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Abstract: Bacterial proteases participate in the proteolytic elimination of misfolded or aggregated
proteins, carried out by members of the AAA+ protein superfamily such as Hsp100/Clp, Lon, and
FtsH. It is estimated that the Clp and Lon families perform around 80% of cellular proteolysis in
bacteria. These functions are regulated, in part, through the spatial and/or temporal use of adapter
proteins, which participate in the recognition and delivery of specific substrate proteins to proteases.
The proteolysis plays an important role in maintaining and controlling the quality of the proteins,
avoiding the accumulation and aggregation of unfolded or truncated proteins. However, this is not
their only function, since they play an important role in the formation of virulent phenotypes and in
the response to different types of stress faced when entering the host or that occur in the environment.
This review summarizes the structural and functional aspects of the Clp proteases and their role in
Gram-positive microorganisms.
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1. Introduction

Proteolysis mediates the selective renewal of several cellular proteins, eliminating
those that are defective or unwanted, thus allowing quality control of proteins and the
different cellular processes [1]. One of the functions of bacterial proteases is the proteolytic
elimination of misfolded or aggregated proteins, carried out by members of the AAA+ pro-
tein superfamily (ATPase associated with various cellular activities), such as Hsp100/Clp
(heat shock protein-100/caseinolytic protease), Lon, and FtsH [2]. It has been estimated
that the Clp and Lon families perform around 80% of cellular proteolysis in bacteria [3,4].
In addition, they control the proteolysis of regulatory proteins, such as key transcription
factors that control the cell cycle and bacterial development or adaptation. These two oppo-
site functions are regulated, in part, through the spatial and/or temporal use of adapter
proteins, which participate in the recognition and delivery of specific substrate proteins to
proteases [5,6].

The HSP100/Clp family of ATPases plays crucial roles in the folding, assembly, and
degradation of proteins during normal growth and, mainly, under stress-inducing condi-
tions [7,8]. This family is formed by several ATPase chaperones and the peptidase ClpP
(caseinolytic protease proteolytic subunit). Chaperones are divided into two classes: Class
I, whose members are ClpA (caseinolytic protease subunit (A), ClpB (caseinolytic protease
subunit (B), and ClpC (caseinolytic protease subunit (C), which have two ATP-binding
domains separated by a spacer region; and Class II, which includes ClpX (caseinolytic pro-
tease subunit X) and ClpY (caseinolytic protease subunit Y), that present only one domain
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of binding to ATP. Most of the chaperones bind to ClpP peptidase to form a proteolytic
complex, with the exception of ClpY which only interacts with ClpQ, forming ClpQY
peptidase, also known as HsIUV [9]. ClpQ is part of the Clp family, and like ClpP, is an
ATP-dependent peptidase. However, it is one of the least-studied and its biological function
and regulation are still not very clear. In addition, it has been shown to exhibit differences
in the active site between Gram-positive and Gram-negative organisms [10].

The chaperone-ClpP complex is capable of degrading proteins in a specific manner
where the chaperones can use ATP to promote protein folding changes and direct protein
degradation by ClpP [11,12]. Although ClpP is part of this family, it does not have the same
functions, since, unlike the rest, it is an ATP-dependent peptidase that, when associated
with one of the chaperones, has serine protease activity [13]. Most bacteria contain the
ClpXP protease, which makes ClpXP the most ubiquitous of the Clp proteases. On the other
hand, CIpA and ClpC are orthologous; ClpA is usually found in Gram-negative bacteria,
while ClpC is found in Gram-positive bacteria and cyanobacteria. ClpYQ exists together
with ClpAP in most Gram-negative bacteria, and is also found in certain Gram-positive
bacteria. Protein degradation dependent on these proteases has been studied in detail in the
Gram-negative bacterium Escherichia coli (E. coli), whereas ClpCP has been characterized in
the Gram-positive, spore-forming bacterium, Bacillus subtilis (B. subtilis) [9,14].

At the end of the 1990s, ClpP began to attract attention due to its potential as
an antibacterial target, demonstrating that it participates in the bacterial virulence of
the Gram-positive pathogens Staphylococcus aureus (S. aureus) and Listeria monocytogenes
(L. monocytogenes). Since then, its use as a pharmaceutical target has been described in both
Gram-positive and Gram-negative bacteria, being effective mostly in Gram-positive bacte-
ria, where it proved to be effective in eliminating S. aureus, Enterococcus faecalis (E. faecalis),
Streptococcus pneumoniae (S. pneumoniae), B. subtilis, and L. monocytogenes [9,15].

