev/msab120 PMID: 33892491

Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ. Jalview Version 2—a multiple
sequence alignment editor and analysis workbench. Bioinformatics. 2009; 25(9):1189—1191. https:/
doi.org/10.1093/bioinformatics/btp033 PMID: 19151095

Goemans CV, Vertommen D, Agrebi R, Collet JF. CnoX is a chaperedoxin: A holdase that protects its
substrates from irreversible oxidation. Mol Cell. 2018. 70(4):614—627. https://doi.org/10.1016/.
molcel.2018.04.002 PMID: 29754824

Mayer MP, Bukau B. Hsp70 chaperones: cellular functions and molecular mechanism. Cell Mol Life
Sci. 2005; 62(6):670-684. https://doi.org/10.1007/s00018-004-4464-6 PMID: 15770419

Upadhyay T, Potteth US, Karekar VV, Saraogi |. Stutter in the coiled-coil domain of escherichia coli
co-chaperone grpe connects structure with function. Biochemistry. 2021; 60(17):1356—1367.

PLOS ONE | https://doi.org/10.1371/journal.pone.0291164  September 8, 2023 18/21


https://doi.org/10.1074/jbc.M009290200
https://doi.org/10.1074/jbc.M009290200
http://www.ncbi.nlm.nih.gov/pubmed/11084044
https://doi.org/10.1089/ars.2016.6900
http://www.ncbi.nlm.nih.gov/pubmed/28394178
https://doi.org/10.3791/57806
http://www.ncbi.nlm.nih.gov/pubmed/29939186
https://doi.org/10.1016/j.jmb.2015.02.014
http://www.ncbi.nlm.nih.gov/pubmed/25698115
https://doi.org/10.3390/biom10101390
https://doi.org/10.3390/biom10101390
http://www.ncbi.nlm.nih.gov/pubmed/33003558
https://doi.org/10.1128/mbio.03251-21
https://doi.org/10.1128/mbio.03251-21
http://www.ncbi.nlm.nih.gov/pubmed/35289645
https://doi.org/10.1007/s00253-022-12168-7
http://www.ncbi.nlm.nih.gov/pubmed/36194263
https://doi.org/10.21775/cimb.040.025
http://www.ncbi.nlm.nih.gov/pubmed/32159522
https://doi.org/10.1016/j.resmic.2016.05.007
http://www.ncbi.nlm.nih.gov/pubmed/27283362
https://doi.org/10.1016/S0065-2911%2808%2900003-9
http://www.ncbi.nlm.nih.gov/pubmed/18929069
https://doi.org/10.3389/fmicb.2012.00096
http://www.ncbi.nlm.nih.gov/pubmed/22438853
https://doi.org/10.1093/molbev/msab120
http://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1093/bioinformatics/btp033
http://www.ncbi.nlm.nih.gov/pubmed/19151095
https://doi.org/10.1016/j.molcel.2018.04.002
https://doi.org/10.1016/j.molcel.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29754824
https://doi.org/10.1007/s00018-004-4464-6
http://www.ncbi.nlm.nih.gov/pubmed/15770419
https://doi.org/10.1371/journal.pone.0291164

PLOS ONE

Predicted proteostasis network in acidophiles

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Tomoyasu T, Tsuruno K, Tanatsugu R, Miyazaki A, Kondo H, Tabata A, et al. Recognizability of heter-
ologous co-chaperones with Streptococcus intermedius DnaK and Escherichia coliDnaK. Microbiol
Immunol. 2018; 62(11): 681-693.

Selby K, Lindstrém M, Somervuo P, Heap JT, Minton NP, Korkeala H. Important role of class | heat
shock genes hrcA and dnaKin the heat shock response and the response to pH and NaCl stress of
group | Clostridium botulinum strain ATCC 3502. Appl Environ Microbiol. 2011; 77(9):2823-2830.

Kedzierska-Mieszkowska S, Arent Z. AAA+ Molecular chaperone ClpB in Leptospira interrogans: its
role and significance in leptospiral virulence and pathogenesis of leptospirosis. Int J Mol Sci. 2020; 21
(18): 6645.

