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SUMMARY

Acyldepsipeptides (ADEPs) are potential antibiotics
that dysregulate the activity of the highly conserved
tetradecameric bacterial ClpP protease, leading to
bacterial cell death. Here, we identified ADEP ana-
logs that are potent dysregulators of the human
mitochondrial ClpP (HsClpP). These ADEPs interact
tightly with HsClpP, causing the protease to non-
specifically degrade model substrates. Dysregula-
tion of HsClpP activity by ADEP was found to induce
cytotoxic effects via activation of the intrinsic,
caspase-dependent apoptosis. ADEP-HsClpP co-
crystal structure was solved for one of the analogs
revealing a highly complementary binding interface
formed by two HsClpP neighboring subunits but,
unexpectedly, with HsClpP in the compact confor-
mation. Given that HsClpP is highly expressed in
multiple cancers and has important roles in cell
metastasis, our findings suggest a therapeutic
potential for ADEPs in cancer treatment.

INTRODUCTION

Mitochondria in the human cell have multiple important

biological functions (Nunnari and Suomalainen, 2012) and

require molecular chaperones and proteases to maintain the

integrity of their proteome (Fischer et al., 2012). In this regard,

the HsClpXP complex, an ATP-dependent protease complex

found in themitochondrial matrix, plays an important role inmito-

chondrial protein quality control.

HsClpXP is composed of the serine protease HsClpP and the

AAA+ ATPase HsClpX. Assembly of the complex involves the

capping of the barrel-shaped HsClpP tetradecamer on one or
Cell Chemical
both ends by the HsClpX hexamer (Kang et al., 2002). Protein

degradation by ClpXP typically involves the recognition, binding,

and unfolding of the substrate by ClpX. The unfolded polypep-

tide is then threaded through ClpX’s central pore into the lumen

of ClpP. Once inside, the polypeptide is hydrolyzed by the 14

Ser-His-Asp proteolytic sites of ClpP, and the resultant frag-

ments are expelled from ClpP (Olivares et al., 2016).

The interaction between ClpX and ClpP is partly stabilized by

the dynamic docking of IGF loops of ClpX (E436 to G450 in

HsClpX; the triplet motif being L439-G440-F441) at specific hy-

drophobic pockets formed between neighboring ClpP subunits

(Amor et al., 2016). Small molecules that abrogate the

ClpX-ClpP interaction have been characterized extensively for

bacterial ClpXP. Among them, the acyldepsipeptides (ADEPs)

(Brötz-Oesterhelt et al., 2005) bind ClpP with high affinity at

the same site that normally accommodates the IGF loops of

ClpX (Alexopoulos et al., 2012). The high-affinity binding of

ADEP also keeps ClpP in a poorly understood activated

conformation (Lee et al., 2010; Li et al., 2010). Collectively,

these molecular changes allow free access for small peptides,

molten globules, and even folded proteins into the lumen of

ClpP, causing an increase in degradation activity that is dysre-

gulated, leading to bacterial cell death. Hence, the ADEPs are

considered potential antibiotics.

In humans, HsClpP has been shown to physically interact with

numerous mitochondrial proteins involved in vital cellular pro-

cesses such as energy metabolism, mitochondrial translation,

mitochondrial protein import, metabolism of amino acids and

cofactors, and maintenance of the mitochondrial proteome

(Cole et al., 2015; Szczepanowska et al., 2016). HsClpP has

also been shown to be important for the survival and metastasis

of different types of cancers (Cole et al., 2015; Seo et al., 2016).

Here, we describe the identification of ADEP analogs that

target HsClpP. These analogs increase both the peptidase and

protease activity of HsClpP in vitro and displace HsClpX from

HsClpP at low compound concentrations. Treatment of several

immortalized cell lines with ADEPs was found to induce cell
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death in an HsClpP-dependent manner. A cell line deleted

of HsClpP showed high tolerance to all ADEP analogs

tested. Importantly, ADEP induced cytotoxicity by activating

the intrinsic, caspase-dependent apoptosis, leading to cell

death. A co-crystal structure of ADEP-HsClpP was obtained

and, unexpectedly, revealed an unusual compacted ClpP

conformation.

RESULTS

Identification of ADEP Analogs that Dysregulate HsClpP
To identify ADEP analogs that allow HsClpP to degrade folded

proteins independent of HsClpX + ATP (i.e., that activate or dys-

regulate HsClpP), we employed the in vitro screening method

that we used previously for identifying small-molecule activators

of Escherichia coli ClpP (EcClpP) (Leung et al., 2011). In this

approach, the ability of HsClpP to degrade fluorescein isothiocy-

anate (FITC)-labeled casein (casein-FITC) was measured and

compared with the ability of EcClpAP to degrade casein-FITC.

This is quantitatively expressed as the relative degradation

(RD) index (Leung et al., 2011) (see Method Details).
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Figure 1. Activity of ADEP Analogs Against

HsClpP

(A) RD25 scores of the 46 ADEP analogs tested.

SDs are shown as error bars.

(B) RD1 scores of 18 ADEP analogs showing the

strongest activation of HsClpP. Names of the five

ADEP analogs selected for further experiments are

in boldface.

(C) Chemical structures of the five ADEP analogs

selected for further experiments.

Forty-six ADEP analogs (Goodreid et al.,

2016) were tested against HsClpP. Initially,

the analogs were screened at a final con-

centration of 25 mM and their RD25 scores

(i.e., RD at 25 mM of compound) were

measured (Figure 1A). Top hits were then

screened at 5 mM and then at 1 mM com-

pound concentration (Figure 1B and Table

S1). For follow-up experiments, five ADEP

analogs (Figure 1C) were chosen based on

their diverse RD1 scores to provide a good

representation across the potency spec-

trum. Furthermore, the selected ADEP an-

alogs have distinct structural differences

(Figure 1C).

ADEPs Enhance the Peptidase and
Protease Activities of HsClpP
The effects of the ADEPs on the peptidase

and protease activities of HsClpP were

investigated using N-acetyl-Trp-Leu-Ala-

AMC (Ac-WLA-AMC) and casein-FITC,

respectively. Ac-WLA-AMC was the best

peptide substrate for HsClpP among those

tested (Figure 2A). The degradation of

Ac-WLA-AMC by 6 mM HsClpP (mono-

meric concentration) has an apparent kcat, KM, and kcat/KM

lower than that obtained for the degradation of the peptide

with 1.5 mMHsClpP in the presence of 4.5 mMHsClpX (compare

Figure 2B with Figure S1A, top panel). Similar values were

obtained for the degradation of Ac-WLA-AMC using 2 mM

EcClpP (Figure S1A, lower panel). In contrast, while there was

no detectable degradation of Suc-LY-AMC by HsClpP

(Figure 2A), the reported apparent kcat of Suc-LY-AMC degrada-

tion by 10 mMEcClpP (protomer concentration) is 2.4 s�1 withKM

of 4.43 103 mM, yielding a kcat/KM of 5.53 10�4 s�1 mM�1 (Bew-

ley et al., 2006). Hence, while HsClpP and EcClpP have similar

general peptidase activities against Ac-WLA-AMC, EcClpP

seems to have broader substrate preferences compared with

HsClpP.

Initial degradation rates data were analyzed using the Hill

model. The results for ADEP-28 and ADEP-41 are shown in Fig-

ures 2C and 2D, and those for ADEP-06, ADEP-02, and ADEP-04

in Figures S1B and S1C. The kinetic parameters derived are

listed in Figure 2E. With all five ADEP analogs, the peptidase

activity of HsClpP was similarly enhanced, with Vmax increased

by about 1.8-fold. The Hill coefficients (h), ranging from 0.8 for

1018 Cell Chemical Biology 25, 1017–1030, August 16, 2018



Figure 2. ADEPs Enhance Both the Peptidase and Protease Activity of HsClpP

(A) Peptidase activity of 8 mM HsClpP (monomeric concentration) against different fluorogenic peptides (at 500 mM final concentration).

(B) Michaelis-Menten kinetics analysis of Ac-WLA-AMC cleavage by 6 mM HsClpP. The kinetic parameters shown were derived from non-linear regression

analysis of the initial rates. SDs of the activity data are shown as error bars.

(C) Enhancement of the peptidase activity of 6 mMHsClpP by ADEP-28 (left panel) and ADEP-41 (right panel). Ac-WLA-AMC was used at a final concentration of

100 mM. The kinetic data shown in each panel were derived from three independent replicates. Data for ADEP-06, ADEP-02, and ADEP-04 are shown in Fig-

ure S1B.

(D) Enhancement of the protease activity of 3 mMHsClpP by ADEP-28 (left panel) and ADEP-41 (right panel). The kinetic data shown in each panel were derived

from three independent replicates. Data for ADEP-06, ADEP-02, and ADEP-04 are shown in Figure S1C.

(E) Vmax, Hill coefficient (h), and the microscopic apparent dissociation constant (K0.5) of all five ADEP analogs tested, derived from the non-linear regression

analyses of data collected for the peptidase (left side of table) and protease (right side of table) activity of HsClpP. Errors shown are from curve-fitting.

(F) HsClpP protease activity profiles in the presence of ADEP-28, ADEP-06, and ADEP-02. Solid lines represent simple traces of the kinetic data. SDs are shown

as error bars.

(G) Observed minimal rates (mean ± SD) (Vmin Observed) of casein-FITC degradation and the corresponding ADEP concentration at Vmin Observed.

Cell Chemical Biology 25, 1017–1030, August 16, 2018 1019



ADEP-04 to 1.5 for ADEP-41 (Figure 2E), seem to suggest that

the binding of ADEP and the subsequent stimulation of HsClpP’s

peptidase activity exhibits only marginal positive cooperativity.

The apparent dissociation constants (K0.5) of the ADEP analogs

are closely correlated to their respective RD1 scores. Specif-

ically, the higher the RD1 score of a given analog, the lower is

its K0.5 (Figure 2E).

Similar to their effects on HsClpP’s peptidase activity, all five

ADEP analogs activate and enhance the protease activity of

HsClpP independently of HsClpX. Notably, the Vmax measured

in the presence of the five ADEP analogs shows little variation

(between 10.9 and 14.0 relative fluorescent units [RFU] s�1; Fig-

ure 2E). Their K0.5, determined by measuring the protease

activity of HsClpP, correlates with their respective RD1 scores.

Both ADEP-28 and ADEP-41 exhibit the lowest K0.5 (0.12 mM),

followed by ADEP-06, ADEP-02, and ADEP-04 (Figure 2E). In

this assay, unlike in the peptidase activity assay, the binding of

ADEP and the subsequent activation and enhancement of

HsClpP’s protease activity exhibits strong, positive cooperativ-

ity. Specifically, enhancement by ADEP-28 has the highest Hill

coefficient (Figure 2E).

By comparison, titration of HsClpX and fitting the data to the

Hill model yields a Vmax of 6.88 RFU s�1, a K0.5 of 5.7 mM, and

mild positive cooperativity (h = 1.25) in HsClpP binding (Fig-

ure S1D). These results indicate that the ADEPs exhibit stronger

binding to HsClpP than does HsClpX under the conditions of

these experiments.

Low Concentration of ADEPs Displaces HsClpX from
HsClpXP Complexes
To assess the effects of ADEPs on the interaction between

HsClpX and HsClpP, we monitored the degradation of casein-

FITC by HsClpXP in the presence of increasing concentrations

of ADEP-28, ADEP-06, or ADEP-02. At low ADEP concentra-

tions, the rate of casein-FITC degradation was decreased,

down to an observed minimum (Vmin) that ranges from 0.9 to

1.3 RFU s�1 (Figures 2F and 2G). Notably, the ADEP concentra-

tion needed tominimize the protease activity is dependent on the

apparent binding affinity of each analog. As ADEP concentration

was further increased, the protease activity increased likely as

the population of ADEP-activated HsClpP increased. Accord-

ingly, the Vmax achievedwith all three ADEP analogs at saturation

is identical to the Vmax previously observed in the absence of

HsClpX (Figures 2E and 2F). The initial decrease of protease

activity at low ADEP concentrations was not caused by the

degradation of HsClpX, HsClpP, or creatine phosphokinase as

shown by SDS-PAGE gels (Figures S1E–S1G).

Taken together, the results clearly illustrate that ADEP can

induce the dissociation of the HsClpXP complex at low concen-

trations, resulting in a net loss of protease activity. At higher

ADEP concentrations the population of ADEP-activated HsClpP

increases, resulting in the restoration and subsequent increase

of protease activity.

ADEPs Induce HsClpP-Dependent Cytotoxicity in
HEK293 T-REx Cells
To assess the biological impact of ADEPs in targeting HsClpP

in vivo, we treated HEK293 T-REx wild-type (WT) and CLPP�/�

cells with serially diluted ADEP-28, ADEP-41, ADEP-06,
1020 Cell Chemical Biology 25, 1017–1030, August 16, 2018
ADEP-02, and ADEP-04, followed by an assessment of their sur-

vival 72 hr post treatment. For WT cells, all five ADEP analogs

were found to be cytotoxic with IC50 values between 0.36 and

8.20 mM (Figures 3A, 3B, and S2A). In comparison, IC50 of

cisplatin on HEK293 cells has been reported at 0.43 mM and

that of the dihydrofolate reductase-targeting metoprine at

0.80 mM (Bram et al., 2006).

Importantly, the cytotoxicity of ADEPs showed a strong, linear

correlation with their respective apparent binding affinity for

HsClpP (Figure 3C), revealing a direct link between the potency

of ADEPs in activating HsClpP and their cytotoxicity. Further-

more, ADEP-induced cytotoxicity is HsClpP-dependent, as

CLPP�/� cells, which lack endogenous HsClpP, are highly resis-

tant to all five ADEP analogs (Figures 3A, 3B, and S2A). Hence,

these ADEPs are likely acting on-target in cells, although interac-

tions with other proteins that do not cause cytotoxicity cannot

yet be ruled out.