In this review, we summarize and discuss the structural and functional aspects of the
Clp machinery. We will analyze the role of Clp proteases and chaperones in Gram-positive
microorganisms. Moreover, we will describe several compounds that target Clp, focusing
on ClpP.

2. Clp Protease Families

To date, ATP-dependent proteases Lon, FtsH, and Clp have been characterized [1,2,16].
These complexes are responsible for maintaining a proper balance between protein synthesis
and degradation at the cellular level, helping to maintain homeostasis. The peptidases of the
Hsp100/Clp family are part of the quality control system of proteins both in normal growth
and under stress conditions, playing an important role [17] (Figure 1 and Table 1).

The ClpP peptidase is well-conserved and characterized in different bacterial species.
It has a structure formed by two rings of heptamers. The axial pore of each ring acts as an
entrance to the proteolytic chamber, where there are 14 active sites formed by the catalytic
triad serine-histidine-aspartate. In most organisms, the ClpP is formed by 14 identical
monomers [1,15]. However, it can not only be found as a homodimer but also as a het-
erodimer, as in the case of ClpP1P2 from Mycobacterium tuberculosis (M. tuberculosis), where
the active peptidase is composed of two isoforms of ClpP [18]. Pathogenic bacteria such as
Pseudomonas aeruginosa (P. aeruginosa) and Clostridioides difficile (C. difficile) also have two iso-
forms of ClpP; nevertheless, each isoform can produce an active homotetradecamer [19,20]
(Figure 1).

This protein acts as a peptidase capable of degrading short peptides that can enter its
proteolytic chamber through its narrow axial pores, so for more efficient proteolysis and
ability to degrade larger proteins, it forms complexes with any of the chaperones described
above [1] (Figure 2A). These chaperones recognize, unfolded through hydrolysis, and
introduce in the proteolytic chamber of ClpP a range of substrates for their degradations.
Although it has been seen that proteins that are already deployed can enter the ClpP
proteolytic chamber without the help of chaperones, this occurs much slower than in the
presence of chaperones [21,22].
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Figure 1. ClpP models in different bacteria. In green, it shows single ClpP peptidases forming 2 rings
(B. subtilis and S. aureus). ClpP1 subunit in blue and ClpP2 in yellow.
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Figure 2. Composition and mechanism of the chaperone—peptidase complex. Substrates are recog-
nized and unfolded by the hexameric chaperone (orange) using an adapter (brown). The unfolded
substrate (red) is transferred into the proteolytic chamber of the ClpP (green), where proteolysis is
carried out. (A) General composition of the chaperone protease complex. (B) Composition of the
ClpCP chaperone—protease complex in B. subtilis.

On the one hand, ClpX and ClpC chaperones are highly conserved ATP-dependent
proteins in Gram-positive bacteria, in addition to their classic chaperone functions, and can
associate with CIpP to form the proteolytic complexes ClpXP and ClpCP [23], while it is
believed that ClpB do not interact with ClpP [5] (Table 1).
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The proteolysis carried out by the Clp complexes plays an important role in main-
taining and controlling protein quality, avoiding the accumulation and aggregation of
unfolded proteins, and eliminating proteins that have already completed their life cycle
or are truncated. This is not their only function, since they play an important role in
bacterial pathogenesis, participating in the formation of virulent phenotypes and in the
response to the different types of stress faced when entering the host or that occur in the
environment [1,15]. Considering this, Clp proteases appear as a promising target against
bacteria due to their participation in different essential cellular processes and phenotypes
related to virulence.

It has been observed that ClpXP peptidase is necessary for the degradation of pro-
teins whose translation is stalled by a labeling system. ClpXP can recognize the SsrA-tag
at the C-terminal end of the unfinished protein, degrading it and thus preventing its
aggregation [24,25]. Meanwhile, the ClpCP peptidase acts in the control of protein quality
by degrading unfolded, misfolded, or aggregated proteins, which accumulate under stress
conditions such as heat shock [17,26]. In addition, it has been seen that they are participat-
ing in the controlled degradation of transcription factors such as the master regulator of
competition ComK [27], the anti-sigma factor SpoIIAB involved in sporulation [28], and
the oxidative stress transcription factor Spx [29].

In the case of CIpEP, its expression is tightly controlled and is only induced after a
strong heat shock, suggesting that it could act as an additional system in other severe stress
conditions [30].

Table 1. Different proteases and chaperones in Gram-positive bacteria.