Lee S, Sowa ME, Watanabe YH, Sigler PB, Chiu W, Yoshida M, et al. The structure of ClpB: A molecu-
lar chaperone that rescues proteins from an aggregated state. Cell. 2003; 115(2):229-240. hitps://
doi.org/10.1016/s0092-8674(03)00807-9 PMID: 14567920

Yébenes H, Mesa P, Mufioz IG, Montoya G, Valpuesta JM. Chaperonins: two rings for folding. Trends
Biochem Sci. 2011; 36(8):424—432. https://doi.org/10.1016/j.tibs.2011.05.003 PMID: 21723731

Kerner MJ, Naylor DJ, Ishihama Y, Maier T, Chang HC, Stines AP, et al. Proteome-wide analysis of
chaperonin-dependent protein folding in Escherichia coli. Cell. 2005; 122(2):209-220.

Lund PA. Multiple chaperonins in bacteria—why so many? FEMS Microbiol Rev. 2009; 33(4):785-800.
https://doi.org/10.1111/j.1574-6976.2009.00178.x PMID: 19416363

Wickner S, Nguyen TL, Genest O. The bacterial Hsp90 chaperone: cellular functions and mechanism
of action. Annu Rev Microbiol. 2021; 75:719-739. https://doi.org/10.1146/annurev-micro-032421-
035644 PMID: 34375543

Grudniak AM, Markowska K, Wolska K. Interactions of Escherichia colimolecular chaperone HtpG
with DnaA replication initiator DNA. Cell Stress Chaperones. 2015; 20(6):951-957.

Dang W, Hu YH, Sun L. HtpG is involved in the pathogenesis of Edwardsiella tarda. Vet Microbiol.
2011; 152(3—4):394—-400.

Genest O, Wickner S, Doyle SM. Hsp90 and Hsp70 chaperones: Collaborators in protein remodeling.
J Biol Chem. 2019; 294(6):2109—2120. https://doi.org/10.1074/jbc.REV118.002806 PMID: 30401745

SuoY, Luo S, Zhang Y, Liao Z, Wang J. Enhanced butyric acid tolerance and production by Class |
heat shock protein-overproducing Clostridium tyrobutyricum ATCC 25755. J Ind Microbiol Biotechnol.
2017; 44(8):1145-1156.

Lo HF, Chen BE, Lin MG, Chi MC, Wang TF, Lin LL. Gene expression and molecular characterization
of a chaperone protein HtpG from Bacillus licheniformis. Int J Biol Macromol. 2016; 85:179—191.

Millson SH, Chua CS, Roe SM, Polier S, Solovieva S, Pearl LH, et al. Features of the Streptomyces
hygroscopicus HtpG reveal how partial geldanamycin resistance can arise with mutation to the ATP
binding pocket of a eukaryotic Hsp90. FASEB J. 2011; 25(11):3828-3837.

Boschi-Muller S. Molecular mechanisms of the methionine sulfoxide reductase system from Neisseria
meningitidis. Antioxidants. 2018; 7(10):131.

Olry A, Boschi-Muller S, Marraud M, Sanglier-Cianferani S, Van Dorsselear A, Branlant G. Characteri-
zation of the methionine sulfoxide reductase activities of PILB, a probable virulence factor from Neis-
seria meningitidis. J Biol Chem. 2002; 277:12016—-12022.

Deuerling E, Gamerdinger M, Kreft SG. Chaperone interactions at the ribosome. Cold Spring Harb
Perspect Biol. 2019; 11(11): a033977. https://doi.org/10.1101/cshperspect.a033977 PMID:
30833456

Liao JH, Lin YC, Hsu J, Lee AY, Chen TA, Hsu CH, et al. Binding and cleavage of E. coliHUbeta by
the E. coliLon protease. Biophys J. 2010; 98(1):129-137.

