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Abstract

Heat Shock Proteins (Hsp) are evolutionarily conserved ubiquitous
molecular chaperones usually produced when cells are exposed to
temperatures beyond their normal growth temperature. They are a
group of ATP-independent chaperons pivotal for cell survival and pro-
liferation. This group of proteins has been well studied over the years.
However, recent investigations leveraging the available Whole Ge-
nome Sequencing (WGS) approach are beginning to shed more light on
how this protein interacts with other intracellular proteins to modulate
bacterial virulence and pathogenesis. Bacteria cells that manufacture
HSPs can survive at higher temperatures. Certain heat-shock proteins
have a refolding or degradation action that can save the bacterial cell
even in extreme stress demands and even help some bacteria transi-
tion from being commensal to a pathogen. Certain HSPs are virulence
factors, while others modulate bacterial pathogenesis increasing bac-
terial resistance to host immunological attack. Interestingly, others also
influence certain virulence gene expressions. Several mechanisms gov-
ern heat shock response. Moreover, the employment of specific regu-
latory proteins that exert a positive or negative effect on the initiation
of transcription by the RNA polymerase enzyme is successful and ef-
ficient in controlling heat-shock gene transcription. Interestingly, most
pathogens use several approaches to reprogram gene transcription in
response to diverse stress rapidly. In this mini-review, we tactfully dis-
cussed the recent update on HSP in bacteria virulence and how these
proteins could serve as potential drug targets. Moreover, we provided
an overview of how HSPs are regulated in bacterial pathogens favour-
ing bacterial survival in diverse cellular niches.
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Introduction

Ritossa originally discovered the heat-shock reaction in the
polytene chromosomes of salivary glands of drosophila mela-
nogaster flew when they were shifted from their normal devel-
opment temperature to 37°C [1]. Ever since that discovery, a lot
has been done to understand this group of proteins. Heat Shock
Proteins (HSP) have been found in various organisms and play
an important function in cell homeostasis. They are a class of
proteins induced by high temperatures, meaning they are only
synthesized when needed and are influenced by rising tempera-
tures. The key members of this group are a class of functionally
related proteins that help other proteins fold and refold. When
cells are exposed to high temperatures, HSP expression increas-
es. HSP70 and HSP90 are two chaperones essential for folding
and regulating a range of proteins [2].

HSPs are involved in many aspects of protein interactions,
including folding, establishing an appropriate protein com-
pound, and preventing undesired protein aggregation [3]. The
heat-shock response is an important protective mechanism for
bacterial survival and adaptability to harsh environments. This
response appears ubiquitous, as it has been detected in all the
bacteria studied [3]. It's made up of a series of well-coordinated
responses and processes, the majority of which revolve around
the tightly controlled creation of several heat-shock proteins.
These, in turn, mostly consist of molecular chaperones and
proteases, whose intracellular abundance increases fast in
response to a range of environmental challenges. Heat-shock
proteins are primarily responsible for assisting protein folding.
They also help denatured proteins and harmful misfolded ag-
gregates to be rescued or degraded [4,5].

Furthermore, a change in a bacteria’s environment necessi-
tates a change in behaviour. Bacteria, in particular, have evolved
regulatory techniques that combine transcriptional and post-
transcriptional processes to rapidly activate heat-shock protein
synthesis just when it is needed. To respond quickly to environ-
mental stimuli and guarantee that heat-shock proteins are only
expressed, when necessary, bacteria use sensory biomolecules
that can detect temperature variations and translate them into
coordinated gene expression outputs [6]. Different microorgan-
isms have developed a diverse set of heat sensors in this regard.

