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ABSTRACT: In prokaryotic cells and eukaryotic organelles, the ClpP protease
plays an important role in proteostasis. The disruption of the ClpP function has
been shown to inﬂuence the infectivity and virulence of a number of bacterial
pathogens. More recently, ClpP has been found to be involved in various forms of
carcinomas and in Perrault syndrome, which is an inherited condition characterized
by hearing loss in males and females and by ovarian abnormalities in females.
Hence, targeting ClpP is a potentially viable, attractive option for the treatment of
diﬀerent ailments. Herein, the biochemical and cellular activities of ClpP are
discussed along with the mechanisms by which ClpP aﬀects bacterial pathogenesis
and various human diseases. In addition, a comprehensive overview is given of the
new classes of compounds in development that target ClpP. Many of these
compounds are currently primarily aimed at treating bacterial infections. Some of
these compounds inhibit ClpP activity, while others activate the protease and lead
to its dysregulation. The ClpP activators are remarkable examples of small
molecules that inhibit protein−protein interactions but also result in a gain of function.
wild type and clpP-lacking mutant cells8 (Figure 1B). In these
and other bacteria, ClpP has been found to be important for the
degradation of proteins involved in nutrient starvation,
stationary phase adaptation, heat-stress response, cell-cycle
progression, bioﬁlm formation, cell motility, nutrition, and
metabolism.9,10 Though it may target diﬀerent proteins in
diﬀerent organisms, identiﬁcation of its substrates in model
bacteria show that ClpP is responsible for the regulation of a
signiﬁcant portion of the bacterial proteome. Having a wide
range of impact on the proteome, it is not surprising that in a
number of bacterial pathogens, ClpP function plays a critical
role in infectivity and virulence.11−16
ClpP is also present in human cells, localized to the
mitochondrial matrix. Within this compartment, ClpP is
required for protein homeostasis,17 where it is involved in the
degradation and regulation of several enzymes of the electron
transport chain and other cellular metabolic pathways (Figure
1C).17−19 It is also linked with an unfolded protein response.20
The loss of ClpP activity is linked to infertility and
sensorineural hearing loss.17,21 Furthermore, overexpression of
ClpP has been linked to diﬀerent carcinomas.18,22
Given the role of ClpP in diﬀerent diseases, the protease is
considered a viable target for drug development. Currently,
excellent progress has been made in developing antibacterial
compounds targeting ClpP. Below, we describe the structure

I. INTRODUCTION AND OVERVIEW OF CLPP
FUNCTION
Proteolysis is an essential cellular activity that mediates protein
turnover and the removal of undesired proteins from the
intracellular environment. The conductors of this function, the
proteolytic machineries, allow for the cell to maintain
proteostasis and to adapt to changing environments by
providing the ability to alter protein levels. The best known
of these cellular machines is perhaps the eukaryotic 26S
proteasome along with a number of bacterial proteases such as
ClpP, Lon, HslUV, and FtsH. In bacteria, ClpP and Lon
perform the majority of the cellular proteolytic activities with
estimates suggesting them to be responsible for 80% of cellular
proteolysis.1 Over the past few years, with the discovery of
ClpP-targeting antibacterial compounds and the increased
awareness of its functional importance in the cell, ClpP has
become a focal point for drug development research.2−6
ClpP stands for caseinolytic protease P and is a highly
conserved self-compartmentalizing processive serine protease.
It is well-characterized in multiple species where it is found to
be involved in the proteolysis of damaged and misfolded
proteins, ribosome-stalled proteins, as well as regulatory
proteins. In Escherichia coli,7 in a setup utilizing a proteolytically
inactive variant of ClpP as a trap, over 60 proteins were
identiﬁed as potential substrates of this protease. The identiﬁed
proteins include those involved in metabolism, cell division,
transcription regulation, and damage repair (Figure 1A). A
similar repertoire of candidate substrates has been found for
ClpP in Bacillus subtilis indirectly through use of 2D-PAGE in
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Figure 1. ClpP substrates in diﬀerent organisms. Potential ClpP substrates identiﬁed in (A) E. coli,7 (B) B. subtilis,8 and (C) eukaryotes. ClpP
substrates in eukaryotes were identiﬁed in a human embryonic kidney cell line18 (indicated by superscripted H), mouse embryonic ﬁbroblasts17
(indicated by superscripted M), and Podospora ansperina fungal model19 (indicated by superscripted P); however, the names given are those of the
human proteins. The proteins are grouped according to their function as deﬁned by the gene ontology (GO) functional classiﬁcations. Eukaryotic
ClpP is represented here by the HsClpP structure.

pores (Figure 2B,C). However, for eﬃcient proteolysis of long
polypeptides and proteins, ClpP typically forms a complex with
an ATPase chaperone (named Clp ATPase) that unfolds target
substrates and threads them into the ClpP chamber for
degradation (Figure 2C).28 These chaperones belong to the
Hsp100 class of ATPases associated with diverse cellular
activities or the AAA+ superfamily and act as a cap to the ClpP
cylinder by binding one or both ends of the cylinder (Figure
2C). There are diﬀerent types of such caps in diﬀerent
organisms; for example, in E. coli, both ClpX and ClpA act as
ClpP caps.
The Clp ATPases form a hexameric complex containing a
central pore through which the substrates are translocated into
the protease chamber (Figure 2C). Though the mechanistic
intricacies of the symmetrical mismatch between the hexameric
Clp ATPases and the 7-fold symmetric ClpP protease are
currently a matter of debate, the most commonly accepted
model proposes the ATPases to induce a conformational
change in the protease from a closed to an open, active
conformer that is amenable to the translocation of large
unfolded substrates into the ClpP proteolytic chamber for
degradation.29 While currently there is no high-resolution
structure of a Clp ATPase in complex with ClpP protease, the
interaction between the two complexes has been characterized
biochemically. This association is highly dependent on the
docking of the Clp ATPases through their IGF/L motifcontaining loops onto the hydrophobic pockets of ClpP located
on the apical surface of the heptameric rings (Figure 2B) with
additional dynamic contacts being made by the N-terminal
loops of ClpP with axial pore loops of the ATPase. The details

and function of ClpP and discuss the chemical biology and drug
development eﬀorts targeting this protease.

II. CLPP STRUCTURE AND REGULATION
ClpP typically forms a tetradecameric cylinder composed of
two rings with heptameric symmetry. As shown in Figure 2A
for E. coli ClpP (EcClpP), the ClpP protomer can be divided
into three subdomains: an N-terminal loop segment, the head
domain, and the handle domain.23 The handle domain forms
the interface linking the two heptameric rings into the
functionally active tetradecamer23 (Figure 2A,B). The two
ClpP heptameric rings form a chamber within which 14 active
sites comprised of the canonical serine−histidine−aspartic acid
triad are found (Figure 2A,B).
The protease is often found as a homomeric assembly as
evidenced by the EcClpP; however, multiple isoforms of ClpP
in a single organism organized in homomeric or heteromeric
assemblies of paralogous subunits are also present. Examples
include Mycobacteria tuberculosis containing the ClpP1 and
ClpP2 isoforms encoded on a single operon. Both isoforms
form an active tetradecameric protease that is composed of a
heptameric ring each of ClpP1 and ClpP2 paralogs.24,25
Pseudomonas aeruginosa also has two ClpP paralogs; however,
ClpP1 and ClpP2 form distinct tetradecameric complexes
under separate regulatory controls as they perform diﬀerent
functions in the cell.26 Many cyanobacteria and plastids of
plants contain multiple isoforms of ClpP and ClpR, which is a
proteolytically inactive variant of ClpP, that form diﬀerent types
of mixed tetradecameric complexes.27
ClpP by itself acts as a peptidase by degrading short peptides
that can enter its proteolytic chamber through the narrow axial
1414
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Figure 2. ClpP structure. Structure of EcClpP (PDB ID 1YG6) (A) protomer and (B) tetradecamer side view and top view. In A, the N-terminal
axial loop region (beige), the head domain (green), and the handle region (yellow) are indicated. Residues of the catalytic triad are shown as stick
models (red). In B, the tetradecamer is shown with the two heptameric rings in light and dark blue. The axial pore and hydrophobic patches (red)
are highlighted. In C, a schematic of the ClpP proteolytic function is shown as the substrate is channelled through the Clp ATPase pore (ClpX) into
the ClpP proteolytic chamber for degradation.