It should be noted that, using deep proteomics profiling of

mitochondrial extracts isolated from WT and CLPP�/� HEK293

T-REx cells, 281 distinct mitochondrial proteins were identified

covering 24% of the estimated human mitochondrial proteome

(281 of 1,158 human mitochondrial proteins from MitoCarta2.0

inventory [Calvo et al., 2016]). Of these, only 19 mitochondrial

proteins in CLPP�/� were significantly (p % 0.05) altered with

more than 1.5-fold change compared with WT cells (Table S2).

This indicates that there are no drastic changes in the mitochon-

drial proteome upon CLPP deletion under the conditions tested.

Cellular Sensitivity to ADEPCorrelateswith Intracellular
HsClpP Expression Levels
Given that ADEP-induced cytotoxicity depends on HsClpP, the

effect of intracellular HsClpP levels on the cell’s sensitivity to

ADEP was examined. HsClpP overexpression was achieved

using HEK293 T-REx overexpressing a C-terminally FLAG-

tagged, full-length HsClpP (CLPP-FLAG) upon induction

with doxycycline (Dox). Similarly, HEK293 T-REx + CLPPS153A-

FLAG overexpresses a C-terminally FLAG-tagged, full-length

inactive HsClpP(S153A) mutant.

HsClpP overexpression was confirmed by western blot anal-

ysis. As shown in Figure 3D, high expression of FLAG-tagged

HsClpP or FLAG-tagged HsClpPS153A was detected in HEK293

T-REx + CLPP-FLAG and HEK293 T-REx + CLPPS153A-FLAG,

respectively, in the presence of Dox (band I). Due to leakiness

of the Dox-inducible promoter, expression of the FLAG-tagged

HsClpP proteins (WT or S153A mutant) was also detected in

the absence of Dox, albeit at significantly lower levels (band I).

Expression of endogenous HsClpP was also observed (band

III). Interestingly, an additional HsClpP band (band II) that

corresponds to a slightly larger HsClpP protein but lacks the

C-terminal FLAG tag (a-FLAG panel) was observed in both

HEK293 T-REx + CLPP-FLAG (with or without Dox) and

HEK293 T-REx + CLPPS153A-FLAG (with Dox only) cells. Band

II is likely the result of the C-terminal FLAG tag being cleaved

via HsClpP’s own proteolytic activity.

To determine the effect of intracellular HsClpP expression on

the cell’s sensitivity to ADEP, we grew HEK293 T-REx WT,

CLPP�/�, HEK293 T-REx + CLPP-FLAG, and HEK293 T-REx +

CLPPS153A-FLAG cells in the presence of ADEP-41 with or

without Dox. Without Dox, both HEK293 T-REx + CLPP-FLAG



Figure 3. ADEP Induces HsClpP-Dependent Cytotoxicity in HEK293 T-REx Cells

(A) Cytotoxicity profiles of HEK293 T-REx WT (CLPP+/+) and HEK293 T-REx CLPP�/� cells treated with ADEP-28 (left panel) and ADEP-41 (right panel). Relative

cell viability ± SDs (shown as error bars) was calculated by normalizing data collected from four independent replicates to the DMSO-only control. Data for

ADEP-06, ADEP-02, and ADEP-04 are shown in Figure S2A.

(B) Quantification of the cytotoxicity data collected for the five ADEP analogs tested. For WT, IC50 values ± curve-fitting errors were derived from non-linear

regression analysis using a standard dose-response equation (see STAR Methods). For CLPP�/�, the lack of a minimum plateau in the cytotoxicity profiles

prohibited non-linear regression analysis. Instead, IC50 values were estimated and are expressed in numerical ranges (denoted by asterisks).

(C) IC50 values of the five ADEP analogs tested strongly correlate with their respective apparent binding affinity (K0.5) to HsClpP in vitro (shown in Figure 2E) that

were derived from the protease activity data.

(D) Western blots on whole cell lysates of HEK293 T-REx WT, CLPP�/�, HEK293 T-REx + CLPP-FLAG, and HEK293 T-REx + CLPPS153A-FLAG. The absence or

presence of Dox in the tissue culture is indicated as ‘‘�Dox’’ or ‘‘+Dox’’, respectively. The primary antibody used in each blot is indicated to the right of each panel.

Protein molecular weight markers are shown on the left. For the a-HsClpP blot, band I corresponds to HsClpP (WT or S153A mutant)-FLAG, band II corresponds

to HsClpP (WT or S153A mutant) that is missing the C-terminal FLAG tag, and band III corresponds to endogenous HsClpP.

(E) ADEP-41 cytotoxicity profiles of HEK293 T-REx WT, CLPP�/�, and WT cells that overexpress the C-terminal FLAG-tagged HsClpP (+CLPP-FLAG) or the

proteolytically inactive mutant (+CLPPS153A-FLAG). Data collected on cells grown without Dox are shown on the left panel; data collected in the presence of

0.4 mg/mL Dox are shown on the right panel.

(F) IC50 values derived from the cytotoxicity profiles of (E). For HEK293 T-REx CLPP�/�, IC50 were estimated and are expressed in numerical ranges (denoted by

asterisks).
and HEK293 T-REx + CLPPS153A-FLAGwere equally sensitive to

ADEP-41 as WT, while CLPP�/� was resistant (Figure 3E, �Dox

panel). Accordingly, the IC50 for WT, HEK293 T-REx + CLPP-

FLAG, and HEK293 T-REx + CLPPS153A-FLAG were similar

within statistical errors (Figure 3F). In the presence of Dox, the in-

crease in intracellular HsClpP level rendered HEK293 T-REx +

CLPP-FLAG highly sensitive to ADEP-41 compared with WT

(Figure 3E, +Dox panel), resulting in a significant decrease in

IC50 (Figure 3F). Importantly, HEK293 T-REx + CLPPS153A-

FLAG, which expresses native HsClpP at the WT level but can

only overexpress the proteolytically inactive HsClpP mutant,

maintainsWT-like sensitivity to ADEP-41 (Figure 3E, +Dox panel)

and shows no change in IC50 (Figure 3F). These results clearly
illustrate that the intracellular expression level of proteolytically

active HsClpP can modulate the cell’s sensitivity to ADEP, with

higher expression resulting in greater sensitivity.

Aside from HEK293 T-REx, the cellular sensitivity to ADEP-41

was investigated in several other commonly used cell lines.

These include HeLa (regular), HeLa T-REx, U2OS, and undiffer-

entiated SH-SY5Y (Figures S2B and S2C). The IC50 for all cell

lines were similar, with undifferentiated SH-SY5Y having a

slightly higher value (Figure S2C). However, U2OS and undiffer-

entiated SH-SY5Y have lower levels of HsClpP than the other cell

lines (about 20% and 40% relative to HEK293 T-REx, respec-

tively) (Figure S2D). Hence, in addition to the intracellular level

of HsClpP, ADEP sensitivity varies slightly by cell type.
Cell Chemical Biology 25, 1017–1030, August 16, 2018 1021



Figure 4. ADEP Induces Intrinsic, Caspase-Dependent Apoptosis

(A) Light (differential interference contrast [DIC]) and fluorescence (DAPI, TUNEL) microscopy images of HEK293 T-RExWT and HEK293 T-REx CLPP�/� treated

with 10 mM ADEP-41 or DMSO for 72 hr. The DAPI + TUNEL (Merge) images are shown on the far-right panels. WT cells showing fragmentation of chromosomal

DNA and presence of DNA strand breaks (i.e., TUNEL-positive) are marked with white arrows. The scale bars in the DIC panels represent a length of 50 mm.

(B) Quantification of WT and CLPP�/� cells treated with ADEP-41 or DMSO that have acquired DNA strand breaks as observed in the TUNEL assay. SDs of three

independent replicates are shown as error bars.

(C) Western blots for HsClpP, HsClpX, and major marker proteins for caspase-dependent apoptosis, on whole-cell lysates of WT and CLPP�/� cells treated with

20 mM ADEP-41 for 24 hr (left panels) or 10 mM ADEP-41 for 72 hr (right panels). ‘‘pro’’ denotes the proform of the caspases. Single asterisk denotes a cross-

reacting protein band with the a-caspase-9 antibody; double asterisk denotes a possibly non-activated intermediate of caspase-3 processing. GAPDHwas used

as a loading control. The primary antibodies used in each blot are indicated to the right of each panel. Protein molecular weight markers are shown on the left.

(D) 3DSIM analysis ofmitochondrial morphology inWT andCLPP�/� cells during apoptosis. Cells were treatedwith 2 mMADEP-41 or DMSO for 24 or 72 hr prior to

imaging. Mitochondria were stained with MitoTracker Red CMXRos and are shown in red. Nuclei were stained with Hoechst 33342 and are shown in blue.

Representative images of at least three independent replicates are shown. Scale bars correspond to a length of 5 mm.
ADEP Activates the Intrinsic, Caspase-Dependent
Apoptosis in HEK293 T-REx Cells
The cellular mechanism underlying ADEP’s cytotoxicity on

HEK293 T-REx cells was further investigated. First, morpholog-

ical changes of WT and CLPP�/� exposed to ADEP-41 for 72 hr

were examined by microscopy. ADEP-41-treated WT cells ap-

peared compact and spherical, and exhibited a significant loss

of adherence to the growth surface (Figures 4A and S3A). This

is in stark contrast to DMSO-treated WT cells as well as to

CLPP�/� cells that are resistant to ADEP-induced cytotoxicity

(Figures 4A and S3A). Furthermore, blebs were observed on

the surface of affected WT cells (indicated by white arrows in

Figure 4A).

Both cell shrinkage and surface bleb formation are strong indi-

cators of apoptosis (Elmore, 2007). Apoptosis in WT cells

induced by ADEP-41 was confirmed by TUNEL assay, indicating

the fragmentation of chromosomal DNA that congregate into

small, condensed bodies (appearing as multiple foci) upon
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compound treatment (Figure 4A). In contrast, DMSO-treated

WT cells have intact chromosomal DNA and were not TUNEL

labeled. Importantly, both ADEP-treated and DMSO-treated

CLPP�/� cells have normal nuclei and intact chromosomal

DNA (Figure 4A). Quantification of cells with positive TUNEL

labeling revealed that about 20 times more of the ADEP-41-

treated WT cells were TUNEL-positive compared with DMSO-

treated ones, or compared with CLPP�/� cells treated with

ADEP-41 or DMSO (Figure 4B).

Subsequently, the intracellular expression of signature

apoptotic protein markers was examined by western blotting.

The expression of both HsClpP and HsClpX was also examined.

Treatment with ADEP for 24 or 72 hr did not change HsClpP

levels in WT cells compared with DMSO (Figure 4C). In contrast,

HsClpX was no longer detected in WT cells treated with

ADEP-41 for either duration (Figure 4C), despite the fact that

HsClpX is not degraded by the ADEP-activated HsClpP in vitro

(Figures S1E–S1G). To determine whether the loss of HsClpX



has any potential role in ADEP-induced apoptosis, a CLPX gene

disruption was obtained using CRISPR/Cas9, which reduces

HsClpX expression by R97% (DCLPX*; Figure S3B). Significant

reduction of HsClpX levels had no statistically significant impact

on the cells’ sensitivity to ADEP-28 regardless of HsClpP expres-

sion (Figure S3C). Hence, the loss of HsClpX in ADEP-treatedWT

cells may be part of a stress response mechanism. Alternatively,

HsClpX could be degraded by other mitochondrial proteases.

After 24 hr of ADEP-41 treatment, no activation-specific cleav-

age was observed for caspase-8, caspase-9, or caspase-3 (data

not shown). However, the anti-apoptotic Mcl-1 protein was

degraded in WT cells but not in CLPP�/� cells (Figure 4C).

Conversely, the pro-apoptotic PUMA protein was significantly

upregulated in WT cells in contrast to CLPP�/� cells (Figure 4C).

These changes in the intracellular levels of Mcl-1 and PUMA are

strong indications for the initiation of the intrinsic apoptotic

pathway.

After 72 hr of ADEP-41 treatment, the degradation of Mcl-1 in

WT cells remained clearly observable (Figure 4C). Notably, there

was no change in the level of anti-apoptotic Bcl-2 protein, sug-

gesting that the loss of Mcl-1 is a specific cellular response to

the ADEP-41 treatment. Importantly, activation-specific cleav-

age was detected for both caspase-9 and caspase-3, which

produced the characteristic p37 and p35 fragments for cas-

pase-9, and p19/p17 for caspase-3 (Figure 4C). Furthermore,

no activation-specific cleavage was observed for caspase-8

(Figure S3D). Given that caspase-9 is functionally associated

with the intrinsic apoptotic pathway while caspase-8 is linked

to the extrinsic pathway (McIlwain et al., 2013), we conclude

that treatment of WT cells with ADEP activates the intrinsic

apoptotic pathway, leading to cell death.

ADEP Induces Mitochondrial Fragmentation and
Abolishes OXPHOS in HEK293 T-REx Cells
Given that mitochondrial fragmentation and outer membrane

permeabilization (MOMP) are hallmarks of apoptosis (Landes

and Martinou, 2011), the impact of ADEP on mitochondrial

morphology and oxidative phosphorylation (OXPHOS) was

further investigated. Mitochondria in HEK293 T-REx WT and

CLPP�/� treated with ADEP-41 or DMSO for 24 and 72 hr were

examined below the diffraction limit by super-resolution 3D

structured illumination microscopy (3DSIM). As shown in Fig-

ure 4D, WT cells treated with ADEP-41 already showed clear

signs of mitochondrial fragmentation after 24 hr compared with

DMSO-treated cells. Furthermore, the fragmentation observed

was very significant after 72 hr of treatment. In contrast,

CLPP�/� cells treated with ADEP-41 showed no change in mito-

chondrial morphology for either duration.