Some heat-shock proteins are key virulence factors, while
others appear to affect pathogenesis indirectly, in addition to
their responsibilities in protecting cellular proteins from envi-
ronmental insults and maintaining cellular homeostasis. Even
though the heat-shock response is conserved across all prokary-
otes and eukaryotes, the basic molecular processes governing
heat-shock regulation are not completely understood in differ-
ent bacterial species considering that genes differ considerably
among bacterial species [5]. In this mini-review, we discussed
the recent update on the involvement of HSP in virulence and
pathogenesis mechanisms in bacterial pathogens. Furthermore,
we provided an overview of recent findings on the molecular
interplay and cross-talk between HSP and virulence genes. This
is very critical to properly understand the role of HSP virulence
and how it could be exploited to develop better therapeutic de-
velopment.

An overview of HSPs in bacteria

Physiological stresses (such as heat, hemodynamics, mutant
proteins, and oxidative damage) cause various changes in a cell,
affecting protein structures and function. As a defence strategy
to maintain survival, bacterial pathogens launch a cascade of
processes that engage critical proteins, the molecular chaper-
ones, in an approach to repair or degrade damaged proteins.
Molecular chaperones like the Heat Shock family of stress Pro-
teins (HSPs) have been shown to have a role in a variety of cel-
lular activities. Stress-inducible regulatory networks, both at
the transcriptional and posttranscriptional levels, add to the
adaptability of the ubiquitous HSP family. Two key lines of data
provide insight into the mechanisms underpinning HSP func-
tion: (1) Protein-folding machinery, or molecular chaperones,
are required for the correct folding of many proteins in a cell,
and (2) HSP chaperones repair denatured proteins or promote
their destruction following heat shock.

Generally, the heat-shock response, which is triggered by en-
vironmental stress shocks, involves the induction or upregula-
tion of the production of a collection of proteins that enable
the cell to survive in conditions that would ordinarily kill it [5].
The heat-shock response is a cellular defence mechanism that
rapidly synthesises numerous heat-shock proteins in response
to sudden adverse environmental growth conditions. Tempera-
ture changes are sensed by particular sensory biomolecules in
bacteria, transmitting intercellular signals that coordinate gene
expression outputs. Nucleic acids (DNA or RNA) and proteins
are examples of sensory biomolecules, often known as ther-
mosensors [4]. When a stress signal is detected, it is translated
into specific molecular pathways that control the transcription
of heat-shock protein genes. Heat-shock gene transcription can
be regulated in either a positive or negative manner by spe-
cialised regulatory proteins. Positive regulation uses alternate
sigma factors to drive the RNA polymerase enzyme to a subset
of selected promoters, whereas transcriptional repressors are
responsible for negative control. Interestingly, whereas some
bacteria use just positive or negative processes, these two op-
posing techniques coexist in some microorganisms, forming
complex networks that regulate heat-shock genes.

When bacteria cells are exposed to higher temperatures,
heat-shock proteins (hsps) are induced quickly and transiently
to deal with increased protein damage. The mechanism under-
pinning hsps induction has been a major research focus in sev-
eral quarters. The cellular level of sigma 32, which is important
for heat-shock gene transcription, increases fast and transiently
when the temperature rises [7]. A recent study of translational
induction and subsequent shut-off of sigma 32 synthesis provid-
ed a clue to a better understanding of early regulatory events.

Important HSPs in bacteria
HSP70

Hsp70 proteins anchor the cellular network of molecular
chaperones and folding catalysts. By transiently associating
their substrate binding domain with short hydrophobic pep-
tide segments inside their substrate proteins, they aid a wide
range of protein folding activities in the cell. Switching Hsp70
between the low-affinity ATP bound state and the high-affinity
ADP bound state drives the substrate binding and release cycle.
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In vitro and in vivo, ATP binding and hydrolysis are required for
Hsp70 proteins to function as chaperones. Co-chaperones of
the J-domain protein family, which target Hsp70s to their sub-
strates, and nucleotide exchange factors, which determine the
lifetime of the Hsp70-substrate complex, control the ATPase cy-
cle [8]. Hsp70s help with a variety of folding activities, including
the folding and assembly of newly produced proteins, the re-
folding of misfolded and aggregated proteins, membrane trans-
fer of organellar and secretory proteins, and regulatory protein
activity control. Hsp70s have both housekeeping and quality
control functions in the cell, as they are built-in components
of folding and signal transduction pathways [8]. They proofread
protein structure and repaired misfolded conformers. These
groups of proteins have the ability to bind with hydrophobic
peptide regions of proteins in an ATP-controlled manner.