ylococcus aureus.11,12 In the ﬁrst of these, a transposon-based
mutagenesis screen identiﬁed 40 mutants of the Gram-negative
Salmonella typhimurium, which causes food borne illness in the
form of typhoid and gastroenteritis, to interfere with disease
onset in a mouse model of typhoid fever.11 The gene for ClpP
was among these mutants. The role of ClpP in S. typhimurium
pathogenesis was then further conﬁrmed by Yamamoto and
colleagues in a follow-up study. 36 Yamamoto’s group
demonstrated that, in contrast to wild type lines, cells lacking
ClpP are unable to survive within the peritoneal macrophages,
an important step in the establishment of S. typhimurium
virulence.36,37 Using global transcriptomic analysis, ClpP was
shown to be a critical player in the regulation of genes on the
Salmonella pathogenicity island 1 via the transcriptional factors
RpoS and CsrA.38
For the identiﬁcation of proteins involved in virulence
associated with the Gram-positive S. aureus, transposon-based
mutational analysis was used in the construction of a total of
1248 deletion strains.12 Among gene mutants identiﬁed to
attenuate or reduce the virulence of S. aureus in a murine model
of bacteraemia was the ClpX ortholog.12 Subsequently, the
importance of ClpP itself in pathogenesis by S. aureus was soon
established when mutants lacking either ClpX or ClpP were
found to be deﬁcient in virulence in a murine skin abscess
model.9 In addition to its impact on the regulation of several
stress responses, the eﬀect of ClpP on S. aureus virulence was
found to be related to the secretion of the hemolytic factor αhemolysin (encoded by the hla gene) and other eﬀectors via
the regulation of factors encoded by the agr locus including
RNA III and the autoinducing peptide.9 ClpP was also found to

of the interaction between the protease and ATPases and their
mechanism have been described in recent literature.28
The Clp ATPases act as selective ﬁlters as they target a
speciﬁc set of substrates for degradation under diﬀerent
conditions and under diﬀerent regulatory controls.10 They
often identify substrates by inherent or added degron tags that
are either accessible or become exposed in sequences of
partially unfolded proteins.7 The selection of substrates
identiﬁed for degradation varies depending on the Clp
ATPases.30 Thus, with multiple such ATPases often present
in cells, the ATPases tightly control ClpP degradation activity.
Further impacting and ﬁne-tuning the control of protein
degradation by ClpP are adaptors that bind to the Clp ATPases
and inﬂuence the substrate choice. Examples of such adaptors
in E. coli include RssB, SspB, and UmuD that bind to ClpX, and
ClpS that binds to ClpA. These adaptors modulate the
substrate selectivity of the ATPases in response to relevant
stresses and signals.31,32 Other adaptors regulate the functional
assembly of the Clp ATPases themselves such as the eﬀect of
the MecA adaptor on the ClpC ATPase in B. subtilis.33 Adding
to the complexity of ClpP regulation, antiadaptors have been
identiﬁed that inhibit or regulate the activity of the adaptors
themselves.34,35 The diﬀerent Clp ATPases, adaptors, and
antiadaptors provide a means for the extensive regulation of
ClpP-dependent protein degradation.

III. ROLE OF CLPP IN BACTERIAL PATHOGENESIS
The role of ClpP in infectious diseases was inferred more than
two decades ago from investigations on the pathogenic bacteria
Salmonella typhimurium, Listeria monocytogenes, and Staph1415
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feature of P. falciparum and other members of the Apicomplexa
phylum to which it belongs is a plastid called the apicoplast.
The organelle is bound by four membranes and is located in
close proximity to a singular mitochondrion. The apicoplast is
essential for the biosynthesis of fatty acids, isoprenoids, heme,
and iron−sulfur clusters.46 P. falciparum ClpP (PfClpP) is
localized to the lumen of the apicoplast.47 Expression analysis
of PfClpP in P. falciparum’s asexual life cycle in human blood
cells revealed that the protein is maximally expressed at the late
trophozoite and early schizont stages.47 These are the life stages
in which P. falciparum multiplies and infects red blood cells.
Inhibition of PfClpP with a β-lactone compound resulted in
signiﬁcant growth reduction after 96 h of drug exposure.47
Furthermore, although the treated parasites were still able to
develop into viable merozoites that can subsequently infect
fresh red blood cells after progressing through the ﬁrst asexual
cell cycle (0−48 h), the parasites failed to develop from early
into late schizont during the second asexual cell cycle (48−96
h). The growth arrest observed in the second cell cycle was the
result of failed cytokinesis necessary for the schizont to develop
into mature merozoites, combined with failure in development
and segregation of the apicoplast and disruption in the
replication of apicoplast DNA.47 Importantly, the growth arrest
of drug-treated parasites rendered them incompetent in
infecting new red blood cells, which resulted in a halt in
parasitemia of the parasite cultures. Thus, the cellular function
of PfClpP is essential for the replication and segregation of the
apicoplast and cytokinesis of dividing P. falciparum cells.

regulate the levels of the heme-iron extracting Isd (ironregulated surface determinants) proteins,39 which are required
for pathogenesis.
The third major, early example of a link between bacterial
virulence and ClpP was found in Listeria monocytogenes, an
intracellular Gram-positive pathogen that escapes the phagosomal compartment to replicate in the cytoplasm of various
types of cells.40 L. monocytogenes encodes two isoforms of ClpP,
ClpP1 and ClpP2.41 The functional signiﬁcance of ClpP1 is not
known, but mutants lacking ClpP2 were susceptible to the
bactericidal activity of the macrophage host as these bacteria
lacked their usual hemolytic abilities.40,41 ClpP2 was found to
be required for the expression of the Listeriolysin O virulence
factor, which forms pores to allow for bacterial escape from the
phagocytic vacuole after invasion of the host. Though ClpP2
mutants were taken up by the macrophages at similar levels to
those of the wild type, the mutants suﬀered in their ability to
escape and replicate to spread the infection.40 Another factor,
SvpA, implicated in the intracellular survival and escape of the
pathogen from the phagosomes of bone marrow macrophages
was observed to be under the regulatory control of ClpP2, its
partner ClpC ATPase, and the adaptor MecA.42
The role of ClpP in the pathogenesis of Streptococcus
pneumonia has also been demonstrated. S. pneumonia, a Grampositive infectious agent involved in pneumonia, meningitis,
and bacteremia, is found to transform from an asymptomatic to
a virulent form due to morphological and genetic changes that
may be induced by heat stress response mechanisms.43 Mutant
strains lacking clpP were found to lose their ability to colonize
the nasopharynx, a niche environment for these bacteria in
asymptomatic hosts, or to lose their ability to invade lung
tissues in mouse models of septicemia and had poorer survival
in murine macrophages.43 Similarly, Legionella pneumophila
ΔclpP mutants lacked the ability to escape the endosome−
lysosome pathway in mammalian cells.16 In Pseudomonas
aeruginosa, ClpP was found to regulate the production of
alginate, an exopolysaccharide that protects bacteria and that is
associated with the onset of cystic ﬁbrosis disease.13 Enterococcus faecalis lacking ClpP or the Clp ATPases had attenuated
virulence in moth infection models.15
Finally, unlike other bacteria, ClpP was found to be essential
for the viability of M. tuberculosis, a pathogen linked with 1.7
million deaths in 2016.14,44 The organism encodes ClpP1 and
ClpP2 isoforms on a single operon, with the functional Clp
protease comprised of a heptamer of each isomer forming a
tetradecamer.24 Both ClpP isomers, along with the ClpX and
ClpC1 ATPases, were shown to be essential for the viability of
the bacteria.44 A functional ClpP1P2 complex was found to be
required for viability and during infection by this pathogen.14
Furthermore, the regulatory check imparted by ClpP1P2
through its degradation of the toxic substrate WhiB1 was
identiﬁed to impart essentiality to the protease.45
All these organisms are recent examples adding to the
growing list of pathogens shown to be impaired in their ability
to infect or cause disease when lacking the ClpP protease
system.

V. ROLE OF CLPP IN HUMAN MITOCHONDRIA
ClpP is much less studied in human and other mammals. The
mammalian ClpP is localized to the mitochondrial matrix and is
an important part of the mitochondrial protein quality control
system. Like its bacterial counterparts, ClpP physically and
functionally associates with the AAA+ ATPase ClpX, which is
also localized within the mitochondrial matrix. Given that ClpP
is highly conserved across species, the primary sequence of
human ClpP (HsClpP) shares a high degree of identity with
ClpP from other mammals, bacteria, and other species.48 The
X-ray structure of HsClpP has been solved, and it closely
resembles the structures of its bacterial orthologs.49 Like the
bacterial versions of ClpP, the active oligomeric state of
HsClpP is that of a cylindrical tetradecamer, capped on each
end by a hexameric HsClpX.50 However, HsClpP exists mainly
as a heptameric single-ring assembly, which is proteolytically
inactive.51 Transition from the inactive heptameric form to the
active tetradecameric form is promoted by interaction with
HsClpX.51
The primary function of mammalian ClpP is the maintenance of the mitochondrial proteome via degradation of
oxidized and denatured proteins, which it performs in concert
with ClpX.52 This is necessary for proper mitochondrial
function as many of the proteins that are potential substrates
of human ClpP are directly involved in energy metabolism,
mitochondrial translation, and amino acids and fatty acids
metabolism, among other roles (Figure 1C).17−19,22,53−55
The loss of ClpP expression in various mammalian cell lines
almost invariably results in mitochondrial respiratory deﬁciency.
Reduced protein levels of both complex I and complex IV
subunits have been noted in the myoblast cell line C2C12 and
in heart cells of ClpP-deﬁcient mice.17,56 Similarly, many ClpP
interactors are involved in mitochondrial translation (Figure
1C). Loss of ClpP leads to an accumulation of ERAL1 that

IV. ROLE OF CLPP IN PLASMODIUM FALCIPARUM
Plasmodium falciparum is the causative agent of malaria in
humans. It is a unicellular eukaryotic parasite with a complex
life cycle, whereby the organism adopts diﬀerent cellular
morphologies with multiple reproductive stages when it moves
between the human host and the mosquito carrier. A unique
1416
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and tissues are potentially reﬂective of their greater dependence
on ClpP, possibly at diﬀerent developmental stages or other
currently unknown conditions, which could translate into a
greater susceptibility of these organs and tissues to the loss of
ClpP causing the observed disease phenotypes.

binds the 28S ribosomal subunit, attenuating the formation of
mature mitochondrial ribosomes and decreasing the eﬃciency
of translation initiation causing reduced protein synthesis.17 In
C2C12 cells lacking ClpP, the resultant increase in the presence
of mitochondrial ﬁssion promoter DRP1 is linked to reduced
mitochondrial size.56 Furthermore, for both the C2C12 and
mouse embryonic ﬁbroblast cells, the absence of ClpP results in
a decrease in the cell’s doubling time, causing the cells to reach
senescence earlier.21
The characterization of ClpP-associated phenotypes in both
the mammalian cell and model organisms clearly illustrates the
importance of ClpP in various mitochondrial functions that are
vital to the cell and the health of the organism in general.
Accordingly, ClpP has been shown to play vital roles in
noninfectious human diseases. These can be grouped under
two major categories: genetic disorders that arise from
mutations that disrupt normal ClpP expression or its function,
leading to mitochondrial dysfunction that impacts speciﬁc
tissues and organs, and oncogenic disease in which ClpP is vital
in sustaining the growth and metastasis of human cancer cells.
Details of the roles of ClpP in these two categories of diseases
are discussed below.