MOMP is known to dissipate the mitochondrial electrochemi-

cal gradient (Dc) during apoptosis (Kroemer and Reed, 2000),

which abolishes OXPHOS. As such, OXPHOS in WT and

CLPP�/� cells treated with ADEP-28 or DMSO for 24 hr was

examined using the Seahorse extracellular flux (XF) analyzer.

Notably, OXPHOS in ADEP-28-treated WT cells was largely

abolished, as exemplified by the large reduction in oxygen con-

sumption rate associated with basal respiration (�86%) and ATP

synthase activity (�91%), relative to DMSO-treated WT cells

(Figures S3E and S3F, upper panel). Furthermore, ADEP-treated

WT cells showed a higher basal extracellular acidification rate
that was largely unresponsive to ATP synthase inhibition (Fig-

ure S3F, lower panel), suggesting the cell’s reliance on glycolysis

for energy metabolism as a result of losing OXPHOS. Both

events can be explained by Dc dissipation as a result of MOMP.

The fragmentation of mitochondria and loss of OXPHOS from

Dc dissipation both provide confirmative evidence that ADEP

induces apoptosis in HsClpP-expressing cells.

ADEP Binding Induces Conformational Changes in the
HsClpP Tetradecamer
To further understand the mechanism by which ADEP binding

leads to HsClpP dysregulation, we determined the structure of

HsClpP co-crystallized with ADEP-28 (Figure 5A) at 2.8-Å reso-

lution (Table S3). ADEP-28 has high binding affinity for HsClpP

(Figure 2E). In the crystal, the asymmetric unit contains a single

heptameric ring that forms the HsClpP tetradecamer with a sec-

ond ring related to the first by crystallographic symmetry (Figures

5A–5E and Table S3). Of the 277 residues in HsClpP, no electron

density was observed for residues 252–277 (chains A–D) or

251–277 (chains E–G) at the C terminus, whereas residues

1–57 that contain the mitochondrial transport signal were

omitted during cloning (Figure 5B). We also observed extra

electron density attached to the thiol group of Cys86 in each

subunit, indicating covalent modification (Figure 5F). Mass spec-

trometry analysis identified this modification as potentially being

persulfidation of the cysteine thiol (data not shown).

As observed for other ClpPs, ADEP-28 bound to the hydro-

phobic pocket formed by two neighboring HsClpP subunits

(Figure 5A). Clear electron densities for all seven ADEP-28 mol-

ecules per heptameric ring were observed (Figure 5C). The

N-terminal axial loops were ordered (Figures 5A, 5D, and 5E),

as observed previously in the ADEP-bound EcClpP (Li et al.,

2010), Neisseria meningitidis ClpP (NmClpP) (Goodreid et al.,

2016), and Mycobacterium tuberculosis ClpP (MtClpP) (Schmitz

et al., 2014). ADEP-28 binding enlarged the HsClpP’s axial pore

(Figure 5A). Interestingly, ADEP-28-HsClpP adopts a compact

conformation (Figure 5A), which has not been seen in other

ADEP-bound ClpP structures characterized to date (Goodreid

et al., 2016; Lee et al., 2010; Li et al., 2010; Schmitz et al.,

2014) (and PDB: 5VZ2). We will first describe the ADEP-binding

pocket and then discuss the distal molecular rearrangements

observed.

The binding of ADEP-28 to HsClpP induces local structural

changes at and around the binding pocket between two neigh-

boring subunits, forming a highly complementary surface for

the ADEPmolecule (Figures 6A andS4). Normally, the N-terminal

b1-b0 hairpins forming the axial loops are disordered in the

absence of ADEP (Figure 5A). An ionic interaction between

R78 of one subunit and E109 of the neighboring subunit secures

the interface between the subunits (Figure 6Ai). Upon ADEP-28

binding, ordered axial loop formation places E64 between R78

of the same subunit and E109 of the neighboring subunit,

creating three new hydrogen bonds (H bonds) that also involve

R78 interacting with the intra-subunit E82 (Figure 6Aii). These

interactions stabilize a widened surface with the bound

ADEP-28 acting as a wedge.

At the ADEP-28/ClpP interface, two Tyr residues, Y118 of one

subunit and Y138 of the neighboring subunit, form H bonds with

carbonyl carbon atoms of the depsipeptide ring (Figures 6Aii and
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Figure 5. ADEP-Binding Induces Conformational Changes in the HsClpP Tetradecamer

(A) The ADEP-28-bound (left) and apo form (right) of the HsClpP tetradecamer, shown in side views (top) and top views (bottom). The bound ADEP-28 are shown

as sticks. The distances shown were measured between the Ca atoms of E109 (helix aB) located on the surface of two apposing ClpP rings.

(B) The sequence and the secondary structure of HsClpP in the presence and absence of ADEP-28. The catalytic triad residues (S153, H178, and D227) are

indicated with orange diamonds. Note that Ser57 was introduced due to cloning.

(C) 2Fo-Fc electron density map of ADEP-28 contoured at 1.0s.

(D) Superposition of the monomeric structures of ADEP-28-bound HsClpP (chain A; rainbow-colored from N terminus to C terminus) and apo HsClpP (in gray;

PDB: 1TG6, chain A), viewed from within the HsClpP lumen.

(E) Cartoon putty representation of a single ring of ADEP-28-HsClpP complex with thicker tubes indicating higher B factors.

(F) 2Fo-Fc map (blue mesh) contoured at 1.0s, and Fo-Fc map (green mesh) contoured at 3.5s showing covalent modification on the thiol group of Cys86 that is

observed in each HsClpP subunit.
S4A). Similar interactions have been reported for other bacterial

ClpP-ADEP complexes (Goodreid et al., 2016; Li et al., 2010;

Schmitz et al., 2014). In addition, an H2O-mediated H bond is

observed between Q107 and the amide carbonyl connecting

the hydrophobic tail and 3,5-difluorophenyl moieties of

ADEP-28. A Trp residue (W146) in HsClpP forms a hydrophobic

stacking interaction with the 3,5-difluorophenyl moiety of

ADEP-28 (Figures 6Aii and S4A). The corresponding residues

in bacterial ClpPs all have smaller aliphatic side chains, which

yield a smaller hydrophobic surface for the difluorophenyl group

(Figure S4B).

The depsipeptide ring is solvent exposed but with its nitroge-

nous, heterocyclic rings forming stacking interactions with the
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aromatic or hydrophobic residues in the ADEP-binding pocket.

In particular, the methyl piperidine ring of ADEP-28 (Figure 6Aii

on far right of ADEP-28 when viewed as shown) sits directly on

top of H168 of b5. The relatively small side chain of the His

residue is likely to provide additional space to accommodate

the methyl piperidine ring and in turn strengthens the ADEP-

28-HsClpP interaction, resulting in the high apparent binding

affinity observed (Figure 2E). In contrast, the equivalent residue

in bacterial ClpPs is either Tyr, Phe, or Met, all of which are

bulkier than the His residue of HsClpP (Figure S4B).

As mentioned above, binding of ADEP-28 induces the forma-

tion of the N-terminal b1-b0 hairpins (residues 58–74), creating

ordered axial loops (Figures 5A, 5D, and 5E). While the b1 and



Figure 6. ADEP Binding Causes Structural Rearrangements within the HsClpP Cylinder

(A) Local molecular interactions at the binding pocket between adjacent HsClpP subunits F and G in the absence of ADEP are shown in (i). Local molecular

interactions between ADEP-28 and residues in the binding pocket between two adjacent HsClpP subunits F and G are shown in (ii). ADEP-28 and the amino acid

residues of interest are shown as sticks. Non-covalent bonds are indicated by dotted lines. The axial loop is indicated.

(B) ADEP-28 binding induces the ordering of N-terminal axial pore loops into b hairpins due to interactions shown in panels i, ii, and iii and discussed in the text.

(C) Molecular interactions at the equatorial plane of apo and ADEP-28-bound HsClpP. The different HsClpP subunits are distinguished by color. All the relevant

amino acid residues are shown as sticks, with the catalytic triad residues S153, H178, and D227 colored in red, blue, and green, respectively. Secondary

structures of each HsClpP subunit are labeled as shown, with subunits from the opposite ring denoted with the prime mark (0). Non-covalent bonds between

residues are indicated by dotted lines.
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b0 strands are highly structured in all subunits, segments of the

b-hairpin loops formed by residues 65–69 in subunits C toG have

ambiguous electron density insufficient to confidently assign

side-chain positions. These residues have significantly higher

B factors than those of the rest of the HsClpP molecule (Fig-

ure 5E), suggesting greater flexibility. Each axial b hairpin is

anchored to the head domain of the same subunit through the in-

teractions of E64 on b-1 strand and Y73 on b0 strand with R78

and R81 on aA helix, respectively (Figure 6Bi, ii). The continuous

stretch of seven hydrophobic residues (L58 to V63) comprising

the short N-terminal loop and the b1 strand form hydrophobic

interactions with an extensive surface formed by Y73 (b0), Y76

(aA), L80 (aA), V95 (aB), L98 (aB), F105 (aB), and L106 (aB) of a

neighboring subunit, and I75 (aA) and Y76 (aA) of the same sub-

unit (Figure 6Biii). These interactions result in the retraction of the

N terminus away from the 7-fold axis, leading to HsClpP’s axial

pore widening. This has also been observed to occur in ADEP-

bound EcClpP (Li et al., 2010).

The compaction of the ADEP-28-HsClpP complex was unex-

pected and is a direct consequence of molecular rearrange-

ments at and around the handle region composed mainly of b7

and aE, resulting in significant reshuffling of the residues at the

interface of the two apposing HsClpP rings (Figure 6Ci, ii). At

the subunit level, residues 182–187 (182–191 in chain B) that

are part of b7 strand of the handle region in apo HsClpP show

no clear electron density upon ADEP-28 binding, suggesting

local structural disorder of the handle region (Figure 6Cii).

Furthermore, the ensuing aE helix is shortened by the unwinding

of two helical turns to an ordered loop that extends into HsClpP’s

lumen due to a kink that starts at residue Q194 (Figure 6Cii).

In apo HsClpP, the interface of two heptameric rings consists

of an intricate network of H bonding and ionic interactions. The

highly conserved oligomerization sensor R226 (aF-b8 loop) par-

ticipates in intra-ring interactions with Q187 (b7-aE loop) and

D190 (aE) of a neighboring subunit and in inter-ring interactions

with E225 (a0F) of the apposing subunit (Figure 6Ci). Residues

Q179 (b6-b7 loop) and K202 (aE) also form H bonds with T189

(a0E) of the apposing subunit. Residue Q194 (aE) forms an H

bond with the catalytic D227 residue (in green) of a neighboring

subunit to further cement intra-ring subunit contacts (Figure 6Ci).

These interactions are conserved and highly symmetrical across

the equatorial region of the HsClpP tetradecamer and are

likely essential for a properly aligned catalytic triad (S153,

H178, D227).

In ADEP-28-bound HsClpP, significant rearrangements of the

intra- and inter-ring contacts occur as the long aF-b8 loops of

apposing subunits come closer together to form part of the

new interface. Remarkably, the catalytic triads become distorted

as a result, such that H178 of one subunit now interacts with

D227 of the apposing subunit and vice versa, while the original

intra-subunit interaction between H178 and S153 and the inter-

subunit interaction between D227 of one subunit with Q194 of

the adjacent subunit are both lost (Figure 6Cii). His178 forms a

bond with Q194 of an apposing subunit while D227 forms a

bond with S181 of another apposing subunit. Furthermore,

new intra-ring and inter-ring contacts are borne out of this struc-

tural rearrangement. These include the R174 (b6)-E197 (a0E)
ionic interaction, the interactions of residues K202 and Y206 in

a0E with Q194 and E196 of the apposing subunit, and the bond
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between S181 (b6-b7 loop) and the catalytic D227 of the

apposing ring. Interestingly, despite these major changes at

the interface, the inter-ring interaction of R226 in one subunit

with E225 of the apposing subunit is preserved, albeit with a shift

in the relative positions of the residues (Figure 6Cii). The overall

result of these molecular rearrangements is the compaction of

the HsClpP tetradecamer.

Compaction of HsClpP Results in the Formation of
Equatorial Side Pores
This structure of ADEP-bound HsClpP highlights an unexpected

role of the catalytic triad residues in stabilizing the compact

conformation. Several distinct, compact conformations have

been observed in the crystal structures of ClpP from E. coli (Kim-

ber et al., 2010), Listeria monocytogenes (Zeiler et al., 2013), M.

tuberculosis (Ingvarsson et al., 2007), Plasmodium falciparum (El

Bakkouri et al., 2010), Staphylococcus aureus (Ye et al., 2013),

and Streptococcus pneumoniae (Gribun et al., 2005) (Figure S5).

In addition, SaClpP was also crystallized in a compressed

conformation (Zhang et al., 2011). We define the compact

conformation as a shortened ClpP cylinder losing one or more

turns at the N terminus of the aE helix and in many cases

concomitant with the loss of density for the b7 strand. The com-

pressed conformation refers to an even shorter ClpP cylinder

caused by a kink in the aE helix, resulting in the formation of

two smaller helices.