Stull F, Betton JM, Bardwell JCA. Periplasmic chaperones and prolyl isomerases. EcoSal Plus. 2018;
8(1). https://doi.org/10.1128/ecosalplus.ESP-0005-2018 PMID: 29988001

Nishimura KN, van Wijk KJ. Organization, function, and substrates of the essential Clp protease sys-
tem in plastids. Biochim Biophys Acta. 2015; 1847(9): 915-930. https://doi.org/10.1016/j.bbabio.
2014.11.012 PMID: 25482260

Kim L, Lee BG, Kim M, Kim MK, Kwon DH, Kim H, et al. Structural insights into CIpP protease side exit
pore-opening by a pH drop coupled with substrate hydrolysis. EMBO J. 2022; 41(13):e109755 https://
doi.org/10.15252/embj.2021109755 PMID: 35593068

LaBreck CJ, May S, Viola MG, Conti J, Camberg JL. The protein chaperone ClpX targets native and
non-native aggregated substrates for remodeling, disassembly, and degradation with ClpP. Front Mol
Biosci. 2017; 4:26. https://doi.org/10.3389/fmolb.2017.00026 PMID: 28523271

lligmann A, Thoma Y, Pan S, Reinhardt L, Brétz-Oesterhelt H. Contribution of the Clp protease to bac-
terial survival and mitochondrial homeostasis. Microb Physiol. 2021; 31(3):260-279.

PLOS ONE | https://doi.org/10.1371/journal.pone.0291164  September 8, 2023 19/21


https://doi.org/10.1016/s0092-8674%2803%2900807-9
https://doi.org/10.1016/s0092-8674%2803%2900807-9
http://www.ncbi.nlm.nih.gov/pubmed/14567920
https://doi.org/10.1016/j.tibs.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21723731
https://doi.org/10.1111/j.1574-6976.2009.00178.x
http://www.ncbi.nlm.nih.gov/pubmed/19416363
https://doi.org/10.1146/annurev-micro-032421-035644
https://doi.org/10.1146/annurev-micro-032421-035644
http://www.ncbi.nlm.nih.gov/pubmed/34375543
https://doi.org/10.1074/jbc.REV118.002806
http://www.ncbi.nlm.nih.gov/pubmed/30401745
https://doi.org/10.1101/cshperspect.a033977
http://www.ncbi.nlm.nih.gov/pubmed/30833456
https://doi.org/10.1128/ecosalplus.ESP-0005-2018
http://www.ncbi.nlm.nih.gov/pubmed/29988001
https://doi.org/10.1016/j.bbabio.2014.11.012
https://doi.org/10.1016/j.bbabio.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25482260
https://doi.org/10.15252/embj.2021109755
https://doi.org/10.15252/embj.2021109755
http://www.ncbi.nlm.nih.gov/pubmed/35593068
https://doi.org/10.3389/fmolb.2017.00026
http://www.ncbi.nlm.nih.gov/pubmed/28523271
https://doi.org/10.1371/journal.pone.0291164

PLOS ONE

Predicted proteostasis network in acidophiles

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Simmons LA, Grossman AD, Walker GC. Clp and Lon proteases occupy distinct subcellular positions
in Bacillus subtilis. J Bacteriol. 2008; 190(20):6758—6768.

Maurizi MR. Proteases and protein degradation in Escherichia coli. Cell. Mol. Life Sci. 1992; 48:178—
201.

Figaj D, Czaplewska P, Przepiora T, Ambroziak P, Potrykus M, Skorko-Glonek J. Lon protease is
important for growth under stressful conditions and pathogenicity of the phytopathogen, bacterium
Dickeya solani. Int J Mol Sci. 2020; 21(10):3687.

Tsilibaris V, Maenhaut-Michel G, Van Melderen L. Biological roles of the Lon ATP-dependent prote-
ase. Res Microbiol. 2006; 157(8):701-713. https://doi.org/10.1016/j.resmic.2006.05.004 PMID:
16854568

Ebel W, Skinner MM, Dierksen KP, Scott JM, Trempy JE. A conserved domain in Escherichia coliL.on
protease is involved in substrate discriminator activity. J Bacteriol. 1999; 181(7):2236—2243.