VII. ROLES OF HUMAN MITOCHONDRIAL CLPP IN
THE VIABILITY, GROWTH, AND METASTASIS OF
CANCER CELLS
A hallmark of many cancer cells is their accelerated and
unregulated growth and proliferation. This typically requires
signiﬁcant alterations in energy metabolism that induce cellular
oxidative stress via the increased generation of reactive oxygen
species (ROS).60 The increase in ROS causes oxidative damage
to diﬀerent biomolecules, leading to mitochondrial dysfunction
and other cellular impairments.52 To compensate, multiple
mitochondrial chaperones and proteases are upregulated to
preserve mitochondrial integrity and functions, while simultaneously suppressing the activation of apoptotic pathways that
can be triggered by the increase in cellular ROS levels. ClpP is
upregulated across various types of cancer. These include
carcinomas in breast, prostate, colon, liver, uterus, ovary,
thyroid, lung, bladder, stomach, Hodgkin’s lymphoma, acute
myeloid leukemia, as well as glioblastoma multiforme.18,22 Also,
ClpP expression was found to be 1.4 to 2.6 times higher in
metastatic cells than nonmetastatic ones in non-small-cell lung
cancer.22
Research on the cellular roles of ClpP has revealed that the
protease is important in the pathology of several human
cancers, including cell viability, proliferation, and metastasis,
although the eﬀect of ClpP and its importance is cell-type
speciﬁc. For example, prostate adenocarcinoma PC3 cells are
heavily dependent on ClpP for proliferation, and knockdown of
ClpP results in cell cycle arrest and inhibition of colony
formation.22 Investigations of tumor cell invasion and metastasis in PC3 upon CLPP knockdown showed inhibition of cell
migration in a wound closure assay.22 With acute myeloid
leukemia (AML), genetic knockdown in cell lines with high
ClpP expression, such as the K562, TEX, and OCI-AML2 cell
lines, results in the reduction of both cell growth and viability.18
In contrast, knockdown of ClpP in the nonmetastatic breast
adenocarcinoma MCF-7 cells had only a marginal eﬀect on
suppressing cell proliferation, even though ClpP was also highly
expressed in these cells.22
Interestingly, the overexpression of ClpP in HeLa cells
increased the cell’s resistance against killing by cisplatin, a
commonly used chemotherapeutic agent that damages DNA
and induces apoptosis,61 whereas knockdown of ClpP had the
opposite eﬀect.62 The overexpression of a catalytically inactive
ClpP mutant had no eﬀect on protecting the cell from cisplatin
or in delaying caspase activation, an indication of apoptosis.
This highlights the importance of ClpP’s proteolytic activity in
the underlying mechanism, although the relevant substrate
proteins targeted for degradation were not explicitly identiﬁed.62 Nevertheless, the overexpression of ClpP induces an
upregulation of the copper eﬄux pumps ATP7A and ATP7B,
both of which have been shown to promote cisplatin release
from the cell.63 Proﬁling of caspase 7 and caspase 3 activation
upon cisplatin treatment revealed that ClpP upregulation
induces a delay in the accumulation of both caspases in their
activated forms, suggesting that ClpP acts upstream of
mitochondrial membrane permeabilization and caspase activation during cisplatin-induced cell killing.62

VI. ROLE OF HUMAN MITOCHONDRIAL CLPP IN
PERRAULT SYNDROME
The physiological roles of ClpP have been investigated via the
use of the CLPP null mice. A deﬁnitive phenotype of the CLPP
null mice is the general infertility in both males and females.21
Both the males’ testes and the females’ ovaries were shown to
have reduced size.17 Another prominent phenotype is
sensorineural deafness. Gispert et al. reported that these
animals become deﬁcient in their motor startle response to
sudden, loud acoustic stimuli at much earlier stages of their
natural life span.21 The CLPP null mice also displayed
reduction in physical growth and motor activity, and adult
CLPP null mice had both a lower body weight gain and a
shorter stature.17,21
Notably, many of these phenotypes that are manifest in the
CLPP null mice closely resemble the characteristic symptoms of
Perrault syndrome in humans.21 Perrault syndrome is a rare
genetic disorder that is characterized by bilateral, sensorineural
hearing loss in both male and female patients. Additionally,
female patients also suﬀer from ovarian dysfunction that results
in sterility or diﬃculty in conception. In contrast, male patients
show normal fertility in all reported cases. Patients may also
suﬀer from various neurological defects, such as developmental
delay, intellectual disability, cerebella ataxia, as well as motor
and sensory peripheral neuropathy.
Perrault syndrome is associated with the presence of biallelic
mutations in any one of ﬁve genes. These are HARS2,
HSC17B4, LARS1, C10orf 2, and CLPP. On the basis of the
known mutations in HsClpP implicated in Perrault syndrome,
the primary eﬀect of Perrault mutations in ClpP is likely to
weaken its structural integrity, leading to an unstable ClpP with
a shorter half-life.57,58 This results in an overall reduction in
cellular ClpP levels, leading to mitochondrial dysfunction and
ultimately, the manifestation of disease. The physiological
impact from the loss of ClpP on the entire organism reported
to date appears to be localized to speciﬁc organs and tissues.
Accordingly, the highest levels of ClpP expression are also
detected in organs and tissues where the CLPP null phenotypes
manifest. These include the testis, ovaries, heart, and skeletal
muscles.59 The higher levels of ClpP expression in these organs
1417
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Figure 3. Inhibitors of ClpP. Shown are chemical structures of (A) β-lactone analogues and (B) phenyl ester analogues that inhibit ClpP. (C) A
proposed mode of inhibitory action by β-lactone and phenyl ester compounds is illustrated for phenyl ester analogue AV170 on Ser98 in the active
site of SaClpP. (D) The reversible inhibitor AV145 bound to SaClpP near the active site (PDB ID 5DL1). (E) The structure of a pyrimidinecontaining inhibitor of PfClpP, named compound 33, is shown. (F) A peptide boronate Ac-Pro-Lys-BoroMet is drawn. Shown are the structures of
the active sites of (G) EcClpP bound with Z-LY-CMK (PDB ID 2FZS), (H) BsClpP bound with DFP (PDB ID 3TT7), and (I) SaClpP with its
serine modiﬁed to a dehydroalanine after β-sultam treatment (PDB ID 4MXI).

important players in countering the host response, tissue
necrosis, and inﬂammation.
An optimized β-lactone inhibitor of S. aureus ClpP (SaClpP),
U1 (Figure 3A), showed 3- to 5-fold increased inhibition
compared to D3.66,67 U1 inhibited ClpP from other bacteria as
well. For example, it was found that U1 caused the downregulation of important virulent factors such as listeriolysin O
and phospholipases C in Listeria monocytogenes.66 U1 also
speciﬁcally inhibited the P. falciparum ClpP protease activity.47
Furthermore, other β-lactone analogs were able to inhibit the
ClpP1P2 peptidase activity in M. tuberculosis leading to cell
death.68 The most potent inhibitor identiﬁed in that study, βlactone 7 (Figure 3A), contains a benzylic substituent on the αcarbon and an alkyl chain on the β-carbon and selectively
inhibits ClpP2. β-Lactone inhibitors also showed activity
against AML human cell lines expressing elevated levels of
ClpP.18
Despite the successes observed in vitro, limitations of βlactones reside in their generally low potency, poor selectivity,
and relative instability as these labile electrophiles are quickly
hydrolyzed in human plasma.5,18,67 Consequently, other

Taken together, ClpP plays a critical role in sustaining the
growth and viability of speciﬁc types of cancer cells as well as in
promoting their proliferation and metastasis.