These ClpP structures (Figure S5) have varying degrees of

compaction with the distorted catalytic triads engaging in

distinct interactions with nearby residues. Among these, the

LmClpP1 and SaClpP compact structures show engagement

of one or more of the catalytic triad residues in inter-ring interac-

tions (Figure S5) as does the compact ADEP-28-HsClpP struc-

ture (Figure 6ii), albeit having different interacting residues. The

compressed SaClpP shows inter-ring interactions of the cata-

lytic triad but are mediated by a sulfate group (Figure S5).

The compact structure of ADEP-28-HsClpP exhibits small,

equatorial side pores that presumably enlarge to facilitate the

egress of cleaved peptides from the ClpP barrel (Figure S6A).

These are in close proximity to the peptide substrate binding

site and are formed by residues in the vicinity of the hinge region.

Other compact ClpP structures exhibit equatorial side pores of

varying sizes and shapes depending on the degree of

compaction (Figure S6B). Interestingly, in the compact ADEP-

28-HsClpP, the unraveling of two N-terminal helical turns of the

aE helix results in a structured loop (spanning residues

188–194), a segment of which occupies the location of the bound

peptide substrate near the catalytic site and the side pore (Fig-

ure S6A). A similar phenomenon is observed in the compact

structure of PfClpP as well as in the compressed structure of

SaClpP, where the aE helix is kinked in such a way that the

ensuing residues of a short loop occupy the peptide-binding

site. Therefore, the compact and compressed structures of

ClpP are likely intermediates that are populated during ClpP’s

functional cycle during which a cleaved peptide is poised for

release from the ClpP lumen through the equatorial side pores.

Analysis of the available ClpP structures from different species

where both extended and compact conformations have been

solved shows that the seven catalytic Ser residues of a ClpP

heptameric ring form a plane that is parallel to that formed by



Figure 7. Putative Intermediates in the ClpP Functional Cycle Represented by Various ClpP Structures from Different Species

Shown are the relative positions of the Ser-His-Asp catalytic triads in the extended and compact structures of ClpP from different species. The PDB IDs for the

extended HsClpP, EcClpP, LmClpP1, and SaClpP are PDB: 1TG6, 1YG6, 4JCR, and 3STA, respectively, while those for the compact are: this study, PDB: 3HLN,

4JCQ, and 4EMM, respectively. Also, there is a compressed structure of SaClpP with PDB: 3ST9. Note that the compact state of EcClpP was the result of the

introduction of disulfide bond between two aE helices of apposing rings due to the mutation of A153 to Cys. For LmClpP1, the WT protein has Asn instead of Asp

in the catalytic triad (residue 165) and is in the compact state. The N165D mutant adopts the extended state. The Ca atoms of the catalytic Ser, His, and Asp are

shown as red, blue, and green spheres. The distances between the different Ca atoms are shown as lines in the respective colors. The numbers on the left refer to

the distance between the plane formed by the Ser Ca atoms of one heptamer relative to the plane formed by the Ser Ca atoms in the apposing heptamer.
the other seven catalytic Ser residues in the apposing heptamer

(rotation angle, q=�3� to +1.5�) (Figure 7). The distance between

each plane’s center of mass (with each plane defined by the

coordinates of the Ser Ca atoms) is �30 Å, and this ‘‘height’’ de-

creases by as much as 8 Å upon compaction. Compaction is

accompanied by rotation of the catalytic Ser planes relative to

each other by as much as 23� and a concomitant, general

increase in the distances between the seven coplanar Ser resi-

dues of a ring (Figure 7). The same is true for the other catalytic

residues. For SaClpP where a third, compressed structure is

available, the ‘‘height’’ is further reduced to�20 Å, while the rota-

tion angle between catalytic Ser planes is reduced to just 6.4�,
presumably to relieve the strain caused by compression (Fig-

ure 7). Thus, collectively, these ClpP structures may constitute

distinct structural intermediates in the conformational landscape

of ClpP, whether as a result of activation by ADEP or ClpX or by

natural breathing motions.

Solution Structure of ADEP-Bound HsClpP
Characterized by Small-Angle X-Ray Scattering
The global conformational change in the HsClpP structure upon

ADEP binding was further examined in solution using small-

angle X-ray scattering (SAXS) (Figure S7A). HsClpP, HsClpP +
DMSO (control for DMSO’s effect), and HsClpP + ADEP-28

showedmolecular mass (MM) values that correspond to tetrade-

camers (Table S4). The small increase in MM for HsClpP +

ADEP-28 suggested that ADEP-28 molecules were bound to

HsClpP. Pair distance distribution functions, p(r), were then

generated (Figure S7B) and the values for the radius of gyration

(Rg) and maximum dimension (Dmax) were determined. HsClpP

and HsClpP + DMSO showed similar p(r) profiles (Figure S7B),

and also similar Rg and Dmax values (Table S4). All values were

in agreement with the calculated size and dimensions of

HsClpP’s crystallographic structure. Importantly, the addition

of ADEP-28 changed HsClpP’s p(r) profile, shifting the maximum

p(r) and Dmax toward higher values (Figure S7B).

Using SAXS data, we generated low-resolution dummy atoms

models (DAMs) for HsClpP + DMSO and HsClpP + ADEP-28

(Figure S7C). Notably, in the presence of DMSO, HsClpP adopts

a cylindrical shape in solution that is compatible with the

published structure of apo HsClpP (Kang et al., 2004). The

ADEP-bound HsClpP DAM showed an increased radial and axial

occupancy with DAMs, adopting an ellipsoidal shape. The

superposition of our ADEP-bound HsClpP crystallographic

structure on this DAM (Figure S7C) showed a good fit at

radial positions, supporting the existence of this compact
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conformation. Nevertheless, the empty spaces observed at the

top and bottom regions of the ADEP-bound HsClpP DAM, and

the differences between properties calculated from the crystal

structure and determined from the SAXS data (Table S4), indi-

cate the likely presence of other HsClpP conformers in solution.

DISCUSSION

We have presented the first detailed biochemical and biophysi-

cal characterization of the molecular interactions between

ADEP and mitochondrial HsClpP, as well as the first report on

the physiological impact of these interactions on human cells.

Indeed, Lowth et al. (2012) had reported earlier that some

ADEP analogs that they tested also affected HsClpP, although

they did not characterize those interactions further. Our identifi-

cation of ADEPs that activate HsClpP was a fortuitous finding

stemming from our work on developing antibiotics targeting

the bacterial ClpP.

The co-crystal structure of the ADEP-28 and HsClpP recapit-

ulates previous findings in ADEP-bound bacterial ClpPs, while

providing further insights into the protease’s functional cycle.

Notably, the compact conformation of the ADEP-28-HsClpP

complex may constitute a putative intermediate state. Theoret-

ical, biochemical, and biophysical experiments have pointed

toward a dynamic ClpP tetradecamer that can extend, compact,

and compress (Kimber et al., 2010; Liu et al., 2014). The structure

of ADEP-28-HsClpP highlights the essential role of the handle

region to achieve a compact conformation while bound by

ADEP-28 at the activator site, providing the first structural evi-

dence that an ADEP-activated ClpP is not locked in the extended

conformation, contrary to the proposal by Gersch et al. (2015).

Remarkably, the X-ray structure also unveils a previously un-

known structural role for the catalytic triad outside of proteolysis

that appears essential for stabilizing the compact conformation.

Importantly, the interaction of ADEP with HsClpP produces a

cytotoxic effect on cells that manifests via the intrinsic, cas-

pase-dependent apoptosis. An important practical implication

of this finding is the potential use of ADEPs as therapeutic com-

pounds for cancer treatment. Modulation of the cell’s sensitivity

to ADEPs by intracellular HsClpP expression enables the fine-

tuning of the ADEP chemical structure, such that new analogs

can be developed with better abilities to distinguish and target

cancer cells that express high levels of HsClpP without affecting

normal, healthy cells. To this end, our biophysical and structural

data on the interaction between ADEP and HsClpP should prove

valuable in identifying key chemical features in the ADEP struc-

ture that define its potency, and should facilitate the design of

better analogs.

SIGNIFICANCE

The mitochondrion is a vital organelle in the human cell that

has many essential biological functions. These include

energy metabolism, signaling, and apoptosis. Conse-

quently, a dysfunctional mitochondrion may give rise to a

wide range of diseases including cancer. In this work, we

describe the identification of compounds that dysregulate

the activity of a critical protease present in themitochondrial

matrix termed ClpP. These compounds dysregulate the pro-
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tease activity of ClpP and cause it to unspecifically degrade

proteins in the mitochondrion, leading to apoptotic cell

death. We also obtained the co-crystal structure of ClpP

with one of these compounds, revealing a different confor-

mation for the protease. We propose that such compounds

can be further developed to target cancer cells.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-HsClpP Abcam RRID: AB_941071

Rabbit polyclonal anti-HsClpX Abcam RRID: AB_11000791

Mouse monoclonal anti-GAPDH Abcam RRID: AB_2107448

Rabbit polyclonal anti-Caspase-8 Cell Signaling Technology RRID: AB_10545768

Rabbit polyclonal anti-Caspase-9 Cell Signaling Technology RRID: AB_2068621

Rabbit monoclonal anti-PUMA Cell Signaling Technology RRID: AB_2064551

Goat polyclonal anti-Caspase-3 R&D Biosystems RRID: AB_354518

Mouse monoclonal anti-Mcl-1 EMD Millipore RRID: AB_10806351

Mouse monoclonal anti-Bcl2 EMD Millipore RRID: AB_11210561

Mouse monoclonal anti-FLAG-tag Sigma-Aldrich RRID: AB_262044

HRP-conjugated goat anti-rabbit IgG BioRad RRID: AB_11125142

HRP-conjugated goat anti-mouse IgG BioRad RRID: AB_11125547

HRP-conjugated rabbit anti-goat IgG Sigma-Aldrich RRID: AB_258242

Chemicals, Peptides, and Recombinant Proteins

ADEP-28 (Goodreid et al., 2016) N/A

ADEP-41 (Goodreid et al., 2016) N/A

ADEP-06 (Goodreid et al., 2016) N/A

ADEP-02 (Goodreid et al., 2016) N/A

ADEP-04 (Goodreid et al., 2016) N/A

Other ADEP analogs, see Table S1 (Goodreid et al., 2016) N/A

N-acetyl-Trp-Leu-Ala-7-amido-4-methylcoumarin R&D Biosystems Cat#S-330-02M

Benzyloxycarbonyl-Arg-Arg-7-amido-4-methylcoumarin Sigma-Aldrich Cat#C5429

N-acetyl-Leu-Glu-His-Asp-7-amido-4-methylcoumarin Sigma-Aldrich Cat#SCP0104

N-acetyl-Val-Glu-Thr-Asp-7-amido-4-methylcoumarin Sigma-Aldrich Cat#SCP0139

Benzyloxycarbonyl-Leu-Leu-Leu-7-amido-4-

methylcoumarin

Sigma-Aldrich Cat#C0608

N-succinyl-Leu-Tyr-7-amido-4-methylcoumarin MP Biochemicals Cat#03AMC117

C-terminal His6-tagged Human mitochondrial ClpP

(HsClpP-His6)

(Kimber et al., 2010) N/A

Untagged human mitochondrial ClpP (HsClpP) This paper N/A

Untagged human mitochondrial ClpX (HsClpX) This paper N/A

Escherichia coli ClpA (EcClpA) (Lo et al., 2001) N/A

Escherichia coli ClpP (EcClpP) (Wojtyra et al., 2003) N/A

Yeast SUMO protease (Lee et al., 2008) N/A

Casein fluorescein isothiocyanate from bovine milk

(Casein-FITC)

Sigma-Aldrich Cat#C3777-25MG

Bovine milk a-casein Sigma-Aldrich Cat#C6780-1G

Creatine phosphate Sigma-Aldrich Cat#27920

Creatine phosphokinase Sigma-Aldrich Cat#C3755

Adenosine 50-triphosphate disodium salt hydrate (ATP) Sigma-Aldrich Cat#A26209

Sulforhodamine B (SRB) Sigma-Aldrich Cat#230162

Critical Commercial Assays

In Situ Cell Death Detection Kit, Fluorescein Roche Cat#Roche-11684795910

MitoTracker Red CMXRos Molecular Probes Cat# M7512

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Gateway LR Clonase II Enzyme Mix Thermo-Fisher Scientific Cat#11791020

Gateway BP Clonase II Enzyme Mix Thermo-Fisher Scientific Cat#11789020

Seahorse XF Cell Mitochondrial Stress Kit Agilent Cat#103015-100

Deposited Data

X-ray structure: HsClpP in complex with ADEP-28 This paper PDB: 6BBA

X-ray structure: HsClpP (Kang et al., 2004) PDB: 1TG6

X-ray structure: BsClpP in complex with ADEP1 (Lee et al., 2010) PDB: 3KTI

X-ray structure: EcClpP (Bewley et al., 2006) PDB: 1YG6

X-ray structure: EcClpP A153C (Kimber et al., 2010) PDB: 3HLN

X-ray structure: EcClpP in complex with ADEP1 (Li et al., 2010) PDB: 3MT6

X-ray structure: HpClpP in complex with peptide

NVLGFTQ

(Kim and Kim, 2008) PDB: 2ZL2

X-ray structure: LmClpP1 N65D (Zeiler et al., 2013) PDB: 4JCR

X-ray structure: LmClpP1 (Zeiler et al., 2013) PDB: 4JCQ

X-ray structure: MtClpP1 (Ingvarsson et al., 2007) PDB: 2CE3

X-ray structure: MtClpP1P2 in complex with ADEP (Schmitz et al., 2014) PDB: 4U0G

X-ray structure: NmClpP in complex with ADEP A54556 (Goodreid et al., 2016) PDB: 5DKP