Organism Protease Chaperone Reference
B. subtilis ClpP-ClpQ ClpC—CIpE-CIpX [17]
S. aureus ClpP ClpC—ClpX [23]
M. tuberculosis ClpP1P2 ClpX-ClpC-ClpB [31]
C. difficile ClpP1-ClpP2 ClpB-ClpC—ClpX [20]
Regulation of Complex

As mentioned above, chaperones can recognize the substrates that will be degraded
by ClpP. The best-described substrate class comprises proteins tagged with the ssrA tag,
a short peptide sequence C-terminally added to proteins by the tmRNA system to rescue
stalled ribosomes. However, for this, the presence of specific substrate adapter proteins,
such as YjbH, TrfA, and McsB is required [32]. For example, ClpC requires adapter proteins
for all its functions since it is only capable of forming a hexameric ring in the presence of the
adapter protein MecA [33] (Figure 2B). These adapter proteins are also regulated through
anti-adapter proteins or their phosphorylation of adapters mediated by different signals, for
example, the anti-adapter protein ComS and the phosphorylation of the adapter proteins
RssB and McsB. This series of regulations, in conjunction with the different Clp ATPases,
allows an extensive regulation of the selection of the substrate that will be degraded by the
ClpP peptidase.

Other findings showed that the ClpP1P2 complex of M. tuberculosis requires the
presence of an activating peptide; this peptide can be N-blocked dipeptide, usually Z-
Leu-Leu (Benzyloxycarbonyl-L-Leucyl-L-Leucine), Z-Leu-Leu-H (Benzyloxycarbonyl-L-
Leucyl-L-Leucinal), or a similar molecule, that binds near the active sites of the proteolytic
particle and stabilizes the active conformation of the ClpP1P2 double-ring [34]. This
functional conformation of the complex is also stabilized by the presence of the chaperone
ClpX and protein substrate, acting synergistically with the activator peptide [35,36]. The
requirement for activators seems to be a unique feature of Actinobacteria, as other species
that contain two ClpP proteoforms, such as Listeria monocytogenes [37,38] and Chlamydia
trachomatis [39], are functional in absence of activators. In the absence of proteolytic
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degradation via ClpP1P2, the levels of misfolded proteins can reach toxic levels, leading
to cell death. Interestingly, E. coli ClpX rings can interact with M. tuberculosis ClpP1P2
complex and even promote substrate degradation more than ten-fold faster compared to
the M. tuberculosis chaperones [36].

Another microorganism that possesses two isoforms of ClpP (ClpP1 and ClpP2) is C.
difficile, but their functions are not yet known in detail. ClpP2 was only reported in hyper-
virulent strains, while ClpP1 has been reported in strains of ribotype 630 and hypervirulent
strains, and it has been suggested that the ClpP isoforms act in an independent manner and
possess different functions [40]. ClpP1 and ClpP2 have 74% and 63% identity, respectively,
with ClpP from B. subtilis, an evolutionarily related organism, and sequence alignment
showed that key regions including the catalytic triad are conserved. The evaluation of
the proteolytic activity of each isoform was studied; however, only ClpP1 has proteolytic
activity. On the other hand, it was revealed that both isoforms can form a complex with
ClpX and degrade substrates labeled with the SsrA-tag, suggesting that the binding of
the chaperone produces a change at the level of the ClpP2 peptidase that produces its
activation [20].

3. Role of the Clp Complexes
3.1. Response to Heat Shock and Oxidative Stress

As previously mentioned, Clp complexes participate in different cellular processes
both under homeostasis conditions and, mainly, under stress conditions. In B. subtilis, it
has been shown that the participation of adapter proteins together with the chaperones can
detect multiple signals to control the activity and stability of different proteins in stressful
conditions. In the case of the adapter protein YjbH and the chaperone ClpX, it is known to
regulate the activity of Spx [29,41]. Under normal conditions, this complex of ClpXP-YjbH
degrades Spx, which controls a regulon involved in the response to oxidative stress and
has also been shown to be essential for thermotolerance [42,43]. YjbH is responsible for
exposing regions of recognition of ClpXP by Spx, but when the cell faces these types of stress
the YjbH protein tends to form aggregates, while the ClpC chaperone that contains regions
sensitive to oxidative stress becomes inactive; both processes lead to the accumulation
of Spx, as it is not being degraded, allowing the tolerance of the microorganism against
oxidative stress and the increase in temperature [44,45].