HSP90

HSP90 has kinase activity and can bind to nuclear receptor
ligands through an unknown route. HSP90 is a molecular chap-
erone that promotes protein folding, refolding, and activation
across a wide range of substrates. HSP90 can interact with un-
folded substrates that are late in their folding route [9]. HSP90
has the ability to actively affect the binding of substrates, alter-
ing the substrate folding process and resulting in a functional.
Bacterial HSP9O0 is critical in protein folding in aberrant situa-
tions such as heat stress. The N-terminal domains of HSP90
need ATP to deform and then make contact with the middle
domain. HSP90 only returns to the open state if ATP is used.
HSP90 is a macromolecular protein assembly group member,
which plays a key role in scaffolding proteins. The N-terminal,
middle, and C-terminal domains make up the HSP90 dimer [8].

Chaperones may fold proteins, which is their primary job in
ensuring proper assembly. When the temperature is lowered,
these proteins primarily regulate protein production. DnaK and
GroEL are the two major chaperones linked to HSP90 [10,11].
HSP90 interacts with the DnaK (HSP70) chaperone. GroEL
(HSP60) chaperone is required for development in a variety of
environments [11]. DnaK and GroEL: Major HSPs (DnaK, GroEL)
are molecular chaperones involved in DNA replication, UV mu-
tagenesis, bacterial growth, RNA transcription, and flagella for-
mation, among other cellular functions. GroEL and GroES work
cooperatively to translocate proteins over membrane barriers,
allowing secretion. These HSPs are responsible for preventing
protein denaturation and reactivating partially denatured pro-
teins. On the other hand, DnaK is a chaperone that utilises ATP
and ADP released by the N-terminal domain, as well as ATP ca-
talysis and the release of unfolded proteins by the C-terminal
domain. DnaK can bind to nascent polypeptide chains and aid
in the refolding and destruction of proteins [6].

An overview of heat sensing mechanisms

Heat-sensing mechanisms that integrate environmental cues
to activate suitable response pathways are required for bacteria
to respond quickly to unexpected temperature increases. Multi-
ple thermoregulation processes in bacteria have been reported,
using practically all kinds of biomolecules, including lipids, pro-
teins, and nucleic acids (i.e., DNA and RNA). All of these classes
can function as thermosensors, detecting changes in the ambi-
ent temperature and triggering appropriate cellular responses
(Figure 1). Therefore, heat-sensing systems can be either direct,
in which the temperature affects the activity of the detecting
biomolecule directly, or indirect, in which the repercussions of a
fast temperature increase (for example, the aggregation of mis-

folded proteins in the cytoplasm) are observed. Even though
the temperature is a ubiquitous signal that regulates various
cellular pathways, several thermosensors control virulence de-
terminants [12,13].