Takaya A, Suzuki M, Matsui H, Tomoyasu T, Sashinami H, Nakane A, et al. Lon, a stress-induced
ATP-dependent protease, is critically important for systemic Salmonella enterica serovar Typhimurium
infection of mice. Infect Immun. 2003; 71(2):690-696.

Xie F, LiG, Zhang Y, ZhouL, Liu S, Liu S, et al. The Lon protease homologue LonA, not LonC, contrib-
utes to the stress tolerance and biofilm formation of Actinobacillus pleuropneumoniae. Microb Pathog.
2016; 93:38—43.

Murioz-Villagran C, Grossolli-Galvez J, Acevedo-Arbunic J, Valenzuela X, Ferrer A, Diez B, et al.
Characterization and genomic analysis of two novel psychrotolerant Acidithiobacillus ferrooxidans
strains from polar and subpolar environments. Front Microbiol. 2022; 13:960324.

Gustchina A, Li M, Andrianova AG, Kudzhaev AM, Lountos GT, Sekula B, et al. Unique structural fold
of LonBA protease from Bacillus subtilis, a member of a newly identified subfamily of Lon proteases.
Int J Mol Sci. 2022; 23(19):11425.

Mahmoud SA, Aldikacti B, Chien P. ATP hydrolysis tunes specificity of a AAA+ protease. Cell Rep.
2022; 40(12):111405. https://doi.org/10.1016/j.celrep.2022.111405 PMID: 36130509

Chi A, Valenzuela L, Beard S, Mackey AL, Shabanowitz J, Hunt DF, et al. Periplasmatic proteins of the
extremophile Acidithiobacillus ferrooxidans: a high throughput proteomics analysis. Mol Cell Proteo-
mics. 2007; 6(12):2239-2251.

Quatrini R, Appia-Ayme C, Denis Y, Jedlicki E, Holmes DS, Bonnefoy V. Extending the models for iron
and sulfur oxidation in the extreme acidophile Acidithiobacillus ferrooxidans. BMC Genomics. 2009;
10:394.

Navarro CA., von Bernath D, Jerez CA. Heavy metal resistance strategies of acidophilic bacteria and
their acquisition: importance for biomining and bioremediation. Biol Res. 2013; 46(4):363—-371. https://
doi.org/10.4067/S0716-97602013000400008 PMID: 24510139

Zapata C, Paillavil B, Chavez R, Alamos P, Levican G. Cytochrome ¢ peroxidase (CcP) is a molecular
determinant of the oxidative stress response in the extreme acidophilic Leptospirillum sp. CF-1. FEMS
Microbiol Ecol. 2017; 93(3):fix001.

Muley VY, Galande S. PDZ domains across microbial world: molecular link to the proteases, stress
response and protein synthesis. Genome Biol Evol. 2019; 11(3):644-59.

Zarzecka U, Modrak-Wdjcik A, Figaj D, Apanowicz M, Lesner A, Bzowska A, et al. Properties of HtrA
protease from bacterium Helicobacter pyloriwhose activity is indispensable for growth under stress
conditions. Front Microbiol. 2019; 10:961.

Zhu L, Kaback HR, Dalbey RE. YidC protein, a molecular chaperone for LacY protein folding via the
SecYEG protein machinery. JBC. 2013; 288(39):28180-28194. https://doi.org/10.1074/jbc.M113.
491613 PMID: 23928306

Dalbey RE, Kuhn A, Zhu L, Kiefer D. The membrane insertase YidC. Biochim Biophys Acta. 2014;
1843(8):1489—-1496. https://doi.org/10.1016/j.bbamcr.2013.12.022 PMID: 24418623

Kedrov A, Wickles S, Crevenna AH, van der Sluis EO, Buschauer R, Berninghausen O, et al. Struc-
tural dynamics of the Yidc:ribosome complex during membrane protein biogenesis. Cell Rep. 2016;
17(11):2943-2954. https://doi.org/10.1016/j.celrep.2016.11.059 PMID: 27974208

Yu Z, Lavén M, Klepsch M, de Gier JW, Bitter W, van Ulsen P, et al. Role for Escherichia coliYidD in
membrane protein insertion. J Bacteriol. 2011; 193(19):5242-5251.