X-ray structure: PfClpP (El Bakkouri et al., 2010) PDB: 2F6I

X-ray structure: SaClpP (extended) (Zhang et al., 2011) PDB: 3STA

X-ray structure: SaClpP (compact) (Ye et al., 2013) PDB: 4EMM

X-ray structure: SaClpP (compressed) (Zhang et al., 2011) PDB: 3ST9

X-ray structure: SaClpP in complex with ADEP PDB: 5VZ2

X-ray structure: SpClpP A153P (Gribun et al., 2005) PDB: 1Y7O

Experimental Models: Cell Lines

HEK293 T-REx Gift from A. Trifunovic RRID: CVCL_U427

HEK293 T-REx CLPP-/- (Seiferling et al., 2016) N/A

HEK293 T-REx + CLPP-FLAG This paper N/A

HEK293 T-REx + CLPPS153A-FLAG This paper N/A

HEK293 T-REx DCLPX* This paper N/A

HEK293 T-REx CLPP-/- DCLPX* This paper N/A

HeLa Gift from P. Kim RRID: CVCL_0030

HeLa T-REx Gift from L. Attisano RRID: CVCL_D587

U2OS Gift from A. Palazzo RRID: CVCL_0042

SH-SY5Y Gift from M. Babu RRID: CVCL_0019

Experimental Models: Organisms/Strains

Escherichia coli DH5a Lab stock NCBI: txid668369

Escherichia coli BL21(DE3) DclpP::cat (SG1146) (Kimber et al., 2010) N/A

Oligonucleotides

CLPX Exon1 pX330 F:

CACCGCGGTGCTTGTACTTGCGGCG

This paper N/A

CLPX Exon1 pX330 R:

AAACCGCCGCAAGTACAAGCACCGC

This paper N/A

CLPX Exon1 ssODN:

GGCCTCGCGGAGATGCCCAGCTGCGGTGCTT

GTACTTGCGGCGCGGCGTAGGTCCGGCTCAT

CACCTCCTCACTCGCCTCCGCGCAGAGA

This paper N/A

Recombinant DNA

pDT1668-LhclpP (Kimber et al., 2010) N/A

pET9a-EcClpA M168T (Lo et al., 2001) N/A

pET9a-EcClpP (Wojtyra et al., 2003) N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pET28-Ulp1 (Lee et al., 2008) N/A

pETSUMO (Lee et al., 2008) N/A

pETSUMO2-CLPP(-MTS) This paper N/A

pST39 (Selleck and Tan, 2008) N/A

pST39-SUMO2-CLPX(-MTS) This paper N/A

pDEST-MTS-HsCLPP-3xFLAG This paper N/A

pDEST-MTS-HsCLPPS153A-3xFLAG This paper N/A

pOG44 Thermo-Fisher Scientific Cat#V600520

pX330 (Cong et al., 2013) N/A

pX330-CLPX KO This paper N/A

Software and Algorithms

HKL2000 (Otwinowski and Minor, 1997) http://www.hkl-xray.com/download-

instructions-hkl-2000

PHENIX (Adams et al., 2010) https://www.phenix-online.org/

COOT (Emsley and Cowtan, 2004) http://www2.mrc-lmb.cam.ac.uk/

Personal/pemsley/coot/

ATSAS 2.7.2 software package (Petoukhov et al., 2012) https://www.embl-hamburg.de/

biosaxs/manuals/atsas-2.7/install.html

UCSF Chimera software (Pettersen et al., 2004) https://www.cgl.ucsf.edu/chimera/

MaxQuant software 1.6.1.0 Max Planck Institute http://www.coxdocs.org/doku.php?

id=maxquant:common:download_and_

installation#download_and_installation_

guide

NIS-Elements Basic Research software Nikon https://www.nikoninstruments.com/

Products/Software/NIS-Elements-

Basic-Research

ZEN Black software 8.1 Carl Zeiss Microscopy https://www.zeiss.com/microscopy/

int/software-cameras.html

Wave Desktop software Agilent https://www.agilent.com/en/products/

cell-analysis-(seahorse)/software-

download-for-wave-desktop

Quantity One 1D Analysis software BioRad http://www.bio-rad.com/en-ca/product/

quantity-one-1-d-analysis-software?ID=

1de9eb3a-1eb5-4edb-82d2-68b91bf360fb

Other

Rigaku FR-E SuperBright rotating anode

generator

Structural Genomics

Consortium, University

of Toronto, Toronto,

Canada

https://www.thesgc.org/science/

crystallography

Pilatus 300K detector, SAXS1 beamline Brazilian Synchrotron

Light Laboratory, LNLS,

CNPEM, Campinas, Brazil

http://www.lnls.cnpem.br/linhas-de-luz/

saxs1-en/overview/

Proxeon EASY nanoLC 1000 System Thermo-Fisher Scientific Cat#LC120

Orbitrap Elite mass spectrometer Thermo-Fisher Scientific Cat#IQLAAEGAAPFADBMAZQ

Acclaim PepMap C18 column

(15 cm x 50 ı̀m ID, 3 ı̀m, 100 Å)

Thermo-Fisher Scientific https://www.thermofisher.com/order/

catalog/product/160321

Eclipse 80i fluorescence microscope Nikon https://www.nikoninstruments.com/

Products/Upright-Microscopes/

Research/Eclipse-80i

X-Cite Series 120Q excitation light source Excelitas Technologies http://www.excelitas.com/Pages/

Product/X-Cite-120Q.aspx

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

ELYRA PS.1 superresolution microscope Carl Zeiss Microscopy https://www.zeiss.com/microscopy/

int/products/superresolution-

microscopy.html

iXon 885 EMCCD camera Andor Technology http://www.andor.com/cameras/ixon-

emccd-camera-series

Microscope coverslips for SIM Electron Microscopy Sciences Cat#72230-01

Microscope glass slides for SIM VWR Cat#48312-401

ChemiDoc XRS+ System BioRad http://www.bio-rad.com/en-ca/

product/chemidoc-xrs-system?ID=

NINJHRKG4

Seahorse XFe96 Metabolic Flux Analyzer Agilent https://www.agilent.com/en/products/

cell-analysis-(seahorse)/seahorse-

analyzers/seahorse-xfe96-analyzer

Seahorse XFe96 Sensor Cartridge Agilent Cat#102416-100

Seahorse XF96 Cell Culture Microplates Agilent Cat#101085-004

EnSpire 2300 Multilabel Reader Perkin-Elmer http://www.perkinelmer.com/product/

enspire-base-unit-2300-0000

96-well black flat-bottom plate Greiner Bio-one

International

Cat#655077
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Walid A.

Houry (walid.houry@utoronto.ca).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial Cell Cultures
All Escherichia coli strains used for DNA propagation and protein expression (see Key Resources Table for details) were grown in

Luria-Bertani Broth (LB; 10 g/L bio-tryptone + 5 g/L yeast extract + 10 g/L NaCl) supplemented with the appropriate antibiotics, un-

less stated otherwise. For DNA propagation, cells were grown at 37�Cwith shaking. For protein expression, cells in pre-cultures were

grown 16-18 hours at 37�C with shaking. Cells in protein expression cultures were also grown at 37�C with shaking until induction of

protein expression with 1 mM IPTG. The cultures were then maintained at 37�C for 3-5 hours or at 18�C for 16-18 hours.

Mammalian Cell Cultures
All mammalian cell lines used in this study are female (see Key Resources Table for details). Cell lines were maintained in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 100 U/mL penicillin-

streptomycin, unless stated otherwise. Cells were grown and maintained in standard tissue culture plates or tissue culture

flasks with ventilated caps. For DNA transfection, cells were kept in the samemedia but without any antibiotics at least 24 hours prior

to the procedure. All cells were passaged by standard trypsinization procedures at least three times before use in any experiments.

For long-term cryogenic storage, cells were first trypsinized and re-suspended in media, followed by gradual addition of 80%

FBS + 20% DMSO to a final 1:1 (v:v) ratio. The cell stocks were then transferred into cryogenic storage vials and stored in foam

storage racks at -80�C for at least 24 hours before long-term storage in a liquid nitrogen storage tank. To recover cells from the frozen

stocks, the frozen cells were thawed at 37�C and re-suspended in media at 9x the frozen stock’s volume. The media was applied

gradually to the cells to minimize osmotic shock. Cells were then collected by centrifugation and re-suspended in fresh media after

which, they were transferred to tissue culture plates or ventilated tissue culture flasks for growth and maintenance as described.

METHOD DETAILS

Molecular Cloning and Protein Purification
For protein expression,CLPP genewas clonedwithout itsmitochondrial targeting sequence (MTS) (residuesM1-P57) into amodified

pETSUMO vector (Lee et al., 2008) resulting in pETSUMO2-CLPP(-MTS) expressing 2x(His6-thrombin)-SUMO-CLPP(-MTS). CLPX

gene was also cloned without its MTS (residues M1-F64) into a modified pST39 (Selleck and Tan, 2008) resulting in pST39-SUMO2-

CLPX(-MTS) expressing 2x(His6-thrombin)-SUMO-CLPX(-MTS). All plasmids were propagated in E. coliDH5a and isolated using the
e4 Cell Chemical Biology 25, 1017–1030.e1–e9, August 16, 2018
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PureLink Quick PlasmidMiniprep Kit (Thermo-Fisher Scientific). Linearized DNA and PCR amplification products were purified by gel

extraction using the PureLink Quick Gel Extraction Kit (Thermo-Fisher Scientific).

HsClpP was expressed with a N-terminal 2x(His6-thrombin)-SUMO tag in E. coli SG1146, which is BL21(DE3) DclpP::cat (Kimber

et al., 2010). Cells transformed with pETSUMO2-CLPP(-MTS) were grown aerobically in LB + 50 mg/mL kanamycin at 37�C until

OD600 reached �0.6. Protein expression was then induced with 1.5 mM IPTG (Thermo-Fisher Scientific) for 3-5 hours. Cells were

harvested by centrifugation, and then re-suspended in 25mMTrisHCl, pH 7.5, 0.5MNaCl, 10%glycerol, and 10mM imidazole. Cells

were then lysed by 2 passes on the French Press, and the cell debris was removed by centrifugation. The SUMO-tagged HsClpPwas

purified on Ni-NTA beads (Thermo-Fisher Scientific) using standard protocols. Subsequently, SUMO protease (Lee et al., 2008) was

added to remove the N-terminal 2x(His6-thrombin)-SUMO tag. The purified, untagged HsClpP was concentrated with an Amicon

Ultra-15 centrifugal filter unit (10000 MWCO) (EMD Millipore) at 4�C, aliquoted, flash-frozen in liquid nitrogen and stored at �80�C
until use. A similar protocol was used for HsClpX. All fractions collected during the purification were analyzed by SDS-PAGE. The

proteins were found to be >95% pure.

For our high-throughput drug activity assays, C-terminally His6-tagged HsClpP (HsClpP-His6) was expressed in SG1146

transformed with pDT1668-LhclpP and purified as described in (Kimber et al., 2010). Untagged E. coli ClpP (EcClpP) was

expressed and purified as described in (Wojtyra et al., 2003). E. coli ClpA (EcClpA) was expressed and purified as described in

(Lo et al., 2001).

Screen of ADEP Analogs Against HsClpP
Structural analogs of acyldepsipeptide (ADEP) (Goodreid et al., 2016) that were previously developed as potential antibiotics against

bacterial ClpP were screened and assessed for their ability to activate and dysregulate the protease activity of HsClpP, bymeasuring

their relative degradation (RD) index. Note that ADEP-28 was also previously reported by Carney et al. (Carney et al., 2014). Details of

the experimental protocol have been described in (Leung et al., 2011). All ADEP analogs were first screened at 25 mM, and their RD25

scores were calculated using the method described in (Leung et al., 2011) (Figure 1A). Those that achieved RD25 R 0.87 were

screened a second time at 5 mM, followed by calculation of their RD5 scores. The top analogs with RD5 R 0.74 were screened a

third time at 1 mM, followed by calculation of their RD1 scores (Figure 1B).

Peptidase Activity Assays
The peptidase activity of purified, untagged HsClpP was assessed bymonitoring the degradation of peptidyl substrates labelled with

a C-terminal 7-amido-4-methylcoumarin (AMC) fluorophore. As previously reported (Kang et al., 2002), HsClpP did not exhibit any

observable peptidase activity towards the commonly used N-succinyl-Leu-Tyr-7-amido-4-methylcoumarin (Suc-LY-AMC) peptide

(Figure 2A). To identify a suitable peptidyl substrate, commercially available AMC-labelled peptides were purchased and tested for

degradation by HsClpP. These include N-acetyl-Trp-Leu-Ala-AMC (Ac-WLA-AMC) (R&D Systems) that was also previously used by

Csizmadia et al. (Csizmadia et al., 2016), benzyloxycarbonyl-Arg-Arg-AMC (Z-RR-AMC) (Sigma-Aldrich), N-acetyl-Leu-Glu-His-

Asp-AMC (Ac-LEHD-AMC) (Sigma-Aldrich), N-acetyl-Val-Glu-Thr-Asp-AMC (Ac-VETD-AMC) (Sigma-Aldrich), and benzyloxycar-

bonyl-Leu-Leu-Leu-AMC (Z-LLL-AMC) (Sigma-Aldrich). Suc-LY-AMC (MP Biomedicals) was also tested as a negative control. All

stock solutions of the AMC-labelled peptides were prepared by dissolving the lyophilized peptides in DMSO at 90 mM or a lower

concentration recommended by the manufacturer. All assays were performed in 50 mM TrisHCl, pH 8, 10 mM MgCl2, 100 mM

KCl, 0.02% Triton X-100 (v:v), 5% glycerol (v:v), and 1 mM DTT. HsClpP was used at 8 mM (final monomeric concentration) for

the initial screening for a suitable substrate, but at 6 mM in subsequent experiments. All AMC-labelled peptides were used at the final

concentration of 500 mM in the initial screen. Ac-WLA-AMC was used at the final concentration of 100 mM in all other experiments.