There are other mechanisms of response to heat and oxidative stress, likewise the
regulation of CtsR by ClpCP. CtsR is the repressor of protein quality control genes both in B.
subtilis and in all Gram-positive microorganisms, being a key part in the adaptation of the
cell to environmental changes [46]. It regulates the expression of its operon which contains
ctsR, mesA, mesB, and clpC. In addition, it is also found to regulate clpP and cIpE [14].
These proteins are inhibited by CtsR and induced under stress conditions, so they can
play a crucial role in adaptation. In normal growth, CtsR binds and represses its operator;
however, an increase in the temperature induces a conformational change, affecting CtsR
binding to DNA, inducing the expression of genes under its control. This inactivation of
CtsR molecules leads to protein degradation by ClpCP [47,48]. In addition, CIpE, unlike
ClpC, is known to be involved in the maintenance of the repressive activity of CtsR, though
it is still not clear how both degradation and reactivation mechanisms work [49]. These
proteases were recently shown to be involved in nutrient-dependent cell growth. Nutrients
can affect both bacterial growth and morphology [50]. Moreover, it has been disclosed
that Clp proteases are responsible for the degradation of UgtP in low carbon conditions,
becoming this molecule in an antagonist responsible for the size coordination of cells in
response to the availability of nutrients [50].

As in B. subtilis, the ClpCP complex from S. aureus degrades non-native proteins
and is carried out in a process that also requires the adapter protein, MecA, which is
necessary not only for substrate recognition but also for the oligomerization of ClpC
into a hexamer and binding to ClpP [26,33]. A homolog of MecA is also found in S.
aureus, where it is the teicoplanin resistance factor designated A (TrfA) [51]. TrfA is a
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target of Clp protease [52]. and a mutant lacking the corresponding gene is temperature-
sensitive, indicating that TrfA can help ClpCP-mediated proteolysis of non-native proteins.
McsB is another adapter-like protein also found in B. subtilis that was trapped as a Clp
target [46,52,53]. Inactivation of McsB in S. aureus affects growth at high temperatures, as
well as in the presence of heavy metals, osmotic pressure, oxidative stress, and low pH [53].
In this case, the sensitivity to heat may be due to the lack of expression of ClpC, since McsB
in B. subtilis is necessary for the degradation of the negative heat-shock regulator CtsR, that
controls the clpC expression [49].

Surprisingly, the inactivation of chaperone ClpX in S. aureus improved survival at high
temperatures, indicating that ClpX does not function as a classic heat shock chaperone in
this bacterium [54]. Consistent with this notion, c/pX transcription is not inducible by heat
stress in S. aureus [54]. However, inactivation of ClpX in S. aureus severely impaired growth
at 30 °C or less [54]. The molecular mechanism underlying this phenotype is unknown
and is not shared by a mutant lacking cIpP, suggesting that it is the ClpP-independent
chaperone activity of ClpX that is important for S. aureus growth at 30 °C. [54]. Inactivation
of clpX allows S. aureus to grow at higher temperatures than wild-type cells. This shows
that Clp proteins contribute to virulence through stress-independent (through ClpXP) and
stress-dependent (ClpCP and ClpB) pathways [54,55].

Additionally, in deletion mutants of the clpP, clpC, and clpB, an inhibition or reduction
of the S. aureus growth at 45 °C has been observed [54-56]. However, ClpB is not functional
partners with ClpP, which suggests that the ClpCP complex would be degrading non-
native proteins in S. aureus, which was confirmed by trapping protein substrates at high
and environmental temperatures, respectively [52]. The likely contribution of ClpB to stress
survival is as chaperone to prevent protein development or promote disaggregation, being
required for heat-induced thermal tolerance, where pre-exposure to intermediate to high
temperatures improves survival at high temperatures [55,57].

In addition, it has been shown that ClpB forms part of a protein bichaperone network
together with the DnaK protein. [58-60]. DnaK is predicted to be essential for growth due
to its involvement in folding nascent proteins and reactivating aggregated proteins along
with ClpB [10,61-66]. Non-replicating bacterial cells have been shown to contain greater
amounts of protein aggregates than those in an actively replicating state [62,66—69] Factors
promoting this increase in protein aggregation include a suboptimal function of protein
quality control machinery, lack of nutrients to support protein synthesis, and an increase in
cellular oxidants sufficient to cause irreversible protein modifications [70]. M. tuberculosis
lacking cIpB exhibits defects in recovery after achieving a stationary growth phase, which
is one non-replicative state.