Akiyama Y. Quality control of cytoplasmic membrane proteins in Escherichia coli. J Biochem. 2009;
146(4):449-454.

Langklotz S, Baumann U, Narberhaus F. Structure and function of the bacterial AAA protease FtsH.
BBA. 2012; 1823(1):40-48. https://doi.org/10.1016/j.bbamcr.2011.08.015 PMID: 21925212

PLOS ONE | https://doi.org/10.1371/journal.pone.0291164  September 8, 2023 20/21


https://doi.org/10.1016/j.resmic.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16854568
https://doi.org/10.1016/j.celrep.2022.111405
http://www.ncbi.nlm.nih.gov/pubmed/36130509
https://doi.org/10.4067/S0716-97602013000400008
https://doi.org/10.4067/S0716-97602013000400008
http://www.ncbi.nlm.nih.gov/pubmed/24510139
https://doi.org/10.1074/jbc.M113.491613
https://doi.org/10.1074/jbc.M113.491613
http://www.ncbi.nlm.nih.gov/pubmed/23928306
https://doi.org/10.1016/j.bbamcr.2013.12.022
http://www.ncbi.nlm.nih.gov/pubmed/24418623
https://doi.org/10.1016/j.celrep.2016.11.059
http://www.ncbi.nlm.nih.gov/pubmed/27974208
https://doi.org/10.1016/j.bbamcr.2011.08.015
http://www.ncbi.nlm.nih.gov/pubmed/21925212
https://doi.org/10.1371/journal.pone.0291164

PLOS ONE

Predicted proteostasis network in acidophiles

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

Thoma J, Burmann BM, Hiller S, Mller DJ. Impact of holdase chaperones Skp and SurA on the folding
of B-barrel outer-membrane proteins. Nat Struct Mol Biol. 2015; 22(10):795-802.

Edwards AN, Patterson-Fortin LM, Vakulskas CA, Mercante JW, Potrykus K, Vinella D, et alCircuitry
linking the Csr and stringent response global regulatory systems. Mol Microbiol. 2011; 80(6):1561—
1580.

Upton AL, Grove JI, Mahdi AA, Briggs GS, Milner DS, Rudolph CJ, et al. Cellular location and activity
of Escherichia coli RecG proteins shed light on the function of its structurally unresolved C-terminus.
Nucleic Acids Res. 2014; 42(9):5702-5714.

Quistgaard EM, Weininger U, Ural-Blimke Y, Modig K, Nordlund P, Akke M, et al. Molecular insights
into substrate recognition and catalytic mechanism of the chaperone and FKBP peptidyl-prolyl isomer-
ase SlyD. BMC Biol. 2016; 14(1):82. https://doi.org/10.1186/s12915-016-0300-3 PMID: 27664121

Kim IS, Shin SY, Kim YS, Kim HY, Lee DH, Park KM, et al. Expression of yeast cyclophilin A (Cpr1)
provides improved stress tolerance in Escherichia coli. Microbiol Biotechnol. 2010; 20(6):974-977.

Zoldak G, Schmid FX. Cooperation of the prolyl isomerase and chaperone activities of the protein fold-
ing catalyst SlyD. J Mol Biol. 2011; 406(1):176—194. https://doi.org/10.1016/j.jmb.2010.12.010 PMID:
21147124

Kthiri F, Le HT, Tagourti J, Kern R, Malki A, Caldas T, et al. The thioredoxin homolog YbbN functions
as a chaperone rather than as an oxidoreductase. Biochem Biophys Res Commun. 2008; 374
(4):668—672. https://doi.org/10.1016/j.bbrc.2008.07.080 PMID: 18657513

Gonzalez D, Alamos P, Rivero M, Orellana O, Norambuena J, Chavez R, et al. Deciphering the role of
multiple thioredoxin-fold proteins of Leptospirillum sp. in oxidative stress tolerance. Int J Mol Sci. 2020;
21(5):1880.