VIII. DRUG-BASED MODULATION OF CLPP
ACTIVITYCLPP INHIBITORS
The speciﬁc inhibition of ClpP activity has primarily been
achieved using β-lactone and the phenyl ester group of drugs.
Several trans-β-lactone compounds were primarily identiﬁed to
act against ClpP using a chemical proteomic strategy called
activity-based protein proﬁling in which site-directed covalent
probes were used to proﬁle the activity of enzymes in
proteomes.64 The identiﬁed compounds were found to
speciﬁcally label and irreversibly inhibit ClpP from several
nonpathogenic and pathogenic bacterial strains.3,65 Three
compounds, D3, E2, and G2 (Figure 3A), were identiﬁed to
selectively target and irreversibly inhibit ClpP of WT and
methicillin-resistant S. aureus cells; D3 was the most potent.
The addition of these compounds to S. aureus cells resulted in
decreased expression of major virulence factors such as
hemolysins, proteases, DNases, and lipases, which are
1418
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Figure 4. Activators of ClpP. (A) Shown are the chemical structures of ADEP compounds. (B) Top and side views of EcClpP unbound (PDB ID
1YG6) and bound with ADEP 1 (PDB ID 3MT6). ClpP is shown in a blue surface representation. The hydrophobic pockets are highlighted in
purple with or without bound ADEP 1 shown as yellow sticks. (C) The structures of ACP1−5 and ACP1b are shown. (D) The structure of
sclerotiamide I is shown.

found to inhibit ClpP.5 From the screen, six potential hits were
identiﬁed that contained activated ester or amide moieties
(Figure 3B). These hits were then tested for inhibition of
HsClpP and SaClpP. Most phenyl ester compounds did not

chemical scaﬀolds are needed to obtain clinically viable
compounds that target ClpP.
Using an unbiased high-throughput screen of more than
137 000 compounds, a novel class of phenyl esters has been
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the binding of these inhibitors at the active site serine. Also, the
action of a β-sultam inhibitor75 was found to result in the
conversion of the active site serine to dehydroalanine as
observed by the solved X-ray structure of SaClpP treated with a
β-sultam termed RKS07 (Figure 3I).

inhibit human ClpXP proteolysis but were selective for bacterial
ClpP; their potency, inhibition kinetics, and plasma lifetime
largely exceeded that of the β-lactones.5 AV170 was found to be
4 times more eﬀective for SaClpP in inhibiting its peptidase
activity compared to β-lactones D3 and E2, followed by AV166
and AV1265 (Figure 3B). Furthermore, AV167, which has a
large naphthofuran moiety (Figure 3B), was found to be the
only compound that reduced human mitochondrial ClpP
peptidase activity at low concentrations.
Both β-lactones and phenyl esters inhibit ClpP through the
covalent modiﬁcation of the active site. For example, the active
site Ser98 in SaClpP acts as a nucleophile which attacks these
compounds and results in a trapped acyl-enzyme intermediate
(Figure 3C). Accordingly, these inhibitors are also useful tools
in further dissecting and understanding the ClpP catalytic
mechanism.
A noncovalent inhibitor against S. aureus ClpP was identiﬁed
in a high throughput screen.69 The inhibitor (AV145) consists
of three heterocycles, pyrazolopyridine and 2-(thiophen-2yl)oxazole moieties (Figure 3D). A cocrystal structure
demonstrated that AV145 bound to the handle region close
to the active site of the protease, which locks SaClpP in a novel
conformation (Figure 3D). However, the inhibitory eﬀect of
AV145 and its optimized derivatives was revoked due to ClpX
binding to ClpP, and hence, the compounds had no
pronounced eﬀect on the bacteria itself.69
Another class of ClpP-inhibitor compounds eﬀective against
the P. falciparum protease was recently identiﬁed with the help
of in silico screening.70 The authors utilized the available
structure of EcClpP in its active state to model the binding of a
library of 450 000 compounds to the PfClpP protein. A select
group from the screen showing potent in vitro inactivation of
the PfClpP led to the identiﬁcation and optimization of a series
of candidates containing a pyrimidine ring. The most promising
of these, referred to as compound 33, is shown in Figure 3E.
The biochemical mechanism of inhibition is not known;
however, the compound displayed the ability to interrupt the
division and segregation of the apicoplast organelle leading to
inhibition of parasite growth.70 The relatively low cytotoxicity
observed against HeLa cell lines bodes well for further
optimization of the compound for clinical applications.
The essentiality of the M. tuberculosis ClpP1P2 proteins
(MtbClpP1P2) for the tuberculosis pathogen has provided the
opportunity for the design of drugs targeting it. Taking
advantage of this and utilizing known peptide substrates for the
protease, peptide boronates have been designed to inhibit the
MtbClpP1P2 activity.71 Figure 3F depicts one such compound.
An active MtbClpP1 is known to be required for both peptidic
and proteolytic activities of the protease, while MtbClpP2 is
only essential for proteolysis. The di- and tripeptide boronates
were made and were selective for MtbClpP1, yet they were able
to inhibit both the peptidic and the proteolytic activities of the
MtbClpP1P2. Furthermore, these compounds were selective
for M. tuberculosis, with limited activity against the mammalian
myeloma cells MM1.S and showed no growth inhibition of E.
coli or S. aureus. It should be noted that peptide boronates have
been designed to target the human proteasome and are being
used in treating multiple myeloma.72
Three X-ray crystal structures of ClpP have also been solved
with general serine protease inhibitors. The structure of EcClpP
with benzyloxycarbonyl-leucyltyrosine chloromethyl ketone
(EcClpP-Z-LY-CMK; Figure 3G)73 and B. subtilis ClpP with
diisopropylﬂuorophosphate (BsClpP-DFP; Figure 3H)74 show

IX. DRUG-BASED MODULATION OF CLPP
ACTIVITYCLPP DYSREGULATORS
Rather than inhibiting ClpP activity, a group of compounds of
the acyldepsipeptide (ADEP) family (Figure 4A) were
discovered to dysregulate (or activate) the function of the
protease. Dysregulation of ClpP is achieved by ADEPs
competing with and displacing the AAA+ ATPase ClpX in
binding with ClpP, thereby bypassing ClpX’s regulatory
function. ADEP-binding also keeps ClpP in its active state
and enables the protease to indiscriminately degrade susceptible proteins.76
ADEPs were ﬁrst discovered by researchers at Eli Lilly and
Company in 1985 and were isolated from Streptomyces
hawaiiensis as eight factors that formed an antibiotic complex.77
The antibiotic action of these factors was evidenced against
Gram-positive Staphylococcus and Streptococcus strains. However, it was not until two decades later that the main
components of the A54556 complex were structurally
characterized (e.g. factor A (ADEP 1) and factor B (ADEP
2); Figure 4A) and identiﬁed to act speciﬁcally on ClpP.2
X-ray cocrystal structures have been solved for ADEP analogs
bound to ClpP from a number of organisms.25,78−80 ADEPs
bind at hydrophobic pockets (H-pockets) on the top and
bottom apical surface of ClpP away from the catalytic center
(Figure 4B; also see Figure 2B). These H-pockets are located
between adjacent monomers, surrounding the axial entrance
pore; hence, a ClpP cylinder contains 14 such pockets. The
pockets are sites where the Clp ATPases dock onto ClpP using
loop regions containing a highly conserved IGF/L motif.81 The
interaction of the Clp ATPases is linked to the opening of the
ClpP axial pore, providing substrates access to the proteolytic
chamber.79,82 Therefore, the association of the ADEPs at a
similar location is thought to mimic the action of Clp ATPase
binding and, at the same time, prevent the binding of the
ATPase partner. ADEP binding opens up the ClpP axial pores
and has an allosteric eﬀect on ClpP structure83 that is proposed
to enhance the observed eﬃcacy of protein degradation by
ClpP without a need for Clp ATPases or associated adaptor
proteins.78,79
The activation of ClpP function by ADEPs has been
elucidated through observations of the antibiotic eﬀect of the
compounds on E. coli, B. subtilis, S. aureus, and S. pneumoniae
among others.2,84−86 In addition, Famulla and colleagues87
presented data to indicate that, in Mycobacteria, the
antibacterial activity of ADEPs is primarily due to their ability
to prevent the binding between the ClpP complex and the Clp
ATPase. In vitro assays have shown certain ADEP compounds
to even have a similar activating inﬂuence on the proteolytic
action of the human protease.88
The earliest ADEPs (ADEP 1 and 2; Figure 4A) were found
to have limited antibacterial activity against Gram-positive
pathogens, and Gram-negative bacteria were often not
susceptible. In addition, they were inactive in mouse models
due to poor solubility, fast systemic clearance, and the
instability of the drug structure.89 A series of manipulations
of the ADEP structure have led to the identiﬁcation of more
stable and potent forms of the molecule. The main component
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Figure 5. Structures of compounds targeting Clp ATPases. Shown are the structures of a dihydrothiazepine termed “334,” cyclomarin A, lassomycin,
and ecumicin.

enhanced activity against Gram-positive species, S. aureus and
Enterococcus faecalis, but was also potent against two susceptible
pathogenic Gram-negative species, Neisseria meningitidis and
Neisseria gonorrheae.
To identify molecules with similar activities against ClpP as
ADEPs but with diﬀerent structural scaﬀolds, a high-throughput
screening approach was used. Five structurally diverse
activators, which we termed Activators of Self-Compartmentalizing Proteases (or ACPs; Figure 4C), were identiﬁed to have
ADEP-like activities against EcClpP.4 ACP1 (Figure 4C) was
found to be the most eﬀective and was further optimized,
yielding ACP1b (Figure 4C), which showed good antibacterial
properties. Bactericidal activity at low concentrations was
observed with ACP1b against the Gram-positive Streptococcus
pneumonia and Staphylococcus aureus along with six Gramnegative bacteria: N. meningitidis, N. gonorrheae, H. inf luenzae,
P. aeruginosa, L. monocytogenes, and E. coli.4 These ACP
compounds are thought to possess a similar mechanism of
ClpP activation to that of the ADEPs.
A third type of ClpP activator was identiﬁed in a recent study
by Lavey and colleagues using a ﬂuorescence-based protease
assay to screen a library of about 450 structurally diverse fungal
and bacterial secondary metabolites for the activation of
EcClpP in vitro.6 After multiple screenings, sclerotiamide, a
nonpeptide-based natural product, was found to activate
EcClpP (Figure 4D). Although the potency of sclerotiamide
is much lower when compared to ADEPs and ACPs, its
structure provides a unique three-dimensional bicyclo-[2.2.2]diazoctane motif which has been recently reported to exhibit a
range of biological activities.96 Therefore, further optimization
studies are required to improve potency through a structure−
activity relationship for cellular target engagement and eﬃcacy.