Temperature can be sensed through RNA. Because tempera-
ture influences the translation efficiency of both the intracellu-
lar pool of MRNA molecules and already-in-progress transcrip-
tion, this thermoregulation mechanism ensures a very quick
response upon signal reception. The main premise is based on
the creation of zipper-like, temperature-sensitive secondary
structures in mRNAs that are regulated in this way [14-16]. Tem-
perature can also be sensed through the DNA of the bacterial
cell in some situations [17]. The environmental factors experi-
enced in a microorganism’s ecological habitat influence several
physiological and metabolic pathways. As a result, the cell’s
metabolic status, particularly the ADP/ATP ratio, is affected. En-
zymes that require ATP as a cofactor, such as DNA gyrase, will be
impacted as a result. This enzyme, whose activity is dependent
on ATP and inhibited by ADP, is dependent on ATP and inhib-
ited by ADP (so change in the ATP: ADP ratio influences DNA
gyrase activity). As a result, external fluctuating variables that
alter metabolic processes, such as osmotic and thermal shock,
can have an impact on the global degree of DNA supercoiling
[18,19]. Because DNA supercoiling can affect gene transcrip-
tion, it can be thought of as a thermosensor for the environ-
mental temperature change that responds to external stimuli
by changing the global topological state of the chromosome
[20]. Plasmid supercoiling is one of the most important DNA to-
pological parameters that change with temperature. It has been
shown that abrupt temperature fluctuations cause transitory
changes in plasmid DNA architecture, which has a major impact
on transcription efficiency in certain bacterial pathogens [21].

Finally, bacteria can use proteins as heat sensors to detect
and respond to temperature fluctuations in their ecological
niches. Temperature sensors have been identified in a variety of
proteins, including kinases, heat-shock transcriptional repres-
sors, and chaperones [12]. On the other hand, the two latter
kinds of proteins are principally used to translate stress signals
into a transcriptional heat-shock response. These thermosens-
ing repressors undergo a conformational shift in response to
heat shock, lowering their relative binding affinity for their op-
erators. As a result, target gene transcription is unrestricted.
CtsR, the global repressor of heat-shock genes in Bacillus subti-
lis and other low-GC Gram-positive bacteria, is one of the best-
studied examples [22].
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The temperature-dependent conformational change that
causes the loss of DNA-binding ability in CtsR has been demon-
strated to be restricted to a small glycine-rich loop region within
the DBD, which serves as the exact functional site for heat sens-
ing [22]. RheA, a heat-shock repressor from Streptomyces albus,
has been reported as capable of sensing temperature fluctua-
tions without other variables and functioning similarly to CtsR.
RheA loses its DNA-binding function when exposed to heat, and
the transition from active to inactive was linked to a tempera-
ture-induced reversible conformational change.

Regulation of heat shock proteins in bacteria

Alternative sigma factors drive RNA polymerase to particular
promoters that differ from housekeeping promoters, allowing
HSP to be regulated. Sigma-32 and sigma-E (E) are two promi-
nent sigma factors that have been discovered [23]. The rpoH
gene encodes the sigma-32 factor, which is involved in protein
stability and translation efficiency and is controlled post-tran-
scriptionally. Under typical conditions, the amount of active
sigma-32 is kept to a minimum [24].

First, increasing the temperature from 300 to 39°C or higher
causes the rpoH gene to translate faster. Second, temperature-
sensitive secondary structures arise within the five’ region of
the rpoH gene that detach the ribosome-binding site, but these
secondary structures deliquesce at higher temperatures, allow-
ing for a more effective translation of the rpoH message. Most
HSPs are generated at low levels under normal settings, but
when exposed to high temperatures, they are induced quickly
and transiently. Finally, heat-shock gene regulation in bacteria
can be positive or negative [25]. Transcriptional repressors me-
diate negative regulation, while positive regulation uses alter-
nate sigma factors to direct the transcriptional machinery to
a subset of specified promoters. Interestingly, whereas some
bacteria use just positive or negative processes, these opposing
techniques coexist in some species, forming a complex regula-
tory network of heat-shock genes [26].

The employment of a specialised alternative sigma factor, a
subunit of the RNA polymerase that imparts promoter recogni-
tion specificity to the transcription enzyme, is required for posi-
tive transcriptional control of heat-shock genes. This transcrip-
tional regulation mechanism takes advantage of alternative
factors’ ability to outcompete the housekeeping subunit ordi-
narily associated with RNA polymerase, redirecting the enzyme
to a subset of heat-shock gene promoters and reprogramming
cellular transcription. Using a specialised factor to transiently
increase the transcription of heat-shock genes dependent on
temperature stress is frequently utilised among bacteria, with
Escherichia coli serving as an excellent example. Table 1 sum-
marises the regulatory mechanisms controlling HSPs gene tran-
scription in several bacterial pathogens as [6] described.