3.2. Role of Clp in Natural Competence, Motility, and Biofilm

An important cell development process in which Clp proteases participate is com-
petence, a process in which the bacteria actively absorb extracellular DNA during the
stationary growth phase. This process takes the cell to a state known as the K state, in
which they exhibit different properties, such as growth inhibition, characteristic of per-
sister cells, which also give them an adaptive advantage over different stressors such as
antibiotics [71]. The state of competition, or K state, is regulated by the transcription factor
ComkK, which induces the transcription of competition genes that lead to the formation
of DNA receptors and the transport to the cell [72]. In B. subtilis, during the exponential
growth phase, ComK is being degraded by ClpCP, while in the stationary phase ComK
remains free and accumulates [73]. This regulation is given by the adapter protein MecA,
which is capable of binding ComK, inhibiting it and leading to degradation by ClpCP,
but through quorum signaling molecules ComS binds more strongly to MecA, leaving
ComK free and leading to the state of competition [27]. On the other hand, it has been
seen that the degradation of ComK by ClpCP regulates motility, negatively regulating the
expression of the anti-sigma factor FigM [74]. FigM inhibits the activity of sigma factor
D (SigD), which positively regulates flagellar genes transcription [75]. ClpCP was also
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shown to regulate motility through DegU, which is a member of the two-component system
DegS/DegU, positively or negatively regulating the expression of several related genes
with different functions, including flagella formation, biofilm formation, and competition
for DNA absorption [76]. Furthermore, it has been reported that the regulation of Spx
occurs by ClpXP by an unknown mechanism. In the absence of this peptidase, an increase
occurs in the levels of Spx and DegU phosphorylated, which would negatively regulate the
expression of the B. subtilis fla/che operon, leading to a decrease in SigD, decreased the
expression of late flagellar genes, and consequently a decreased swimming motility [8,77].

In contrast to this, several bacteria can move from a motile to a sessile state, where
they form a larger quantity of biofilms. In B. subtilis, the transition to a sessile state depends
on the protein SIrR. In a mobile state, SIrR is present in low quantity in bacteria, allowing
the expression of genes related to motility. On the contrary, if the levels of SIrR increase, the
motility is diminished, giving a phenotype of sessile cell chains and biofilm formation. The
change in the concentrations of SIrR depends on its degradation, although the mechanism is
still unknown, but it has been shown that ClpCP is participating in the stability of SIrR [78].

3.3. Role of Clp in Sporulation

In unfavorable conditions, some microorganisms are capable of forming spores, which
are metabolically inactive and resistant to most environmental changes and types of stress.
In B. subtilis, it has been seen that both ClpXP and ClpCP have roles in the formation of
these spores through the regulation of different factors [79]. Activation of SigF is strictly
necessary for the initiation of sporulation; therefore, the degradation of SpolIAB by ClpC
pate allows to maintain a free SigF and will lead to the formation of spores [28]. The
mechanism by which ClpCP degrades SpollAB is unknown, but the chaperone is known
to be able to recognize an amino acid sequence at the N-terminus of SpolIAB [80]. On the
other hand, ClpXP together with the adapter CmpA participates in the quality control of
the spore envelope. If there are defects in the maturation of the spore envelope, CmpA
mediates the degradation by ClpXP of the coat protein SpolVA, which causes instability
and lysis of the spore. However, in conditions where the spore does not present defects in
the envelope, ClpXP degrades to CmpA. This mechanism is part of those that ensure that
only correctly assembled spores are produced, affecting sporulation [79,81].

In the spore-forming pathogen Bacillus anthracis (B. anthracis), sporulation tests have
also been performed using mutants in the genes coding for Clp proteases, and it was
found that clpC and mcsB are necessary for the formation and germination of spores [82].
Furthermore, it was shown that they also participate in growth under heat stress con-
ditions, as in B. subtilis, and that they are required for the formation of the septum and
the maintenance of cell shape [82,83]. The participation of ClpC in sporulation was also
demonstrated in the enteropathogenic Bacillus thuringiensis (B. thuringiensis), which, like
B. anthracis, has two isoforms of ClpP, ClpP1 and ClpP2, which have been related to the
regulation of different types of stress [84,85]. As mentioned above, in B. subtilis, SpollIAB
is regulated by ClpCP, so a similar regulation was suggested in B. anthracis that would
explain the decrease in sporulation, since in clpC mutants there is a loss of envelope of
the spore [80,82]. Another spore-forming pathogen is C. difficile, where it was shown that
the 630 strain in sporulation process expressed only the ClpP1 peptidase and ClpX and
ClpC chaperone. However, recent studies in the hypervirulent strain R20291 described that
clpP1 and clpP2 participate directly in sporulation, considering that an absence of each
ClpP isoform leads to altered sporulation phenotypes and the clpP1/clpP2 double mutant
exhibiting asporogenic behavior [86] (Table 1).

ClpP1 is in the genome in an operon along with ClpX, while ClpP2 is in a chromoso-
mally distant region. C. difficile also possesses the ClpB and ClpC chaperones [20] (Table 1).
Genomic and proteomic studies have been carried out that have evidenced the presence
of these proteases under different conditions. In C. difficile 630, in the sporulation process
and subjected to heat shock, it showed the presence only of the ClpP1 peptidase and ClpX
and ClpC chaperones. In contrast, a microarray analysis detected both isoforms, but ClpP1
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is the only one that increases under pH stress and antibiotic challenge [87-89]. On the
other hand, ClpP2 has been involved in hypervirulent and resistant phenotypes, since its
transcription has been reported in the NAP125 strain and the CD38-2 prophage.