of the ADEP consists of a peptidolactone macrocyclic core (a
depsipeptide) coupled to an N-acylphenylalanine moiety via an
exocyclic amide bond. The entropic cost of ClpP binding can
be lowered through the inclusion of a ridged pipecolate moiety
as shown in ADEP 4 (Figure 4A). In addition, when the
polyunsaturated side chain of ADEP 2 was substituted with a
heptenoyl moiety, along with a replacement of the phenylalanine with a 3,5-diﬂuorophenylalanine residue, an enhancement of chemical stability and bioavailability was observed with
a 160-fold increase of activity.89 Later on, further improved
antibacterial activity was gained by functionalization of the
ADEP 4 macrocycle with methylated piperidine and conversion
of the serine moiety into allo-threonine (ADEP 1g; Figure 4A),
which resulted in a constrained conformation of the core.90,91
The susceptibility of the depsipeptide ester linkage to
hydrolysis remains a concern, yet its substitution to an amide
or N-methyl amide linkage has not proven to be a viable
option.80,92 Furthermore, the ADEPs are nontrivial chemical
synthesis targets, with the macrocyclic ring constituting the
most challenging aspect of the molecule, a factor which has
somewhat limited the development of extensive compound
libraries and medicinal chemistry eﬀorts.93
With improved stability, ADEPs have been found to exhibit
potent activity against Gram-positive bacteria such as Enterococci, Mycobacterium tuberculosis, Staphylococcus aureus, and
Streptococcus pneumoniae.2,87,89,90,94 The eﬀectiveness of ADEP
4, in combination with rifampicin, was shown against chronic
bioﬁlm infections by Staphylococcus aureus in mice.95 ADEP 4
activity was further tested in mouse models against pathogenesis by E. faecalis, S. aureus, and S. pneumonia where
toxicological and pharmacokinetic tests of the drug in mice and
dogs showed moderate to high distribution and clearance with a
1−2 h half-life.2
Many of the ADEPs have bactericidal activity against Grampositive bacteria, but their actions are limited in most Gramnegative bacteria due to their susceptibility to active eﬄux and/
or limited penetration of the outer membrane.2,80 Recent
further optimization of the macrocyclic core residues and the
N-acyl side chain by our group80 led to a new ADEP derivative,
termed ADEP 26 (Figure 4A), that not only displayed

X. TARGETING CLP ATPASES
Other compounds are known to aﬀect the activity of Clp
ATPases rather than the ClpP protease and to have either
antivirulence or antibacterial activity. The dihydrothiazepine
“334” (Figure 5) compound and its derivatives act on ClpX,
causing its deoligomerization.97 The compound was shown to
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reduce the levels of toxin production by S. aureus partially
comparable to what is observed for clpX deletion mutants.
A group of compounds, the cyclomarin A,98,99 lassomycin,100
ecumicin101 (Figure 5), and rufomycin analogs (structure
unavailable)102 target the ClpC1 ATPase in M. tuberculosis.
While little has been described of rufomycin, cyclomarin A
(cymA) was shown to bind the N-terminal domain of ClpC1 of
M. tuberculosis.98 In culture and in human macrophages, the
compound was found to be bactericidal, even against multidrug
resistant M. tuberculosis species. Though the mechanism of
action has not been conﬁrmed, structural analyses have led to
the hypothesis of uncontrolled proteolysis engendered by the
binding of the drug to ClpC1.99
Lassomycin was discovered encoded in the genome of the
soil bacterium Lentzea kentuckyensis.100 Ecumicin, on the other
hand, was identiﬁed from a screen of over 65 000 actinomycete
compounds.101 Both compounds decouple the ATPase activity
of ClpC1 from the proteolytic activity of ClpP1P2, which is
proposed to be the cause for their antibacterial action on M.
tuberculosis and other Mycobacterium species.

■

REFERENCES

(1) Goldberg, A. L., Moerschell, R. P., Hachung, C., and Maurizi, M.
R. (1994) ATP-dependent protease La (lon) from Escherichia coli.
Methods Enzymol. 244, 350−375.
(2) Brotz-Oesterhelt, H., Beyer, D., Kroll, H. P., Endermann, R.,
Ladel, C., Schroeder, W., Hinzen, B., Raddatz, S., Paulsen, H.,
Henninger, K., Bandow, J. E., Sahl, H. G., and Labischinski, H. (2005)
Dysregulation of bacterial proteolytic machinery by a new class of
antibiotics. Nat. Med. 11, 1082−1087.
(3) Bottcher, T., and Sieber, S. A. (2008) Beta-lactones as privileged
structures for the active-site labeling of versatile bacterial enzyme
classes. Angew. Chem., Int. Ed. 47, 4600−4603.
(4) Leung, E., Datti, A., Cossette, M., Goodreid, J., McCaw, S. E.,
Mah, M., Nakhamchik, A., Ogata, K., El Bakkouri, M., Cheng, Y. Q.,
Wodak, S. J., Eger, B. T., Pai, E. F., Liu, J., Gray-Owen, S., Batey, R. A.,
and Houry, W. A. (2011) Activators of cylindrical proteases as
antimicrobials: identification and development of small molecule
activators of ClpP protease. Chem. Biol. 18, 1167−1178.
(5) Hackl, M. W., Lakemeyer, M., Dahmen, M., Glaser, M., Pahl, A.,
Lorenz-Baath, K., Menzel, T., Sievers, S., Bottcher, T., Antes, I.,
Waldmann, H., and Sieber, S. A. (2015) Phenyl Esters Are Potent
Inhibitors of Caseinolytic Protease P and Reveal a Stereogenic Switch
for Deoligomerization. J. Am. Chem. Soc. 137, 8475−8483.
(6) Lavey, N. P., Coker, J. A., Ruben, E. A., and Duerfeldt, A. S.
(2016) Sclerotiamide: The First Non-Peptide-Based Natural Product
Activator of Bacterial Caseinolytic Protease P. J. Nat. Prod. 79, 1193−
1197.
(7) Flynn, J. M., Neher, S. B., Kim, Y. I., Sauer, R. T., and Baker, T. A.
(2003) Proteomic discovery of cellular substrates of the ClpXP
protease reveals five classes of ClpX-recognition signals. Mol. Cell 11,
671−683.
(8) Kock, H., Gerth, U., and Hecker, M. (2004) The ClpP peptidase
is the major determinant of bulk protein turnover in Bacillus subtilis. J.
Bacteriol. 186, 5856−5864.
(9) Frees, D., Qazi, S. N., Hill, P. J., and Ingmer, H. (2003)
Alternative roles of ClpX and ClpP in Staphylococcus aureus stress
tolerance and virulence. Mol. Microbiol. 48, 1565−1578.
(10) Gerth, U., Kock, H., Kusters, I., Michalik, S., Switzer, R. L., and
Hecker, M. (2008) Clp-dependent proteolysis down-regulates central
metabolic pathways in glucose-starved Bacillus subtilis. J. Bacteriol. 190,
321−331.
(11) Hensel, M., Shea, J. E., Gleeson, C., Jones, M. D., Dalton, E., and
Holden, D. W. (1995) Simultaneous identification of bacterial
virulence genes by negative selection. Science 269, 400−403.
(12) Mei, J. M., Nourbakhsh, F., Ford, C. W., and Holden, D. W.
(1997) Identification of Staphylococcus aureus virulence genes in a
murine model of bacteraemia using signature-tagged mutagenesis. Mol.
Microbiol. 26, 399−407.
(13) Qiu, D., Eisinger, V. M., Head, N. E., Pier, G. B., and Yu, H. D.
(2008) ClpXP proteases positively regulate alginate overexpression
and mucoid conversion in Pseudomonas aeruginosa. Microbiology 154,
2119−2130.

XI. CONCLUDING REMARKS
In summary, the role of ClpP in bacterial virulence is well
established, and some potential physiological target substrates
of the protease in several bacteria have been identiﬁed. In
contrast, while there is good evidence linking the human ClpP
to cancer and Perrault syndrome, understanding the physiological function and mechanism of action of human ClpP is still
in its early stages.
Several compounds that modulate bacterial ClpP activity
have been described. These compounds are aimed toward
either inhibiting or activating ClpP. So far, no detailed studies
of these compounds have been carried out on human ClpP.
Nevertheless, it is reasonable to expect that several compounds
that target bacterial ClpP can also aﬀect the activity of human
ClpP given the high sequence conservation of the protease.
However, in targeting human ClpP, considerations have to be
made to ensure that the compounds can transverse the
cytoplasmic and mitochondrial membranes and reach the
mitochondrial matrix. While there are several drug development programs by multiple groups targeting ClpP, no such
compounds have yet reached the clinic. Therefore, there is still
much work to be done for this goal to be ultimately achieved.
Finally, the Clp ATPase−ClpP protease complex constitutes
a fascinating system that is particularly suitable for drug
development either by targeting protein activities or protein−
protein interactions. As such, the ADEP and ACP classes of
compounds constitute remarkable examples of molecules which
prevent protein−protein interaction but also lead to a gain-offunction causing ClpP protein activation and eventually cell
death.