The role of HSPs in bacterial pathogenesis

Several stressors, including temperature changes, osmotic
shifts, desiccation, antibiotics, solvents, or heavy metals, might
trigger a heat-shock response. However, the heat-shock re-
sponse, which is caused by a rapid increase in temperature, has
long been utilised as a model system for investigating the ef-
fects of stress on biological systems. Environmental stress has a
major impact on cellular protein homeostasis. Heat shock pro-
teins aid in folding newly generated proteins, inhibit protein ag-
gregation under stress circumstances and recover proteins that
have been partially or totally unfolded by stresses such as a fast

- N
‘/ Table 1: Regulatory mechanisms controlling HSPs genes tran- \‘
| scription in several bacterial pathogens.

\ %
Organisms+ Transcriptional Regulated genes
regulator
Bacillus subtilis HreA Class I: groESL, dnaK-dnal,
grpE, and others
oB Class II: genes coding for gen-
eral stress proteins
CtsR Class Ill: clpP, clpE, ctsR-mcsA-
mcsB-clpC and others
Unknown
Class IV: htpG
CssS/CssR
Agrobacterium groESL, dnaK-dnal, grpE, clpP
. RpoH
tumefaciens and others
HrcA groESL
Escherichia coli o2 (c", RpoH) grokst, dnak-dnal, grpE, ibpA
and others
oE (024) degP, clpX, lon and others
Listeria Class I: groESL, dnak, and
HrcA
monocytogenes others
oB Class Il: genes coding for gen-
eral stress proteins
CtsR Class Ill: clpP, clpB, hslU and
others
Pseudomonas "
i o" (RpoH) groESL, dnakK, and others
aeruginosa
Vibrio cholerae o (RpoH) groESL, dnaK-dnal, lon, clpB,
and others
Streptococcus
. HrcA groESL, dnaK-dnal, grpE
pneumoniae
Staphylococcus HrcA hrcA-dnaK, groESL
aureus
CtsR clpP, clpC, clpB, hrcA-dnak,
groESL
oB genes coding for general stress
proteins
. cbpA-hspR-helicase, grokESL,
Hellcoll:;:icter HspR; HrcA hrcA-grpE-dnaK; groESL, hrcA-
4 grpE-dnak

temperature increase in bacterial cells. In fact, during times of
stress, the spontaneous folding of newly synthesised proteins
is inefficient and error-prone, and chaperones fold the major-
ity of nascent polypeptides. In addition, a high proportion of
already folded proteins denature partially or entirely, making
them more prone to forming harmful aggregates [27].

Certain heat-shock proteins have been proposed as key viru-
lence factors, whereas others appear to impact pathogenesis
indirectly. Molecular chaperones appear to have taken on a va-
riety of activities other than protein folding in this regard, as
evidenced by a number of examples. For example, GroEL1, a
GroEL paralog with no heat-shock activities [28], is implicated in
mycolic acid synthesis and biofilm formation in Mycobacterium
smegmatis. Furthermore, Helicobacter pylori GroES homolog
performs a role in the storage and trafficking of Ni2+ ions, a
critical virulence factor for this human gastric virus, in addition
to its archetypal activity as co-chaperonin [3].