Addition of the peptides also raised the final concentration of DMSO in the reaction mix to 3% (v:v). All reactions were carried out with

150 mL of the reaction mix per well on a 96-well black flat-bottom plate (Greiner) at 37�C. Degradation of the peptidyl substrates and

subsequent release of the free AMC moiety was monitored by fluorescence with lex = 360 nm and lem = 440 nm using the EnSpire

2300 Multilabel Reader (Perkin-Elmer) set to perform a reading every 30 s with 20 flashes. A total of 240 readings were collected for

each of three independent replicates prepared for each peptidyl substrate.

Protease Activity Assays
The protease activity of purified HsClpP was assessed by monitoring the degradation of bovine milk casein labelled with

fluorescein isothiocyanate (casein-FITC) (Sigma-Aldrich) in the presence of ADEP and/or purified HsClpX. All reactions were

carried out in 25 mM HEPES, pH 7.5, 35 mM KCl, 25 mM MgCl2, 0.03% Tween-20 (v:v), 10% glycerol (v:v), and 1 mM DTT,

supplemented with 16 mM creatine phosphate and 300 mM ATP. HsClpP was used at 3 mM (final monomeric concentration)

and casein-FITC was added at the final concentration of 10 mM. 13 U of creatine phosphokinase (Sigma-Aldrich) was also

added for ATP regeneration. DMSO was present at 1% (v:v) final concentration in the experiments that involve the use

of ADEP analogs. All reactions were carried out with 150 mL of the reaction mix per well in a 96-well black flat-bottom plate

at 37�C. Degradation of casein-FITC and subsequent release of the free FITC moiety was monitored by fluorescence with

lex = 494 nm and lem = 518 nm using the EnSpire 2300 Multilabel Reader set to perform a reading every 40 s with 20 flashes.

A total of 100 readings were collected in each experiment.
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To investigate the casein-FITC degradation by HsClpXP, kinetic analysis was performed with HsClpP held constant at 3 mM (final

monomeric concentration) andHsClpXwas titrated from 0 to 18 mM (final monomeric concentration). Initial rates (v0) were determined

from data collected over three independent experiments. Non-linear regression analysis was then performed on the initial rates data

using the Hill equation, as follows:

v0 =
Vmax½HsClpX or ADEP�h

Kh
0:5 + ½HsClpX or ADEP�h

Vmax is maximal velocity, h is the Hill coefficient, and K0.5 is the microscopic apparent dissociation constant.

The effect of ADEP in activating HsClpP was assessed via the degradation of casein-FITC by HsClpP independent of HsClpX. All

reactions were carried out with HsClpP at 3 mM (final monomeric concentration) in the same way as described above. ADEP analogs

were titrated from 0-2 mM or 0-128 mM, depending on their potency. Initial rates data were collected and analyzed using the Hill

equation above to determine Vmax, h and K0.5 for each ADEP analog. For experiments that require HsClpX in the reaction, the protein

was added at 9 mM (final monomeric concentration).

For gel-based degradation assays, unlabelled bovinemilk a-casein (Sigma-Aldrich; C6780-1G) was used in place of casein-FITC in

the same reaction condition as before. HsClpP and HsClpX were used at 6 mM and 18 mM (both final monomeric concentrations),

respectively, to ensure that sufficient amount of casein was degraded to be observable by SDS-PAGE, while maintaining the

same HsClpP-to-HsClpX ratio as previously used. ATP concentration was also raised to 3 mM. As a representative analog,

ADEP-28 was used at 0.1 mM and 2 mM along side a DMSO-only control. Samples were collected at designated time points and

analyzed by SDS-PAGE. Casein degradation was quantified by densitometry using the Quantity One 1D Analysis Software (BioRad).

Three independent experiments were performed for each concentration of ADEP-28 and the DMSO-only control.

X-Ray Structure Determination of ADEP-28-HsClpP
Purified untagged HsClpP was dialyzed against buffer containing 25 mM Bis-Tris, pH 6.5 and 3 mM dithiothreitol, concentrated to

10 mg/mL, and 750 mM of ADEP-28 was added. The solution was pre-incubated for 1 hr at 37�C. Subsequently, 0.5 mL of the

protein-ADEP-28 solution was mixed with 0.5 mL of crystallization reagent (0.1 M sodium acetate trihydrate pH 4.6, 4% w/v

Polyethylene glycol 4,000). The drops were equilibrated against the crystallization reagent in the reservoir at 21�C. Large crystals

of HsClpP were observed within two weeks and grew to maximal dimensions within a month.

Crystals of HsClpP were cryoprotected by quick soaking in crystallization solution containing 20% glycerol and 1 mM ADEP-28,

then flash-cooled in liquid nitrogen. Diffraction data were collected at the Structural Genomics Consortium-University of Toronto at

100 K and wavelength of 1.5418 Å using Rigaku FR-E SuperBright rotating anode generator. Diffraction data were indexed, inte-

grated, and scaled in HKL2000 (Otwinowski and Minor, 1997). The structure of HsClpP complex with ADEP-28 was determined

by molecular replacement using Phaser in PHENIX (Adams et al., 2010) with the published apo-HsClpP structure (PDB 1TG6)

(Kang et al., 2004) as search model. The crystal asymmetric unit contained 7 subunits of HsClpP forming a single heptameric

ring. The structure was refined initially in PHENIX with simulated annealing and coordinate shaking to remove model bias. Subse-

quent model building and refinement were performed in COOT (Emsley and Cowtan, 2004) and PHENIX (Adams et al., 2010) using

translation-libration-screw (TLS) parameters with individual coordinate, occupancy and B factor optimization. The final model was

refined to an Rwork/Rfree of 0.19/0.24 up to a resolution of 2.80 Å. The model has good geometry with >97% of amino acid residues

in favored and allowed regions of the Ramachandran plot. Data collection and refinement statistics are summarized in Table S3. The

PDB accession number is 6BBA.

Small Angle X-Ray Scattering (SAXS) Experiments
Data collection was performed using a Pilatus 300K detector in the SAXS1 beamline, located at the Brazilian Synchrotron Light

Laboratory (LNLS, CNPEM, Campinas, Brazil). Measurements were done using a monochromatic X-ray beam (l=1.488 Å) and sam-

ple-to-detector distance of �1,000 mm. The scattering intensity, I(q), was detected as a function of the scattering vector (q), where

q = 4p sinq / l and 2q is the scattering angle. The range for qwas between 0.013 Å-1 and 0.5 Å-1. Sampleswere prepared at 0.5mg/mL

in buffer of 50 mM TrisHCl, pH 7.5, 200 mMKCl, 25 mMMgCl2 and 10% glycerol. The final concentration of DMSOwas kept at 2.3%

(v:v) in samples containing ADEP (0.6 mM final) or DMSO only. Ten frames of 10 seconds and one frame of 300 seconds were re-

corded for every sample at 20�C to inspect for X-ray damage.

Data analysis was performed using software from the ATSAS 2.7.2 package (Petoukhov et al., 2012). All data curves were verified

for X-ray damage and aggregation using the Guinier approximation and the PRIMUS software. Molecular weight determination was

performed by comparing the forward scattering intensity I(0)-values obtained fromGuinier approximation and I(0)-values determined

from standard BSA samples (Barbosa et al., 2013; Mylonas and Svergun, 2007). Curves were normalized by protein concentration.

The pair distance distribution functions, p(r), were generated by the GNOM software. Generation of dummy atoms models (DAMs)

was performed using the SAXS curve until q = 0.2 and P72 symmetry in the simulated-annealing method implemented by the

DAMMIF software. Ten DAM models were averaged using the DAMAVER package. Superimposition of crystallographic structures

and DAMswas performed using the SUPCOMB program. Visualization of DAMs and generation of density mapswere done using the

UCSF Chimera software (Pettersen et al., 2004).
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Testing the Effect of Adeps on Different Cell Lines
Different cell lines were grown and maintained in Dulbecco’’s Modified Eagle Media (DMEM) (Gibco) supplemented with 10% fetal

bovine serum (Gibco), 100 U/mL penicillin-streptomycin (Gibco) and 2 mM L-glutamine (Gibco) at 37�C under a moist atmosphere

with 6% CO2. All cells were passaged at least 3 times prior to use.

Cell lines used in the experiments presented here were acquired from various sources. HEK293 T-REx wild-type (WT) and HEK293

T-REx CLPP-/- cells were generous gifts from Professor Aleksandra Trifunovic (University of Cologne, Germany). HeLa (regular) cells

were provided by Professor Peter Kim (Hospital for Sick Children, Canada). HeLa T-REx cells were obtained from Professor Lilianna

Attisano (University of Toronto, Canada). U2OS cells were a gift from Professor Alex Palazzo (University of Toronto, Canada). Undif-

ferentiated SH-SY5Y cells were provided by Professor Mohan Babu (University of Regina, Canada).

HEK293 T-REx + CLPP-FLAG and HEK293 T-REx + CLPPS153A-FLAG were generated using the Flp-In System (Sigma-Aldrich).

Briefly, full length CLPP gene that includes its native MTS was cloned as pDEST-MTS-HsCLPP-3xFLAG using the Gateway system

(Thermo Fisher Scientific). For expressing the proteolytically inactive HsClpP, the S153A mutation was introduced into pDEST-MTS-

HsCLPP-3xFLAG by QuikChange site-directed mutagenesis (Qiagen) to generate the pDEST-MTS-HsCLPPS153A-3xFLAG. To

generate the required cell lines expressing the FLAG-tagged HsClpP proteins, HEK293 T-REx WT cells were co-transfected with

pDEST-MTS-HsCLPP-3xFLAG or pDEST-MTS-HsCLPP(S153A)-3xFLAG and pOG44 (Thermo-Fisher Scientific), using the jetPRIME

In Vitro DNA Transfection Reagent (Polyplus Transfection). Stable cell populations were isolated by multiple rounds of selection in

media supplemented with 200 mg/mL hygromycin.

HEK293 T-REx DCLPX* and HEK293 T-REx CLPP-/- DCLPX* were generated by disrupting the CLPX gene in HEK293 T-REx WT

and CLPP-/- cells, respectively, using CRISPR/Cas9 methodology as detailed in (Cong et al., 2013). Briefly, the required gRNA

sequence targeting in proximity to exon 1 of CLPX was introduced into pX330 with the oligonucleotides CLPX Exon1 pX330 F

and CLPX Exon1 pX330 R (sequence shown in Key Resources Table) via designated BbsI restriction sites. Next, the modified

pX330 plasmid and the oligonucleotide CLPX Exon1 ssODN (sequence shown in Key Resources Table) were co-transfected into

WT and CLPP-/- cells using Lipofectamine 2000 (Thermo-Fisher Scientific) following the manufacturer’s protocol. CLPX Exon1

ssODN provides the necessary repair template after the Cas9-mediated DNA cleavage and causes omission of CLPX’s start codon

to inhibit protein expression. The efficacy of CLPX disruption in suppressing HsClpX expression was assessed by Western blotting.

Both WT and CLPP-/- were subjected to two additional rounds of CRISPR-Cas9 treatment in sequence to maximize the suppression

of HsClpX expression.

To assess the cytotoxicity of ADEP analogs, cells were seeded at 1 x 103 or 2 x 103 cells in 50 mL per well on sterile 96-well flat-

bottom tissue culture plates (VWR). Growth media without any cells was included as a control. Cells were grown for at least 24 hours

to allow proper adherence to the growth surface. Afterwards, ADEP analogs were serially diluted and introduced to the tissue cultures

via fresh growthmedia at 50 mL per well. Inclusion of activators / DMSObrought the final DMSOconcentration of the growthmedia up

to a maximum of 0.5% (v:v). For experiments that involve overexpression of FLAG-tagged HsClpP (WT or S153A mutant), Dox

(Sigma-Aldrich) was also applied at 0.4 mg/mL (final concentration) as needed. A total of four independent replicates were prepared

for each cell line and for each growth condition used. Cells were grown in the presence of ADEP / DMSO for 72 hours.

To assess cell survival, live adherent cells were fixed with 10% (w:v) trichloroacetic acid (TCA) at 4�C for 1-2 hours. The tissue

culture plates were then rinsed with water to remove dead cells and cell debris and air-dried overnight. Fixed cells were stained

with a solution of 0.4% (w:v) sulforhodamine B (SRB) (Sigma-Aldrich) dissolved in 1% (v:v) acetic acid at room temperature for

30 minutes, followed by plate-rinsing with 1% acetic acid and air-drying. The SRB retained was extracted with 10 mM of Tris

base (200 mL per sample). Absorbance at l = 510 nm (A510) was then measured using the EnSpire 2300 Multilabel Reader. A510 is

linearly proportional to the amount of cellular protein present in each sample.

To determine the IC50 for the ADEP analogs, relative cell viability (RCV) values were calculated by normalizing the A510 readings in

ADEP-containing sample to the DMSO-only control. Plots of RCV vs. ADEP concentration were constructed, followed by non-linear

regression analysis using a standard dose response equation, to determine the required IC50 values.

RCV =RCVmin +
RCVmax � RCVmin

1+ 10ðlog IC50� log½ADEP�Þh

In this equation, RCVmin and RCVmax are the minimum and maximum RCV observed, respectively; [ADEP] is the molar

concentration of ADEP applied; and h is the Hill coefficient. For HEK293 T-REx CLPP-/- and HEK293 T-REx CLPP-/- DCLPX* cells,

IC50 values were estimated by manual examination of the plotted data due to the lack of a minimum plateaus, which prohibited

meaningful analysis using the Hill model.