■

Reviews

AUTHOR INFORMATION

Corresponding Author

*Address: Department of Biochemistry, University of Toronto,
661 University Avenue, MaRS Centre, West Tower, Room
1612, Toronto, Ontario M5G 1M1, Canada. Phone (416) 9467141. Fax: (416) 978-8548. E-mail walid.houry@utoronto.ca.
ORCID

Walid A. Houry: 0000-0002-1861-3441
Notes

The authors declare no competing ﬁnancial interest.
1422

DOI: 10.1021/acschembio.8b00124
ACS Chem. Biol. 2018, 13, 1413−1425

Reviews

ACS Chemical Biology
(14) Raju, R. M., Unnikrishnan, M., Rubin, D. H., Krishnamoorthy,
V., Kandror, O., Akopian, T. N., Goldberg, A. L., and Rubin, E. J.
(2012) Mycobacterium tuberculosis ClpP1 and ClpP2 function
together in protein degradation and are required for viability in vitro
and during infection. PLoS Pathog. 8, e1002511.
(15) Cassenego, A. P., de Oliveira, N. E., Laport, M. S., Abranches, J.,
Lemos, J. A., and Giambiagi-deMarval, M. (2016) The CtsR regulator
controls the expression of clpC, clpE and clpP and is required for the
virulence of Enterococcus faecalis in an invertebrate model. Antonie
van Leeuwenhoek 109, 1253−1259.
(16) Zhao, B. B., Li, X. H., Zeng, Y. L., and Lu, Y. J. (2016) ClpPdeletion impairs the virulence of Legionella pneumophila and the
optimal translocation of effector proteins. BMC Microbiol. 16, 174.
(17) Szczepanowska, K., Maiti, P., Kukat, A., Hofsetz, E., Nolte, H.,
Senft, K., Becker, C., Ruzzenente, B., Hornig-Do, H. T., Wibom, R.,
Wiesner, R. J., Kruger, M., and Trifunovic, A. (2016) CLPP
coordinates mitoribosomal assembly through the regulation of
ERAL1 levels. EMBO J. 35, 2566−2583.
(18) Cole, A., Wang, Z., Coyaud, E., Voisin, V., Gronda, M., Jitkova,
Y., Mattson, R., Hurren, R., Babovic, S., Maclean, N., Restall, I., Wang,
X., Jeyaraju, D. V., Sukhai, M. A., Prabha, S., Bashir, S., Ramakrishnan,
A., Leung, E., Qia, Y. H., Zhang, N., Combes, K. R., Ketela, T., Lin, F.,
Houry, W. A., Aman, A., Al-Awar, R., Zheng, W., Wienholds, E., Xu, C.
J., Dick, J., Wang, J. C., Moffat, J., Minden, M. D., Eaves, C. J., Bader,
G. D., Hao, Z., Kornblau, S. M., Raught, B., and Schimmer, A. D.
(2015) Inhibition of the Mitochondrial Protease ClpP as a
Therapeutic Strategy for Human Acute Myeloid Leukemia. Cancer
Cell 27, 864−876.
(19) Fischer, F., Langer, J. D., and Osiewacz, H. D. (2016)
Identification of potential mitochondrial CLPXP protease interactors
and substrates suggests its central role in energy metabolism. Sci. Rep.
5, 18375.
(20) Haynes, C. M., Petrova, K., Benedetti, C., Yang, Y., and Ron, D.
(2007) ClpP mediates activation of a mitochondrial unfolded protein
response in C. elegans. Dev. Cell 13, 467−480.
(21) Gispert, S., Parganlija, D., Klinkenberg, M., Drose, S., Wittig, I.,
Mittelbronn, M., Grzmil, P., Koob, S., Hamann, A., Walter, M., Buchel,
F., Adler, T., Hrabe de Angelis, M., Busch, D. H., Zell, A., Reichert, A.
S., Brandt, U., Osiewacz, H. D., Jendrach, M., and Auburger, G. (2013)
Loss of mitochondrial peptidase Clpp leads to infertility, hearing loss
plus growth retardation via accumulation of CLPX, mtDNA and
inflammatory factors. Hum. Mol. Genet. 22, 4871−4887.
(22) Seo, J. H., Rivadeneira, D. B., Caino, M. C., Chae, Y. C.,
Speicher, D. W., Tang, H. Y., Vaira, V., Bosari, S., Palleschi, A.,
Rampini, P., Kossenkov, A. V., Languino, L. R., and Altieri, D. C.
(2016) The Mitochondrial Unfoldase-Peptidase Complex ClpXP
Controls Bioenergetics Stress and Metastasis. PLoS Biol. 14, e1002507.
(23) Wang, J., Hartling, J. A., and Flanagan, J. M. (1997) The
structure of ClpP at 2.3 A resolution suggests a model for ATPdependent proteolysis. Cell 91, 447−456.
(24) Akopian, T., Kandror, O., Raju, R. M., Unnikrishnan, M., Rubin,
E. J., and Goldberg, A. L. (2012) The active ClpP protease from M.
tuberculosis is a complex composed of a heptameric ClpP1 and a
ClpP2 ring. EMBO J. 31, 1529−1541.
(25) Schmitz, K. R., Carney, D. W., Sello, J. K., and Sauer, R. T.
(2014) Crystal structure of Mycobacterium tuberculosis ClpP1P2
suggests a model for peptidase activation by AAA+ partner binding
and substrate delivery. Proc. Natl. Acad. Sci. U. S. A. 111, E4587−4595.
(26) Hall, B. M., Breidenstein, E. B., de la Fuente-Nunez, C.,
Reffuveille, F., Mawla, G. D., Hancock, R. E., and Baker, T. A. (2017)
Two isoforms of Clp peptidase in Pseudomonas aeruginosa control
distinct aspects of cellular physiology. J. Bacteriol. 199, e00568-16.
(27) Nishimura, K., and van Wijk, K. J. (2015) Organization, function
and substrates of the essential Clp protease system in plastids. Biochim.
Biophys. Acta, Bioenerg. 1847, 915−930.
(28) Olivares, A. O., Baker, T. A., and Sauer, R. T. (2018) Mechanical
Protein Unfolding and Degradation. Annu. Rev. Physiol. 80, 413−429.

(29) Yu, A. Y., and Houry, W. A. (2007) ClpP: a distinctive family of
cylindrical energy-dependent serine proteases. FEBS Lett. 581, 3749−
3757.
(30) Gur, E., Ottofueling, R., and Dougan, D. A. (2013) Machines of
destruction - AAA+ proteases and the adaptors that control them.
Subcell. Biochem. 66, 3−33.
(31) Neher, S. B., Sauer, R. T., and Baker, T. A. (2003) Distinct
peptide signals in the UmuD and UmuD′ subunits of UmuD/D′
mediate tethering and substrate processing by the ClpXP protease.
Proc. Natl. Acad. Sci. U. S. A. 100, 13219−13224.
(32) Flynn, J. M., Levchenko, I., Sauer, R. T., and Baker, T. A. (2004)
Modulating substrate choice: the SspB adaptor delivers a regulator of
the extracytoplasmic-stress response to the AAA+ protease ClpXP for
degradation. Genes Dev. 18, 2292−2301.
(33) Kirstein, J., Schlothauer, T., Dougan, D. A., Lilie, H.,
Tischendorf, G., Mogk, A., Bukau, B., and Turgay, K. (2006) Adaptor
protein controlled oligomerization activates the AAA+ protein ClpC.
EMBO J. 25, 1481−1491.
(34) Battesti, A., Hoskins, J. R., Tong, S., Milanesio, P., Mann, J. M.,
Kravats, A., Tsegaye, Y. M., Bougdour, A., Wickner, S., and Gottesman,
S. (2013) Anti-adaptors provide multiple modes for regulation of the
RssB adaptor protein. Genes Dev. 27, 2722−2735.
(35) Micevski, D., Zammit, J. E., Truscott, K. N., and Dougan, D. A.
(2015) Anti-adaptors use distinct modes of binding to inhibit the
RssB-dependent turnover of RpoS (sigma(S)) by ClpXP. Front Mol.
Biosci 2, 15.
(36) Yamamoto, T., Sashinami, H., Takaya, A., Tomoyasu, T.,
Matsui, H., Kikuchi, Y., Hanawa, T., Kamiya, S., and Nakane, A.
(2001) Disruption of the genes for ClpXP protease in Salmonella
enterica serovar Typhimurium results in persistent infection in mice,
and development of persistence requires endogenous gamma
interferon and tumor necrosis factor alpha. Infect. Immun. 69, 3164−
3174.
(37) Leung, K. Y., and Finlay, B. B. (1991) Intracellular replication is
essential for the virulence of Salmonella typhimurium. Proc. Natl. Acad.
Sci. U. S. A. 88, 11470−11474.
(38) Knudsen, G. M., Olsen, J. E., Aabo, S., Barrow, P., Rychlik, I.,
and Thomsen, L. E. (2013) ClpP deletion causes attenuation of
Salmonella Typhimurium virulence through mis-regulation of RpoS
and indirect control of CsrA and the SPI genes. Microbiology 159,
1497−1509.
(39) Farrand, A. J., Reniere, M. L., Ingmer, H., Frees, D., and Skaar,
E. P. (2013) Regulation of host hemoglobin binding by the
Staphylococcus aureus Clp proteolytic system. J. Bacteriol. 195,
5041−5050.
(40) Gaillot, O., Pellegrini, E., Bregenholt, S., Nair, S., and Berche, P.
(2000) The ClpP serine protease is essential for the intracellular
parasitism and virulence of Listeria monocytogenes. Mol. Microbiol. 35,
1286−1294.
(41) Zeiler, E., Braun, N., Bottcher, T., Kastenmuller, A., Weinkauf,
S., and Sieber, S. A. (2011) Vibralactone as a tool to study the activity
and structure of the ClpP1P2 complex from Listeria monocytogenes.
Angew. Chem., Int. Ed. 50, 11001−11004.
(42) Borezee, E., Pellegrini, E., Beretti, J. L., and Berche, P. (2001)
SvpA, a novel surface virulence-associated protein required for
intracellular survival of Listeria monocytogenes. Microbiology 147,
2913−2923.
(43) Kwon, H. Y., Ogunniyi, A. D., Choi, M. H., Pyo, S. N., Rhee, D.
K., and Paton, J. C. (2004) The ClpP protease of Streptococcus
pneumoniae modulates virulence gene expression and protects against
fatal pneumococcal challenge. Infect. Immun. 72, 5646−5653.
(44) Sassetti, C. M., Boyd, D. H., and Rubin, E. J. (2003) Genes
required for mycobacterial growth defined by high density mutagenesis. Mol. Microbiol. 48, 77−84.
(45) Raju, R. M., Jedrychowski, M. P., Wei, J. R., Pinkham, J. T., Park,
A. S., O’Brien, K., Rehren, G., Schnappinger, D., Gygi, S. P., and Rubin,
E. J. (2014) Post-translational regulation via Clp protease is critical for
survival of Mycobacterium tuberculosis. PLoS Pathog. 10, e1003994.
1423