Hsp90 play a crucial role in the virulence and pathogenesis
of certain bacterial pathogens as reported in several kinds of
literature [29-36]. For example, in extraintestinal E. coli (ExPEC)
HSP90 has been reported to be playing a critical role. Accord-
ing to a study by [30], it was shown that the production of cer-
tain critical virulence factors (e.g., siderophore, yersiniabactin,
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and colibactin) was disrupted when HSP90 was absent. Also, in
Pseudomonas sp, the biosurfactant arthrofactin was reported
to be produced by complex pathways, which indirectly suggests
the role of HSP90 [37-41]. Many other studies have reported
the involvement of HSP90 in virulence in Pseudomonas aerugi-
nosa, Salmonella enterica Typhimurium, Leptospira interrogans,
and francisella tularensis [29,42,31-33,36]. HSPs also play cru-
cial roles in protein degradation [43,42,30,44,45].

HSPs as drug targets

An increase in antimicrobial-resistant bacterial pathogens is
a major challenge in public health. This has led scientists at dif-
ferent quarters to start exploiting other alternatives in treating
multi-drug-resistant pathogens. Certain HSPs like HSPs90 and
HSP70 could be new drug targets. For example, research had
shown that in E. coli, when the encoding HscA and HscC were
deleted, viability was not affected. Targeting these proteins will
obviously not lead to growth inhibition. However, it has been
shown that the deletion of dnakK leads to filamentous growth.
It also resulted in temperature sensitivity above 35°C. However,
filamentous growth can be compensated by rpoH gene sup-
pressor mutation. This rpoH encodes the HSP transcription fac-
tor 032.

It is important to emphasise that most pathogens are depen-
dent on DnaK. Thus, the loss of DnaK could definitely affect the
cell. The DnaK is crucial for the persistence and cell regrowth of
cells in their dormant state [46,47]. Therefore, DnaK could be
a target for novel antimicrobial drugs as drugs that could dis-
tinguish DnaK from eukaryotic HSP70 could be developed. This
will help to prevent pathogen growth without affecting protein
homeostasis in eukaryotic cells. Further insight into DnaK was
also provided in a study by [48]. Antimicrobial peptides from
insects have also been shown to bind DnaK. Through this bind-
ing, there was an inhibition of gram-negative pathogens [49].
Similar investigations have also been carried out elsewhere
[50,51]. However, it is still not completely clear if the DnaK is the
main target of the peptides, as demonstrated in the study by
[52,53]. Small molecule activators and inhibitors of DnaK have
also been reported [54,55]. however, it is yet to be completely
determined if these small molecules only target DnaK or also
affect hyman Hsp70.

Due to the increasing resistance crisis, more effort is to be
devoted to engineering bacterial Hsp70 inhibitors. A study by
[56] showed that chaperone, Hsp90 was responsible for re-
sistant development to specific antimicrobial agents. Overall,
more insight is still needed better to understand the utility of
this protein as drug targets.

Conclusion

Heat-Shock Proteins (HSPs) have been implicated in various
processes, including chaperone action, protein folding, apopto-
sis and immunology. They have been exploited to generate pre-
ventative and therapeutic vaccines for infectious and noninfec-
tious disorders. Several studies have also shown a link between
HSPs and treatment resistance and their potential use as a new
biomarker for diagnosing many ailments. Bacterial cells that
manufacture HSPs can survive at higher temperatures. When
the temperature of a bacterial cell is raised, natural proteins are
damaged; however, HSPs that have a refolding or degradation
action can save the bacterial cell. This impact aids the bacterial
cell’s survival throughout its transition from the environment
to the body.

Moreover, the heat-shock response, a highly conserved de-
fence mechanism against environmental stress, is governed by
a variety of mechanisms in bacteria. To be able to survive in cer-
tain niches, bacteria use both positive and negative regulatory
mechanisms, either alone or in combination, to rapidly repro-
gram gene transcription in response to stress and, thus, main-
tain the internal environment of the bacteria. We have shown
that HSPs play critical roles in bacterial virulence and pathoge-
nicity. However, more remains to be done to properly uncover
the role of these HSPs in less studied bacterial lineages and to
understand their interactions with cellular proteins, how they
influence virulence in major bacterial pathogens, and how they
could be exploited as good drug targets.
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