Mitochondrial Proteome Profiling for WT and CLPP-/-

HEK293 T-REx WT and CLPP-/- cells were grown to �80% confluence, with two biological replicates prepared for WT and three for

CLPP-/-. All cells were chemically crosslinked by treatment with 0.5 mM of the cell membrane-permeable crosslinker dithiobis

succinimidyl propionate (DSP) for 30 min at room temperature. The crosslinking reagent was quenched from the samples by the

addition and incubation with 100 mM Tris-HCl (pH 7.5) and 2 mM EDTA for 10 min at room temperature. Cells were suspended

by gentle pipetting and harvested by centrifugation at 600 x g for 5 min and then washed twice in ice-cold NKM buffer [10 mM

TrisHCl pH 7.5, 130 mM NaCl, 5 mM KCl, and 7.5 mM MgCl2]. The pellet was resuspended in ice-cold buffer containing 10 mM

TrisHCl (pH 6.8), 130 mM NaCl, 10 mM KCl, 150 mMMgCl2, 1 mM PMSF, and 1 mM DTT. The resuspended cells were then allowed
Cell Chemical Biology 25, 1017–1030.e1–e9, August 16, 2018 e7



to swell for 10 min, followed by lysis via repeated passages through a syringe fitted with a 23-gauge needle. Cell lysates were added

to 1 cell-pellet-volume of 2 M sucrose and centrifuged at 1300 x g for 5 min at 4�C. The resulting supernatant was further centrifuged

at 7,000 x g for 10 min at 4�C to pellet the mitochondrial fraction.

To lyse the mitochondrial fraction and further alkylate the mitochondrial proteins, the pellet was dissolved in 8 M urea, 20 mM

TrisHCl pH 7.5 and 8 mM chloroacetamide, and subjected to sonication for 30 s with 15-30 s cooling cycles for 3 min on ice. After

incubating the lysate at room temperature for 30 min, 50 mM TrisHCl was added to dilute the urea concentration from 8 M to 2 M. To

this mixture, 20 mM DTT and 5 mg/mg-of-sample of Trypsin Gold (Promega) were also added to trypsinize the proteins overnight at

room temperature. Trypsin activity was stopped by adding 1 mL of trifluoroacetic acid until a pH of 2-3 was reached. After desalting

the samples using the C18 packed tips (Glygen Corp), the bound peptides were eluted for the tips with 0.1% formic acid and 60%

acetonitrile. Protein content for WT and CLPP-/- samples was assessed by Bradford assay and adjusted to 0.9 mg. These were then

dried and resuspended in 1 % formic acid for mass spectrometry analysis.

All samples were analyzed by a Proxeon EASY nanoLC 1000 System (Thermo-Fisher Scientific) coupled to an Orbitrap Elite mass

spectrometer (Thermo-Fisher Scientific). For chromatographic separation, 5 mL of WT and CLPP-/- samples with same protein con-

centration was loaded onto an Acclaim PepMap C18 column (15 cm x 50 mm ID, 3 mm, 100 Å; Thermo-Fisher Scientific). Peptides

were separated using the following elution gradients at time points in sequence: 0-3% B (0-2 min); 3-24% B (2-170 min);

24-100% B (172-190 min); 100% B (190-200 min). For this step, Buffer A refers to 0.1 % formic acid and Buffer B refers to 0.1 %

formic acid in acetonitrile. Separation of peptides was achieved at a column flow rate of 0.30 mL/min. Eluted peptides were imme-

diately ionized by positive electrospray ionization at an ion source temperature of 250�C and an ion spray voltage of 2.1 kV. Full-scan

MS spectra (m/z 350–2000) was acquired in the Orbitrap at mass resolution of 60000 (m/z 400) using the positive ion mode. The

automatic gain control was set at 1e6 for full FTMS scans and 5e4 for MS/MS scans. Fragmentation was performed with colli-

sion-induced dissociation (CID) in the linear ion trap with an ion intensity of > 1500 counts. The 15 most intense ions isolated for

ion trap CID with charge states R 2 were sequentially fragmented using the normalized collision energy setting at 35 %, activation

Q at 0.250, and an activation time of 10 ms. Ions selected for MS/MS were dynamically excluded for 30 s.

The mass spectra files were then searched using MaxQuant ver. 1.6.1.0 (Max Planck Institute) against a UniProt human protein

database of canonical sequences. The resulting data were filtered for contaminants and reverse matches. The protein intensities

of the detected mitochondrial proteins were normalized against the pooled WT samples, and Student t-test was used to identify

proteins with a 1.5-fold change (CLPP-/- / WT) at a p-value significance % 0.05.

Light and Fluorescence Microscopy
HEK293 T-REx WT and CLPP-/- cells were grown on glass cover slips placed in a 6-well tissue culture plate. Prior to use, the cover

slips were cleaned by treatment with 1 M HCl for 2-3 days, followed by thorough rinsing with distilled water and a second treatment

with 95% ethanol for 16-18 hours. The cleaned cover slips were sterilized by autoclaving and dried under UV light. To ensure proper

attachment of the cells, the sterilized cover slips were coated with gelatin by application of a 0.2% solution and incubation at 37�C for

at least 2 hours. Excess gelatin solution was then removed, and the cover slips were allowed to dry in a sterile environment for

2-4 hours before use.

WT cells treated with ADEP-41 were seeded at a density of 1 x 105 cells/mL (2 mL per well) to compensate for lack of cell growth

and division resulting from the ADEP treatment. WT cells treated with DMSO and CLPP-/- cells treated with ADEP-41 or DMSO were

all seeded at 5 x 104 cells/mL (2 mL per well). After the cells have adhered properly, ADEP-41 (20 mM for a 24-hour treatment; 10 mM

for a 72-hour treatment) or DMSO was applied via media exchange (final DMSO concentration at 0.2% for all samples). Cells were

then grown for 24 or 72 hours prior to fixing and permeabilization for microscopy.

Cells were fixed in the presence of 4% formaldehyde at room temperature for 30-45 minutes, followed by membrane permeabi-

lization with 0.1% Triton X-100 (in PBS from Gibco) supplemented with 0.1% sodium citrate at room temperature for 30 minutes. All

samples were rinsed gently with PBS in between steps. For the TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end

labelling) assay, the fixed and permeabilized cells were labelled using the In Situ Cell Death Detection Kit, Fluorescein (Roche-

11684795910), following the manufacturer’s instructions. Cells were mounted onto standard glass microscope slides with DAPI

Fluoromount-G (Southern Biotech) for visual examination using the Eclipse 80i fluorescence microscope (Nikon) equipped with

the X-Cite Series 120Q excitation light source (Excelitas Technologies). Both light and fluorescence microscopic images were

captured and analyzed using the NIS-Elements Basic Research Software (Nikon).

3D Structured Illumination Microscopy (3DSIM)
HEK293 T-REx WT and CLPP-/- cells were seeded on coverslips (Electron Microscopy Sciences) pre-coated with poly-D-lysine hy-

drobromide (Sigma-Aldrich) in a 12-well culture plate (Falcon). Cells were grown for 24 hours to allow adhesion, followed by treatment

with 2 mM ADEP-41 or DMSO in the same manner as described in previous sections, for 24 or 72 hours. At these time points, the

original media was removed, and cells were incubated for 30 minutes at 37�C, 5% CO2 with 200 nM MitoTracker Red

CMXRos (Molecular Probes) in Opti-MEM� Reduced Serum Medium (Gibco). Cells were then washed once with PBS and fixed

with 4% (v/v) paraformaldehyde (Electron Microscopy Sciences) in PBS for 20 minutes at room temperature. The fixed cells were

then washed twice with PBS, permeabilized with 0.2% (v/v) Triton X-100 (BioShop) in PBS for 10 minutes at room temperature

and incubated with 2 mg/ml Hoechst 33342 (Molecular Probes) in PBS for 10 minutes at room temperature to counterstain nuclei.
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Coverslips were then washed three times with PBS + 0.05% (v/v) Tween-20 and mounted on microscope glass slides (VWR) using

0.5% (w/v) propyl gallate (Sigma-Aldrich) dissolved in glycerol as the mounting medium.

3DSIM data were collected on the ELYRA PS.1 super resolution microscope (Carl Zeiss Microscopy) using a 63X (1.4 NA)

Plan-Apochromatic oil immersion objective (Carl Zeiss Microscopy) and a 1.6X Optovar. For imaging, fluorophores were laser-

excited at wavelengths 405 nm and 555 nm, and the emissions were collected with band-pass 420-480, 570-620 filters, respectively.

Z-stacks were acquired over a 10-mm thickness with 101 nanometre-steps, using an iXon 885 EMCCD camera (Andor). For each

image field, grid excitation patterns were acquired for five phases and three rotation angles (-75�, -15�, +45�). Raw data were

reconstructed using the SIM module of ZEN Black software version 8.1 (Carl Zeiss Microscopy), with a Wiener noise filter value

of -5. The final images were obtained from the reconstructed data by using a maximum intensity projection (MIP) algorithm,

implemented by the ZEN Black software.

Western Blots
HEK293 T-REx WT, HEK293 T-REx CLPP-/-, HeLa (regular), HeLa T-REx, U2OS and undifferentiated SH-SY5Y cells were grown in

the presence of ADEP or DMSO as described in previous sections. Cells were harvested by the standard trypsinization protocol and

counted with a hemocytometer. Cell lysates were prepared by first re-suspending the cells in PBS at 5 x 106 cells/mL, followed by

sonication. Proteins in the lysates were analyzed by Western blotting using Immobilin-P PVDF membranes (EMD Millipore). Blots

were imaged and analyzedwith theChemiDoc XRS+System (BioRad). Quantification of HsClpP expressionwas performed by densi-

tometry using the Quantity One 1D Analysis Software (BioRad). HsClpP expression levels were corrected for sample loading errors

and normalized to the expression level in HEK293 T-REx WT. Primary antibodies for HsClpP, HsClpX and GAPDH were purchased

from Abcam. Primary antibodies for Caspase-8, Caspase-9 and PUMA were purchased from Cell Signaling Technologies. The

primary antibody for Caspase-3 was purchased from R&D Systems. Primary antibodies for Mcl-1 and Bcl-2 were purchased from

EMD Millipore. The primary antibody for the FLAG-tag was purchased from Sigma-Aldrich. HRP-conjugated goat anti-rabbit IgG

(for HsClpX, Caspase-8, Caspase-9 and PUMA) and HRP-conjugated goat anti-mouse IgG (for HsClpP, Mcl-1, Bcl-2, GAPDH

and FLAG-tag) were purchased from BioRad. HRP-conjugated rabbit anti-goat IgG (for Caspase-3) was purchased from Sigma-

Aldrich.

Cellular Respiration Analysis
HEK293 T-REx WT and CLPP-/- cells were seeded onto Seahorse XF96 Cell Culture Microplates (Agilent) pre-coated with poly-

D-lysine (Sigma-Aldrich). Adherent cells were then grown for 24 hours in the presence of 1 mM of ADEP-41 or DMSO as described

in previous sections. Cellular respiration was assessed using the Seahorse XF Cell Mitochondrial Stress Kit (Agilent) following the

manufacturer’s protocol. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were monitored using the

Seahorse XFe96 Analyzer (Agilent) fitted the XFe96 sensor cartridge (Agilent). Carbonyl cyanide-4-(trifluoromethoxy)phenylhydra-

zone (FCCP) that was included in the Mitochondrial Stress Kit was applied to the cell cultures at a final concentration of 0.25 mM.

Application of other reagents were done as outlined in the manufacturer’s experimental guidelines. Data analysis was performed

with theWave Desktop program (Agilent) following themanufacturer’s instructions. For OCR and ECAR normalization, cells were first

fixed with 4% formaldehyde as described in previous sections. Nuclear DNA of the fixed cells was stained with Hoechst 33342

(Invitrogen) dissolved in PBS at 5 mg/mL for 30 minutes at room temperature, followed by three rounds of washes with PBS. To

measure Hoechst 33342 fluorescence, 50 mL of PBS was applied to each well, followed by fluorescence measurements

(lex = 350 nm; lem = 461 nm) using the EnSpire 2300 Multilabel Reader. Fluorescence data were expressed arbitrarily in 104 HFU

(Hoechst fluorescence units) to keep the normalized OCR and ECAR within conventional numerical ranges. Operation of the

Seahorse XFe96 Analyzer and data collection was performed by the SPARCBioCentre (Hospital for Sick Children, Toronto, Canada).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses and software that were used for specific experiments have been described in the relevant subsections under

Method Details. Additional statistical parameters, such as standard deviations (SD) of quantitative data, are explained in the

corresponding figure legends. In general, all quantitative data were collected from at least three independent replicates and are

presented asmeans ±SD. All enzyme kinetics experiments and cytotoxicity assays onmammalian cells were repeatedmultiple times

to ensure data reproducibility. Quantitative microscopy data for TUNEL were derived from examining at least 50 cells per sample

replicate per repeated experiment.

DATA AND SOFTWARE AVAILABILITY

The structure of the ADEP-28-HsClpP complex has been deposited in the Protein Data Bank (PDB) under the accession number

6BBA. All software used for the experiments presented here are available at the sources listed in the Key Resources Table.
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Figure S1. Related to Figure 2. Enhancement of peptidase and protease activity of HsClpP 

by ADEP-06, ADEP-02 and ADEP-04.  