Jacob P, Hirt H, Bendahmane A. The heat-shock protein/chaperone network and multiple stress resis-
tance. Plant Biotechnol J. 2017; 15(4):405—414. https://doi.org/10.1111/pbi.12659 PMID: 27860233

Maleki F, Khosravi Nasser A, Taghinejad H, Azizian M. Bacterial heat shock protein activity. J Clin
Diagn Res. 2016; 10(3):BE01-BEO3. https://doi.org/10.7860/JCDR/2016/14568.7444 PMID:
27134861

Singh H, Appukuttan D, Lim S. Hsp20, a small heat shock protein of Deinococcus radiodurans, confers
tolerance to hydrogen peroxide in Escherichia coli. J Microbiol Biotechnol2014; 24(8):1118—-1122.

Aslam K, Hazbun TR. Hsp31, a member of the DJ-1 superfamily, is a multitasking stress responder
with chaperone activity. Prion. 2016; 10(2):103—111. https://doi.org/10.1080/19336896.2016.
1141858 PMID: 27097320

Morrow G, Hightower LE, Tanguay RM. Small heat shock proteins: big folding machines. Cell Stress
Chaperones. 2015; 20(2):207-212. https://doi.org/10.1007/s12192-014-0561-0 PMID: 25536931

He W, Yu G, Li T, BaiL, Yang Y, Xue Z, et al. Chaperone Spy protects outer membrane proteins from
folding stress via dynamic complex formation. mBio. 2021; 12(5):e0213021. https://doi.org/10.1128/
mBio0.02130-21 PMID: 34607455

Bepperling A, Atle F, Kriehuber T, Braun N, Weinkauf S, Groll M., et al. Alternative bacterial two-com-
ponent small heat shock protein systems. PNAS. 2012; 109(50):20407-20412. https://doi.org/10.
1073/pnas.1209565109 PMID: 23184973

Kitagawa M, Miyakawa M, Matsumura Y, Tsuchido T. Escherichia coli small heat shock proteins, IbpA
and IbpB, protect enzymes from inactivation by heat and oxidants. Eur J Biochem. 2002; 269
(12):2907-2917.

Foster PL. Stress-induced mutagenesis in bacteria. Crit Rev Biochem Mol Biol. 2007; 42(5):373-397.
https://doi.org/10.1080/10409230701648494 PMID: 17917873

Cocotl-Yafiez M, Moreno S, Encarnacion S, Lopez L, Castafieda M, Espin G. A small heat-shock
(Hsp20) regulated by RpoS is essential for cyst desiccation resistance in Azotobacter vinelandii.
Microbiology (Reading). 2014; 160(3):479-487.

PLOS ONE | https://doi.org/10.1371/journal.pone.0291164  September 8, 2023 21/21


https://doi.org/10.1186/s12915-016-0300-3
http://www.ncbi.nlm.nih.gov/pubmed/27664121
https://doi.org/10.1016/j.jmb.2010.12.010
http://www.ncbi.nlm.nih.gov/pubmed/21147124
https://doi.org/10.1016/j.bbrc.2008.07.080
http://www.ncbi.nlm.nih.gov/pubmed/18657513
https://doi.org/10.1111/pbi.12659
http://www.ncbi.nlm.nih.gov/pubmed/27860233
https://doi.org/10.7860/JCDR/2016/14568.7444
http://www.ncbi.nlm.nih.gov/pubmed/27134861
https://doi.org/10.1080/19336896.2016.1141858
https://doi.org/10.1080/19336896.2016.1141858
http://www.ncbi.nlm.nih.gov/pubmed/27097320
https://doi.org/10.1007/s12192-014-0561-0
http://www.ncbi.nlm.nih.gov/pubmed/25536931
https://doi.org/10.1128/mBio.02130-21
https://doi.org/10.1128/mBio.02130-21
http://www.ncbi.nlm.nih.gov/pubmed/34607455
https://doi.org/10.1073/pnas.1209565109
https://doi.org/10.1073/pnas.1209565109
http://www.ncbi.nlm.nih.gov/pubmed/23184973
https://doi.org/10.1080/10409230701648494
http://www.ncbi.nlm.nih.gov/pubmed/17917873
https://doi.org/10.1371/journal.pone.0291164