3.4. Role of Clp in Survival and Virulence

As mentioned above, these proteolytic complexes are involved in processes such
as sporulation and motility, which are related to the virulence of different pathogens.
In this sense, studies have been carried out to determine the role of these proteases in
the virulence and survival of pathogens, demonstrating that they are necessary for an
effective infection [55,90] In S. aureus, ClpP is the most abundant peptidase under standard
laboratory growth conditions [16,54]. Furthermore, the proteolytic activity of ClpP is critical
for the virulence of S. aureus [54]. In cIpX or clpP mutant strains, a virulence deficiency was
observed in a skin abscess model where the infection did not extend from the inoculation
site, and it was demonstrated that this deficiency was due to the decrease in the secretion
of hemolysin and other factors encoded by the accessory gene regulator (agr locus). In
addition, it was found that ClpP regulates the levels of the Isd protein responsible for
extracting iron, which is necessary for pathogenicity, while ClpC showed significant defects
in long-term survival and intracellular replication of this pathogen [55,90]. Virulence
was reduced in the c/pP mutant strain, most likely due to the repression of agr-regulated
virulence genes [54]. The expression of the global regulatory agr gene was decreased in this
mutant strain, leading to reduced production of a-toxin and induction of urease activity.
Furthermore, the global regulator MgrA, which is involved in antibiotic resistance and
virulence, was found to be significantly regulated by cIpP clearance. Therefore, ClpP can
control the transcription of numerous virulence factors, such as the urease operon and hla,
by modulating the level of MgrA [56,90]. Furthermore, there is evidence that Rot (toxin
repressor) in complex with RNAIII is a substrate for the serine protease SspA under the
control of Clp-dependent degradation [16].

The ClpX chaperone is highly conserved in S. aureus and has a dual role in the cell,
associating with the peptidase ClpP and, independently of ClpDP, facilitating protein fold-
ing and interactions [6]. In S. aureus, inactivation of clpX severely reduced virulence in
localized and systemic models of infections, suggesting that ClpX is indispensable for
the pathogenesis of S. aureus [54,91,92]. Consistent with this observation, ClpX controls,
by an unknown mechanism, the transcription of several major virulence genes and the
translation of protein A and the global virulence regulator Rot [16,54,93]. It has also been
shown that inactivation of clpC in S. aureus increases long-term intracellular survival in
non-professional phagocytes, suggesting that ClpC modulates intracellular persistence.
This is likely to be mediated, at least in part, due to an interaction of ClpC with AgrA and
ClpCP-mediated degradation of MazE. The Type Il MazEF Toxin—antitoxin system is one
of the best characterized in S. aureus [94]. This system is also found in other clinically im-
portant bacteria such as E. coli or P. aeuruginosa, among others [95-97]. Several studies were
carried out to characterize the MazEF locus by studying its activation and transcriptional
function [98-103]. MazEF is composed of MazF toxin, and its activity is modulated by
the MazE antitoxin. Under normal growth conditions, the high level of MazE ensures the
formation of the toxin—antitoxin complex and, consequently, the inactivity of MazF [104].
MazE is cleaved by the ClpCP degradation module, where ClpC is an active chaperone
and ClpP is a peptidase. The degradation of MazE is assisted by the adapter protein TrfA,
which provides specificity for ClpCP and facilitates the recognition of MazE [32-105].

In this regard, using a bacterial adenylate cyclase two-hybrid (BACTH) screening
system in M. tuberculosis demonstrated that protein interactome ClpC1 chaperone of the
ClpCP chaperone-protease complex found 196 unique interactors. Among the interactors
with an assigned function, according to the Mycobrowser database classification [106],
toxin—antitoxin (TA) systems are present as a major group with 24 unique TA system hits,
including members of the VapBC, MazEF, and ParDE type II families [107]. Furthermore,
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in vitro degradation assays show that antitoxins of the VapBC and RelBE system are
degraded by CIpCP [106].