DOI: 10.1021/acschembio.8b00124
ACS Chem. Biol. 2018, 13, 1413−1425

Reviews

ACS Chemical Biology
(46) Lim, L., and McFadden, G. I. (2010) The evolution, metabolism
and functions of the apicoplast. Philos. Trans. R. Soc., B 365, 749−763.
(47) Rathore, S., Sinha, D., Asad, M., Bottcher, T., Afrin, F., Chauhan,
V. S., Gupta, D., Sieber, S. A., and Mohmmed, A. (2010) A
cyanobacterial serine protease of Plasmodium falciparum is targeted to
the apicoplast and plays an important role in its growth and
development. Mol. Microbiol. 77, 873−890.
(48) Liu, K., Ologbenla, A., and Houry, W. A. (2014) Dynamics of
the ClpP serine protease: a model for self-compartmentalized
proteases. Crit. Rev. Biochem. Mol. Biol. 49, 400−412.
(49) Kang, S. G., Maurizi, M. R., Thompson, M., Mueser, T., and
Ahvazi, B. (2004) Crystallography and mutagenesis point to an
essential role for the N-terminus of human mitochondrial ClpP. J.
Struct. Biol. 148, 338−352.
(50) Kang, S. G., Ortega, J., Singh, S. K., Wang, N., Huang, N. N.,
Steven, A. C., and Maurizi, M. R. (2002) Functional proteolytic
complexes of the human mitochondrial ATP-dependent protease,
hClpXP. J. Biol. Chem. 277, 21095−21102.
(51) Kang, S. G., Dimitrova, M. N., Ortega, J., Ginsburg, A., and
Maurizi, M. R. (2005) Human mitochondrial ClpP is a stable
heptamer that assembles into a tetradecamer in the presence of ClpX.
J. Biol. Chem. 280, 35424−35432.
(52) Fischer, F., Hamann, A., and Osiewacz, H. D. (2012)
Mitochondrial quality control: an integrated network of pathways.
Trends Biochem. Sci. 37, 284−292.
(53) Roux, K. J., Kim, D. I., and Burke, B. (2013) BioID: a screen for
protein-protein interactions. Curr. Protoc Protein Sci. 74, 19.23.1.
(54) Kubota, Y., Nomura, K., Katoh, Y., Yamashita, R., Kaneko, K.,
and Furuyama, K. (2016) Novel Mechanisms for Heme-dependent
Degradation of ALAS1 Protein as a Component of Negative Feedback
Regulation of Heme Biosynthesis. J. Biol. Chem. 291, 20516−20529.
(55) Pryde, K. R., Taanman, J. W., and Schapira, A. H. (2016) A
LON-ClpP Proteolytic Axis Degrades Complex I to Extinguish ROS
Production in Depolarized Mitochondria. Cell Rep. 17, 2522−2531.
(56) Deepa, S. S., Bhaskaran, S., Ranjit, R., Qaisar, R., Nair, B. C., Liu,
Y., Walsh, M. E., Fok, W. C., and Van Remmen, H. (2016) Downregulation of the mitochondrial matrix peptidase ClpP in muscle cells
causes mitochondrial dysfunction and decreases cell proliferation. Free
Radical Biol. Med. 91, 281−292.
(57) Ahmed, S., Jelani, M., Alrayes, N., Mohamoud, H. S., Almramhi,
M. M., Anshasi, W., Ahmed, N. A., Wang, J., Nasir, J., and Al-Aama, J.
Y. (2015) Exome analysis identified a novel missense mutation in the
CLPP gene in a consanguineous Saudi family expanding the clinical
spectrum of Perrault Syndrome type-3. J. Neurol. Sci. 353, 149−154.
(58) Dursun, F., Mohamoud, H. S., Karim, N., Naeem, M., Jelani, M.,
and Kirmizibekmez, H. (2016) A Novel Missense Mutation in the
CLPP Gene Causing Perrault Syndrome Type 3 in a Turkish Family. J.
Clin. Res. Pediatr. Endocrinol. 8, 472−477.
(59) Andresen, B. S., Corydon, T. J., Wilsbech, M., Bross, P.,
Schroeder, L. D., Hindkjaer, T. F., Bolund, L., and Gregersen, N.
(2000) Characterization of mouse Clpp protease cDNA, gene, and
protein. Mamm. Genome 11, 275−280.
(60) Wallace, D. C. (2012) Mitochondria and cancer. Nat. Rev.
Cancer 12, 685−698.
(61) Siddik, Z. H. (2003) Cisplatin: mode of cytotoxic action and
molecular basis of resistance. Oncogene 22, 7265−7279.
(62) Zhang, Y., and Maurizi, M. R. (2016) Mitochondrial ClpP
activity is required for cisplatin resistance in human cells. Biochim.
Biophys. Acta, Mol. Basis Dis. 1862, 252−264.
(63) Samimi, G., and Howell, S. B. (2006) Modulation of the cellular
pharmacology of JM118, the major metabolite of satraplatin, by copper
influx and efflux transporters. Cancer Chemother. Pharmacol. 57, 781−
788.
(64) Evans, M. J., and Cravatt, B. F. (2006) Mechanism-based
profiling of enzyme families. Chem. Rev. 106, 3279−3301.
(65) Bottcher, T., and Sieber, S. A. (2008) Beta-lactones as specific
inhibitors of ClpP attenuate the production of extracellular virulence
factors of Staphylococcus aureus. J. Am. Chem. Soc. 130, 14400−14401.

(66) Bottcher, T., and Sieber, S. A. (2009) Beta-lactones decrease the
intracellular virulence of Listeria monocytogenes in macrophages.
ChemMedChem 4, 1260−1263.
(67) Weinandy, F., Lorenz-Baath, K., Korotkov, V. S., Bottcher, T.,
Sethi, S., Chakraborty, T., and Sieber, S. A. (2014) A beta-lactonebased antivirulence drug ameliorates Staphylococcus aureus skin
infections in mice. ChemMedChem 9, 710−713.
(68) Compton, C. L., Schmitz, K. R., Sauer, R. T., and Sello, J. K.
(2013) Antibacterial activity of and resistance to small molecule
inhibitors of the ClpP peptidase. ACS Chem. Biol. 8, 2669−2677.
(69) Pahl, A., Lakemeyer, M., Vielberg, M. T., Hackl, M. W.,
Vomacka, J., Korotkov, V. S., Stein, M. L., Fetzer, C., Lorenz-Baath, K.,
Richter, K., Waldmann, H., Groll, M., and Sieber, S. A. (2015)
Reversible Inhibitors Arrest ClpP in a Defined Conformational State
that Can Be Revoked by ClpX Association. Angew. Chem., Int. Ed. 54,
15892−15896.
(70) Mundra, S., Thakur, V., Bello, A. M., Rathore, S., Asad, M., Wei,
L., Yang, J., Chakka, S. K., Mahesh, R., Malhotra, P., Mohmmed, A.,
and Kotra, L. P. (2017) A novel class of Plasmodial ClpP protease
inhibitors as potential antimalarial agents. Bioorg. Med. Chem. 25,
5662−5677.
(71) Akopian, T., Kandror, O., Tsu, C., Lai, J. H., Wu, W., Liu, Y.,
Zhao, P., Park, A., Wolf, L., Dick, L. R., Rubin, E. J., Bachovchin, W.,
and Goldberg, A. L. (2015) Cleavage Specificity of Mycobacterium
tuberculosis ClpP1P2 Protease and Identification of Novel Peptide
Substrates and Boronate Inhibitors with Anti-bacterial Activity. J. Biol.
Chem. 290, 11008−11020.
(72) Lawasut, P., Chauhan, D., Laubach, J., Hayes, C., Fabre, C.,
Maglio, M., Mitsiades, C., Hideshima, T., Anderson, K. C., and
Richardson, P. G. (2012) New proteasome inhibitors in myeloma.
Curr. Hematol. Malig. Rep. 7, 258−266.
(73) Szyk, A., and Maurizi, M. R. (2006) Crystal structure at 1.9A of
E. coli ClpP with a peptide covalently bound at the active site. J. Struct.
Biol. 156, 165−174.
(74) Lee, B. G., Kim, M. K., and Song, H. K. (2011) Structural
insights into the conformational diversity of ClpP from Bacillus
subtilis. Mol. Cells 32, 589−595.
(75) Gersch, M., Kolb, R., Alte, F., Groll, M., and Sieber, S. A. (2014)
Disruption of oligomerization and dehydroalanine formation as
mechanisms for ClpP protease inhibition. J. Am. Chem. Soc. 136,
1360−1366.
(76) Alexopoulos, J. A., Guarne, A., and Ortega, J. (2012) ClpP: a
structurally dynamic protease regulated by AAA+ proteins. J. Struct.
Biol. 179, 202−210.
(77) Michel, K. H., and Kastner, R. E. A54556 antibiotics and process
for production thereof. U.S. Patent 4492650, 1985.
(78) Lee, B. G., Park, E. Y., Lee, K. E., Jeon, H., Sung, K. H., Paulsen,
H., Rubsamen-Schaeff, H., Brotz-Oesterhelt, H., and Song, H. K.
(2010) Structures of ClpP in complex with acyldepsipeptide
antibiotics reveal its activation mechanism. Nat. Struct. Mol. Biol. 17,
471−478.
(79) Li, D. H., Chung, Y. S., Gloyd, M., Joseph, E., Ghirlando, R.,
Wright, G. D., Cheng, Y. Q., Maurizi, M. R., Guarne, A., and Ortega, J.
(2010) Acyldepsipeptide antibiotics induce the formation of a
structured axial channel in ClpP: A model for the ClpX/ClpAbound state of ClpP. Chem. Biol. 17, 959−969.
(80) Goodreid, J. D., Janetzko, J., Santa Maria, J. P., Jr., Wong, K. S.,
Leung, E., Eger, B. T., Bryson, S., Pai, E. F., Gray-Owen, S. D., Walker,
S., Houry, W. A., and Batey, R. A. (2016) Development and
Characterization of Potent Cyclic Acyldepsipeptide Analogues with
Increased Antimicrobial Activity. J. Med. Chem. 59, 624−646.
(81) Kim, Y. I., Levchenko, I., Fraczkowska, K., Woodruff, R. V.,
Sauer, R. T., and Baker, T. A. (2001) Molecular determinants of
complex formation between Clp/Hsp100 ATPases and the ClpP
peptidase. Nat. Struct. Biol. 8, 230−233.
(82) Lee, M. E., Baker, T. A., and Sauer, R. T. (2010) Control of
substrate gating and translocation into ClpP by channel residues and
ClpX binding. J. Mol. Biol. 399, 707−718.
1424