On the other hand, in B. anthracis, the proteolytic activity of ClpX has been related to
the degradation of antimicrobial peptides, such as cathelicidin, an antimicrobial part of the
first line of the innate defense of the host. clpX mutant strains are rapidly eliminated in vitro
by the antimicrobial peptides cathelicidin, x-defensin, and lysozyme [81]. It has also been
suggested that ClpX participates in maintaining resistance to antimicrobial peptides LL-37
and nisine, and to the antibiotic penicillin and doptamicine [84]. Additionally, Listeria
monocytogenes, a Gram-positive intracellular pathogen, possesses two ClpP isoforms, ClpP2
and ClpP1P2 (Figure 1). It was established that ClpP was essential in the growth and
survival of the bacteria under stress conditions, being susceptible to the bactericidal activity
of the host without the presence of these peptidases. In this sense, it was determined that
ClpP2 was necessary for the expression of the virulence factor Listeriosin O, which forms
pores to allow the exit of phagocytic vacuoles after the invasion of the host [108].

More recently, it has been reported that ClpB is secreted in the extracellular environ-
ment and interacts with host macrophages. When ClpB is exposed on the surface, it can
mediate inflammatory immune response, which may help in maintaining the integrity of
tuberculous granulomas that contain the pathogen [109]. In addition, these strains deficient
in clpB are more sensitive than wild-type to isoniazid, a frontline TB drug that induces
oxidative damage in mycobacteria and is attenuated in a mouse infection model [66]. ClpB
has also been shown to be important in M. tuberculosis, where strains deficient in this
chaperone show a defect in recovering from stationary phase or antibiotic stress in standard
culture conditions. ClpB has a key role in stress tolerance and is also involved in virulence.
In addition to ClpB, M. tuberculosis also encodes for other members of the Hsp100/Clp
family, the proteins ClpC, ClpX, and two ClpP paralogues [31] (Figure 1 and Table 1), which
are involved in both general and regulatory proteolysis [110,111]. Interestingly, it was
demonstrated that clpC1, clpP1, and cIpP2 are essential for the growth and virulence of
M. tuberculosis [65,110]. The two clpP genes, clpP1, and clpP2 are co-expressed on a single
operon that is activated by ClgR, and encode for ClpP1 and ClpP2, respectively [112,113].
Initial structure—function studies concluded that ClpP1 and ClpP2 were separate enzymes
that, in isolation, formed mixtures of homo-heptameric and homo-tetradecameric com-
plexes that lacked activity [31].

In summary, Clp is involved in virulence, exhibiting that it is necessary for the degra-
dation of proteins involved in adaptation to the stationary phase, response to temperature
stress, biofilm formation, and motility [54]. During infection, S. aureus is faced with envi-
ronmental changes such as temperature, oxidative stress, antimicrobial peptides, among
others. These stresses can lead to the development of misfolded proteins. The removal of
these misfolded and non-native proteins is necessary for cell growth and functionality [114].
Selective degradation by the ClpP (Figure 1) and ClpQ proteases remove damaged proteins
and regulate the abundance of functional proteins such as stress-induced transcriptional
regulators [115,116].

Finally, ClpQ is present in Gram-positive bacteria, but contrasting to its counterpart in
E. coli, it does not possess a catalytic triad of the threonine type, but biochemical studies
suggest that it is a serine peptidase as well as ClpP,; unlike ClpP that forms heptamers,
ClpQ forms hexamers, which produce a different interaction between the peptidase and the
chaperones. Recent studies have shown a defect in motility by swarming and swimming
in a mutant of the clpY and clpQ gene in B. subtilis. They also observed that the mutant
showed a significant reduction in the production of y-PGA, which has been related to the
formation of biofilms and the colonization of surfaces. It was also suggested that ClpYQ
has a dispensable role in the response to heat shock in both B. subtilis and B. cereus [10].

4. Clp Family as a Target against Bacteria: Focus on ClpP

Various studies have shown that both uncontrolled activation and inhibition of ClpP
peptidase affect different aspects of bacterial pathogenesis (Figure 3). In this regard,
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ClpP has generated great interest, emerging as a potentially viable option as a new drug
target [7,15].

A B

ClpP inhibition ClpP activation

\ serine
ibitor\.

Promiscuous protein
degradation

Figure 3. Mechanisms of alteration of the ATPase—CIpP complex. (A) Inhibition chaperone-peptidase
complex by compounds that block the active site of ClpP by binding to serine of the catalytic triad
(598). (B) Activation of ClpP through an ADEP molecule binding produces a promiscuous protein
degradation.