DOI: 10.1021/acschembio.8b00124
ACS Chem. Biol. 2018, 13, 1413−1425

Reviews

ACS Chemical Biology
(83) Gersch, M., Famulla, K., Dahmen, M., Gobl, C., Malik, I.,
Richter, K., Korotkov, V. S., Sass, P., Rubsamen-Schaeff, H., Madl, T.,
Brotz-Oesterhelt, H., and Sieber, S. A. (2015) AAA+ chaperones and
acyldepsipeptides activate the ClpP protease via conformational
control. Nat. Commun. 6, 6320.
(84) Kirstein, J., Hoffmann, A., Lilie, H., Schmidt, R., RubsamenWaigmann, H., Brotz-Oesterhelt, H., Mogk, A., and Turgay, K. (2009)
The antibiotic ADEP reprogrammes ClpP, switching it from a
regulated to an uncontrolled protease. EMBO Mol. Med. 1, 37−49.
(85) Sass, P., Josten, M., Famulla, K., Schiffer, G., Sahl, H. G.,
Hamoen, L., and Brotz-Oesterhelt, H. (2011) Antibiotic acyldepsipeptides activate ClpP peptidase to degrade the cell division protein FtsZ.
Proc. Natl. Acad. Sci. U. S. A. 108, 17474−17479.
(86) Sowole, M. A., Alexopoulos, J. A., Cheng, Y. Q., Ortega, J., and
Konermann, L. (2013) Activation of ClpP protease by ADEP
antibiotics: insights from hydrogen exchange mass spectrometry. J.
Mol. Biol. 425, 4508−4519.
(87) Famulla, K., Sass, P., Malik, I., Akopian, T., Kandror, O., Alber,
M., Hinzen, B., Ruebsamen-Schaeff, H., Kalscheuer, R., Goldberg, A.
L., and Brotz-Oesterhelt, H. (2016) Acyldepsipeptide antibiotics kill
mycobacteria by preventing the physiological functions of the
ClpP1P2 protease. Mol. Microbiol. 101, 194−209.
(88) Lowth, B. R., Kirstein-Miles, J., Saiyed, T., Brotz-Oesterhelt, H.,
Morimoto, R. I., Truscott, K. N., and Dougan, D. A. (2012) Substrate
recognition and processing by a Walker B mutant of the human
mitochondrial AAA+ protein CLPX. J. Struct. Biol. 179, 193−201.
(89) Hinzen, B., Raddatz, S., Paulsen, H., Lampe, T., Schumacher, A.,
Habich, D., Hellwig, V., Benet-Buchholz, J., Endermann, R.,
Labischinski, H., and Brotz-Oesterhelt, H. (2006) Medicinal chemistry
optimization of acyldepsipeptides of the enopeptin class antibiotics.
ChemMedChem 1, 689−693.
(90) Socha, A. M., Tan, N. Y., LaPlante, K. L., and Sello, J. K. (2010)
Diversity-oriented synthesis of cyclic acyldepsipeptides leads to the
discovery of a potent antibacterial agent. Bioorg. Med. Chem. 18, 7193−
7202.
(91) Carney, D. W., Schmitz, K. R., Truong, J. V., Sauer, R. T., and
Sello, J. K. (2014) Restriction of the Conformational Dynamics of the
Cyclic Acyldepsipeptide Antibiotics Improves Their Antibacterial
Activity. J. Am. Chem. Soc. 136, 1922−1929.
(92) Li, Y., Lavey, N. P., Coker, J. A., Knobbe, J. E., Truong, D. C.,
Yu, H., Lin, Y. S., Nimmo, S. L., and Duerfeldt, A. S. (2017)
Consequences of Depsipeptide Substitution on the ClpP Activation
Activity of Antibacterial Acyldepsipeptides. ACS Med. Chem. Lett. 8,
1171−1176.
(93) Goodreid, J. D., dos Santos, E. d. S., and Batey, R. A. (2015) A
Lanthanide(III) Triflate Mediated Macrolactonization/Solid-Phase
Synthesis Approach for Depsipeptide Synthesis. Org. Lett. 17, 2182−
2185.
(94) Ollinger, J., O’Malley, T., Kesicki, E. A., Odingo, J., and Parish,
T. (2012) Validation of the Essential ClpP Protease in Mycobacterium
tuberculosis as a Novel Drug Target. J. Bacteriol. 194, 663−668.
(95) Conlon, B. P., Nakayasu, E. S., Fleck, L. E., LaFleur, M. D.,
Isabella, V. M., Coleman, K., Leonard, S. N., Smith, R. D., Adkins, J.
N., and Lewis, K. (2013) Activated ClpP kills persisters and eradicates
a chronic biofilm infection. Nature 503, 365−370.
(96) Peng, J., Zhang, X. Y., Tu, Z. C., Xu, X. Y., and Qi, S. H. (2013)
Alkaloids from the deep-sea-derived fungus Aspergillus westerdijkiae
DFFSCS013. J. Nat. Prod. 76, 983−987.
(97) Fetzer, C., Korotkov, V. S., Thanert, R., Lee, K. M.,
Neuenschwander, M., von Kries, J. P., Medina, E., and Sieber, S. A.
(2017) A Chemical Disruptor of the ClpX Chaperone Complex
Attenuates the Virulence of Multidrug-Resistant Staphylococcus
aureus. Angew. Chem., Int. Ed. 56, 15746−15750.
(98) Schmitt, E. K., Riwanto, M., Sambandamurthy, V., Roggo, S.,
Miault, C., Zwingelstein, C., Krastel, P., Noble, C., Beer, D., Rao, S. P.,
Au, M., Niyomrattanakit, P., Lim, V., Zheng, J., Jeffery, D., Pethe, K.,
and Camacho, L. R. (2011) The natural product cyclomarin kills
Mycobacterium tuberculosis by targeting the ClpC1 subunit of the
caseinolytic protease. Angew. Chem., Int. Ed. 50, 5889−5891.

(99) Vasudevan, D., Rao, S. P., and Noble, C. G. (2013) Structural
basis of mycobacterial inhibition by cyclomarin A. J. Biol. Chem. 288,
30883−30891.
(100) Gavrish, E., Sit, C. S., Cao, S., Kandror, O., Spoering, A.,
Peoples, A., Ling, L., Fetterman, A., Hughes, D., Bissell, A., Torrey, H.,
Akopian, T., Mueller, A., Epstein, S., Goldberg, A., Clardy, J., and
Lewis, K. (2014) Lassomycin, a ribosomally synthesized cyclic peptide,
kills mycobacterium tuberculosis by targeting the ATP-dependent
protease ClpC1P1P2. Chem. Biol. 21, 509−518.
(101) Gao, W., Kim, J. Y., Anderson, J. R., Akopian, T., Hong, S., Jin,
Y. Y., Kandror, O., Kim, J. W., Lee, I. A., Lee, S. Y., McAlpine, J. B.,
Mulugeta, S., Sunoqrot, S., Wang, Y., Yang, S. H., Yoon, T. M.,
Goldberg, A. L., Pauli, G. F., Suh, J. W., Franzblau, S. G., and Cho, S.
(2015) The cyclic peptide ecumicin targeting ClpC1 is active against
Mycobacterium tuberculosis in vivo. Antimicrob. Agents Chemother. 59,
880−889.
(102) Choules, M., Yu, Y., Cho, S. H., Anderson, J., Gao, W., Klein,
L., Lankin, D. C., Kim, J. Y., Cheng, J., Yang, S. H., Lee, H., Suh, J. W.,
Franzblau, S. G., and Pauli, G. F. (2015) A rufomycin analogue is an
anti-tuberculosis drug lead targeting CLPC1 with no cross resistance
to ecumicin. Planta Med. 81, 871−871.

1425

DOI: 10.1021/acschembio.8b00124
ACS Chem. Biol. 2018, 13, 1413−1425