4.1. Inhibition of ClpP

Many pathways to alter the function of the ClpP complex have been explored; for
example, the specific inhibition of ClpP has been achieved with the use of 3-lactone, phenyl
esters, and (3-sultams, all compounds which bind to the active site in an irreversible way
(Figure 3A). B-lactones, for their part, are effective against methicillin-resistant S. aureus,
where compound D3 generates a decrease in virulence factors, such as hemolysins and
proteases, and affects the ability to generate necrosis and inflammation [116]. To optimize
these compounds, Ul was synthesized, improving the efficiency between 3 to 5 times and
being able to inhibit not only ClpP of S. aureus but also of L. monocytogenes, where a decrease
in the synthesis of listeriolysin O and phospholipase was observed [117-119]. Other analogs
were effective against ClpP1/P2 of M. tuberculosis [120]. Despite the effectiveness of f3-
lactones, their clinical use is limited due to their plasma instability and their low selectivity.
In this sense, phenyl esters arose, which have greater efficiency and plasma stability than
-lactones. However, as a result of this, their activity against virulent phenotypes was
significantly lower and their inhibitory activity was not maintained [121]. On the other
hand, the use of (3-sultams demonstrated a new way of inhibiting peptidases, since they
can modify the serine of the catalytic site of ClpP, preventing nucleophilic attack [122].
Another compound that can inhibit ClpP is the boron-derived compound Bortezomib, a
human 265 proteasome drug that is used for cancer and has shown an effective inhibition
of ClpP1/P2 of M. tuberculosis by covalently binding to the Ser98 active site through its
boron atom. However, its high cost and human proteasome inhibition preclude its use as a
treatment [123].

On the other hand, the first non-covalent binding inhibitor to ClpP was developed,
compound AV145, which does not bind to the active site, but to the management region of
each monomer, which induces an inactive conformation of the tetradecameric complex [124].
However, its action is not effective since it does not inhibit the binding of ClpX with
ClpP and, therefore, its effects are not considerable [124]. In addition, its high cost and
proteasome inhibition prevented its use as a treatment [123]. Although the way to inhibit
ClpP has been extensively explored, all the aforementioned compounds are effective against
Gram-positive bacteria, while the inhibition of ClpP in Gram-negative bacteria has not
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been explored. Chloromethyl ketone is one of the compounds studied in E. coli, and it
has been reported that it is capable of inhibiting ClpP. Recently, a new class of inhibitor
was reported: the compound a-amino diarylphosphonate, which can bind irreversibly to
ClpP [15,124,125].

4.2. ClpP Modulation

Currently, the most successful strategy is to target the interaction between ClpP and
its ATPases through allosteric activation of ClpP, leading to uncontrolled and unregulated
proteolysis (Figure 3B). A group of compounds of the acyldepsipeptide family (ADEP) was
shown to be capable of activating the peptidase function in a deregulated manner, because
this molecule competes with ATPases for the same site of binding to ClpP, managing to
displace it, which produces a loss of regulatory function provided by chaperones. In addi-
tion, ADEPs mimicking the binding of chaperones can open the axial pore of the protease,
activating it and allowing it to indiscriminately degrade different unstable and unfolded
proteins or nascent ribosome chains [1,126]. With improved stability, ADEP has been shown
to have potent activity against Gram-positive bacteria such as M. tuberculosis, S. aureus, and
S. pneumoniae. Specifically, ADEP4 in combination with rifampicin demonstrated the ability
to eradicate biofilms and eliminate persister cells of S. aureus by activating the uncontrolled
proteolysis of more than 400 proteins in a mouse model, and was able to eradicate M.
tuberculosis by only preventing binding between ClpX and essential ClpP1P2 [7,34,127,128].
Most studies focus on Gram-positive bacteria due to the limitations of ADEP compared to
Gram-negative, mainly due to their susceptibility and limited penetration of the outer mem-
brane. Nevertheless, studies showed that ADEP26 was potent against two Gram-negative
pathogens, Neisseria meningitidis and Neisseria gonorrhoeae, while it was more potent than
other ADEPs against Gram-positive bacteria. However, more studies are required on
ADEP because of its toxicity and implementation for its clinical use [129]. Other activators
have been discovered, such as ACP (activators of self-compartmentalized proteases) and
sclerotiamide, a natural product, which have been presented to have similar activity to
ADEPs in E. coli [130,131].

5. Conclusions

Fast adaptation to environmental changes ensures bacterial survival, and proteoly-
sis represents a key cellular process in adaptation. The Clp protease system is a multi-
component mechanism responsible for protein homeostasis, protein quality control, and
targeted proteolysis of transcriptional regulators in bacteria. Important specific contri-
butions of the Clp protease system to bacterial survival range from the degradation of
defective, misfolded, or aggregated proteins and the general rescue of stalled ribosomes
to precise regulatory control of the heat-shock response, natural competence, sporulation,
motility, virulence, and life-cycle management. The identification of new approaches
and/or drug targets that could reduce bacterial infection are expected to find high utility in
prophylaxis, transmission, and attenuation of symptoms.
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