(A) Michaelis-Menten kinetic analysis of Ac-WLA-AMC cleavage by 1.5 M HsClpP in the 

presence of 4.5 M HsClpX (upper panel) and by 2 M EcClpP (lower panel). In both 

experiments, the kinetic parameters shown were derived from non-linear regression analysis of the 

initial rates. Error bars shown correspond to standard deviations (SDs) derived from at least three 

independent replicates. Statistical errors shown for the calculated kinetic parameters correspond 

to curve-fitting errors. 

(B) Enhancement of the peptidase activity of HsClpP by ADEP-06, ADEP-02 and ADEP-04. The 

kinetic data shown in each panel were derived from three independent replicates.  

(C) Enhancement of the protease activity of HsClpP by ADEP-06, ADEP-02 or ADEP-04. The 

kinetic data shown in each panel were derived from three independent replicates. 

(D) Kinetic analysis of the degradation of casein-FITC by HsClpP in the presence of HsClpX at 

different molar ratios. Data points were analyzed by non-linear regression using the Hill equation. 

Relevant kinetic parameters derived from the analysis are as shown.  

(E) Degradation of unlabelled casein by HsClpX and HsClpP in the absence (DMSO panels) and 

presence of ADEP-28 at 0.1 M (middle panels) and 2 M (right panels), observed on SDS-PAGE 

gels. The arrow to the right of creatine kinase panels indicates the correct band for creatine kinase.  

(F) Densitometry analysis of casein degradation from (D). Data points were derived from 3 

independent replicates. 

(G) Levels of HsClpX and HsClpP in the reaction observed by SDS-PAGE over 24 hours. The 

arrow to the right of creatine kinase panels indicates the correct band for creatine kinase. 
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Figure S2. Related to Figure 3. ADEP-induced cytotoxicity is partially dependent on cell 

type.  

(A) Cytotoxicity profiles of HEK293 T-REx WT (CLPP+/+) and HEK293 T-REx CLPP-/- cells 

treated with ADEP-06 (left panel), ADEP-02 (middle panel) and ADEP-04 (right panel). The 

relative cell viability was calculated by normalizing all data points to the DMSO-only control for 

each data set. Data points were collected from 4 independent replicates. 

(B) ADEP-41 cytotoxicity profiles of HeLa (regular) and HeLa T-REx (left panel), U2OS (middle 

panel) and undifferentiated SH-SY5Y cells (right panel). Relative cell viability was calculated by 

normalizing all data points to the DMSO-only control for each data set. Data points were collected 

from 4 independent replicates. 

(C) IC50 derived from the cytotoxicity profiles shown in (B) by non-linear regression analysis using 

the standard dose response equation (see Methods). The IC50 for HEK293 T-REx WT is identical 

to the one shown in Figure 3B.  

(D) Western blot for endogenous HsClpP expression in HEK 293 T-REx WT, HEK 293 T-REx 

CLPP-/-, HeLa (regular), HeLa T-REx, U2OS, and undifferentiated SH-SY5Y. GAPDH is used as 

the loading control. The numbers at the bottom represent intracellular HsClpP level in each cell 

line, relative to HEK293 T-REx WT. 
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Figure S3. Related to Figure 4. Supporting evidence for the activation of the intrinsic, 

caspase-dependent apoptosis in ADEP-induced cytotoxicity.  

(A) Light microscopy on HEK293 T-REx WT (top 2 rows) and HEK293 T-REx CLPP-/- cells 

(bottom row) treated with 10 M of ADEP-41 (panels on left column) or DMSO (panels on right 

column) over 72 hours. The white bars shown are 100 m.  

(B) Western blot for HsClpX, HsClpP and GAPDH on whole cell lysates of WT, CLPX*, CLPP-

/- and CLPP-/- CLPX* cells. The blot for HsClpX is shown with normal exposure time (upper 

panel of α-HsClpX) and long exposure time (lower panel of α-HsClpX). GAPDH is used as the 

loading control. 

(C) Cytotoxicity profiles of HEK293 T-REx WT and CLPP-/- cells (upper left panel) and of 

CLPX* and CLPP-/- CLPX* cells (upper right panel) treated with ADEP-28. The IC50 values 

are shown in the table below. Relative cell viability was calculated by normalizing all data points 

to the DMSO-only control for each data set. Data points were collected from 4 independent 

replicates. For WT and CLPX*, IC50 values were derived from non-linear regression analysis 

using a standard dose response equation (see Methods). For CLPP-/- and CLPP-/- CLPX*, the lack 

of a minimum plateau in the cytotoxicity profiles prohibited the derivation of IC50 by non-linear 

regression analysis. Instead, IC50 values were estimated and are expressed in numerical ranges 

(denoted by **). 

(D) Western blot for Caspase-8 on whole cell lysates of WT and CLPP-/- cells treated with 10 M 

ADEP-41 for 72 hours. “pro” denotes the pro form of Caspase-8. Protein molecular weight 

markers are shown on the left. GAPDH is used as the loading control. 

(E) Respiratory (OXPHOS) profiles of WT and CLPP-/- cells during apoptosis. Cell were treated 

with 1 µM of ADEP-28 or DMSO prior to metabolic measurements. Cellular oxygen consumption 



9 

rate (OCR) associated with basal respiration, ATP synthase activity, proton leak and non-

mitochondrial oxygen consumption (Non-mito O2 consumption) were calculated using normalized 

OCR data from at least three independent replications shown in Fig. S3F (upper panel) and are 

shown with ± SDs. 

(F) Original OXPHOS data of WT and CLPP-/- cells after a 24-hour treatment with DMSO or 

ADEP-28. Injection of oligomycin (Oligo), FCCP and the mixture of antimycin A and rotenone 

(AA/Rtn) to each sample during the experiment was done at the specific time points as shown. 

Both OCR (upper panel) and ECAR (lower panel) were normalized by Hoechst 33342 nuclear 

stain fluorescence that reflects cell count. Errors shown correspond to the SDs of individual data 

sets collected from at least three independently prepared replicates. 
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Figure S4. Related to Figure to Figure 6. Structural details of the ADEP-28 binding pocket 

in HsClpP. 

(A) A cartoon representation based on LigPlot of the ADEP-28 interactions with amino acid 

residues from the hydrophobic binding pocket between the two adjacent F and G subunits in 

HsClpP. 

(B) Superposition of the amino acid residues lining the ADEP-binding pockets of ClpP from: 

human mitochondria (HsClpP, green; this study), Bacillus subtilis (BsClpP, red; PDB 3KTI (Lee 

et al., 2010)), Neisseria meningitidis (NmClpP, light blue; PDB 5DKP (Goodreid et al., 2016)), 

Staphylococcus aureus (SaClpP, teal; PDB 5VZ2 no published paper), Mycobacterium 

tuberculosis (MtClpP2, pink; PDB 4U0G (Schmitz et al., 2014)) and Escherichia coli (EcClpP, 

yellow; PDB 3MT6 (Li et al., 2010)). All amino acid residues are shown as sticks. The ADEPs are 

shown as very thin sticks. 
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Figure S5. Related Figures 6 and 7. Molecular interactions at the ring-ring interface of 

different compact and compressed ClpP structures. 

The structures shown are from E. coli (EcClpP, 3HLN; contains a A153C mutation introducing a 

disulfide bridge between two apposing αE helices), L. monocytogenes (LmClpP1, 4JCQ), M. 

tuberculosis (MtClpP1, 2CE3), P. falciparum (PfClpP, 2F6I), S. aureus (SaClpP, 4EMM), S. 

aureus (SaClpP, 3ST9), and S. pneumoniae (SpClpP, 1Y7O; contains an A153P mutation). Four 

neighbouring subunits are represented as cartoons and coloured light blue, light orange, red, and 

teal, with the catalytic residues represented as ball and stick models: Ser (red), His (blue) and Asp 

(green).  
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Figure S6. Related to Figures 6 and 7. The presence of equatorial side pores in different ClpP 

structures. 

(A) The structures are shown as viewed from the inside of the HsClpP tetradecamer.  

Top left panel – In the compact ADEP-28-HsClpP complex, the catalytic triad is distorted such 

that H178 (blue surface) and D227 (green surface) form hydrogen bonding and/or electrostatic 

interactions with D227 and H178 residues of the apposing ring, respectively, securing the compact 

conformation. Distortion of the catalytic triad causes S153 to move away from H178 and D227. 

The side pore is located in close proximity to the catalytic site.  

Top right panel – In the extended apo-HsClpP (PDB 1TG6), the active site surface is significantly 

different from that of the compact ADEP-28-HsClpP structure. The catalytic triads are ordered 

and poised for catalysis of bound peptide substrates, here shown as green sticks occupying the 

substrate binding cavity. The peptide substrates are shown by superimposing the structure of H. 

pylori ClpP with bound NVLGFTQ peptide (PDB 2ZL2) (Kim and Kim, 2008) to HsClpP 

structure.  

Bottom panels – Cartoon representation of the compact ADEP-28-HsClpP complex and extended 

apo-HsClpP, showing the relative positions of the catalytic triads and peptide substrates. Four 

HsClpP subunits that form the interface are coloured light blue, light orange, red and teal, while 

neighbouring subunits are coloured grey. In the compact ADEP-28-HsClpP structure, the 

unraveling of two N-terminal turns of the αE helix forms a structured loop that impinges on the 

substrate binding site (bottom left panel). In contrast, in the apo-HsClpP structure, the β7 strand 

and αE helix are fully formed and present a cavity for substrate peptide binding. 

(B) Surface representation of compact and compressed ClpP structures from human (HsClpP, this 

study), E. coli (EcClpP, PDB 3HLN), L. monocytogenes (LmClpP1, PDB 4JCQ), M. tuberculosis 
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(MtClpP1, PDB 2CE3), P. falciparum (PfClpP, PDB 2F6I), S. aureus (SaClpP, PDB 4EMM), S. 

aureus (SaClpP, PDB 3ST9), and S. pneumoniae (SpClpP, PDB 1Y7O). Equatorial side pores of 

distinct sizes and shapes are indicated by red surfaces that are from residues forming the rims of 

these pores. 
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Figure S7. Small angle X-ray scattering data for HsClpP. 

(A) Scattering profiles (Log of scattering intensity as a function of the scattering vector q) of apo 

HsClpP in buffer, in DMSO-containing buffer and in the presence of ADEP-28. Experimental 

curves (open circles) were fitted using the GNOM program (solid lines). HsClpP + DMSO and 

HsClpP + ADEP-28 curves were divided by 10 and 100, respectively, for visualization purposes. 

(B) Particle distance distribution functions of HsClpP in buffer, in DMSO-containing buffer, and 

in the presence of ADEP-28. The vertical lines indicate maximum p(r) and arrows indicate Dmax. 

(C) Shown are the X-ray structures of apo HsClpP (PDB: 1TG6) and ADEP-28-bound HsClpP 

superimposed on the DAMs of HsClpP + DMSO and HsClpP + ADEP-28. 
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SUPPLEMENTAL TABLES S3 and S4 
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Table S3. Related to Figures 5-7 and S4-S6. Data collection and refinement statistics of 

ADEP-28-HsClpP structure 

 

Data Collection 
Space group P 32 2 1 

Cell dimensions 

     a, b, c (Å) 

     , ,  () 

172.40, 172.40, 135.96 

90.0, 90.0, 120.0, 

Wavelength (Å) 1.5418 

Resolution (Å) 46.73 - 2.80 (2.90 – 2.80) 

Rmeas/Rpim 0.188/0.056 

I/I 15.4 (1.3) 

Completeness (%) 99.9 (100.0) 

Redundancy 11.1 (11.0) 

Refinement 
Resolution (Å) 46.73 - 2.80 

No. reflections 57,813 (5,716) 

Rwork/Rfree 0.1866/0.2346 

No. atoms 10,846 

     Protein 10,246 

     Ligand 392 

     Water 208 

B factors  

     Protein 62.9 

     Ligand 61.3 

     Water 57.7 

r.m.s. deviations 

Bond lengths (Å) 0.010 

Bond angles () 1.18 

Values in parentheses are for the highest resolution shell. 

The highest resolution shell includes all reflections between 2.80 and 2.90 Å. 

Rwork is |Fo-Fc|/Fo. 

Rfree is the cross-validation R-factor computed for a test set of reflections (3.5% of total). 
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Table S4. Related to Figure S7. Size and dimension properties determined for HsClpP by 

SAXS 

 

Properties 

SAXS Crystallography6 

HsClpP 
HsClpP + 

DMSO 

HsClpP + 

ADEP-28 
HsClpP 

HsClpP + 

ADEP-28 

Rg (Å)1 44.5 44.3 45.9 42.9 42.7 

Dmax (Å)1 130 132 140 136 130 

MMExperimental (kDa)2 337 ± 21 344 ± 11 376 ± 21   

MMTheoretical (kDa)3 340 340 3514   

Oligomeric state5 13.9 14.2 15.1 14-mer 14-mer 

 
1Properties experimentally determined using final merged SAXS curves. Rg is radius of gyration. 

Dmax is maximum dimension of the molecule.  
2MMExperimental is the average molecular mass determined from eleven SAXS curves. 
3Calculated from the amino acid sequence using the Protparam program 

(http://web.expasy.org/protparam/). 
4The MMTheoretical of compound-bound ClpP was calculated taking into account additional 14 

molecules of ADEP-28 (MMTheoretical = 784.89 g/mol). 
5For the SAXS data, the oligomeric state is obtained by dividing MMExperimental by the MMTheoretical 

of the monomer (24.2 kDa). For the crystallographic data, the oligomeric state refers to the 

established biological complex. 
6Values calculated from the crystallographic structures by the program Hydropro 

(http://leonardo.inf.um.es/macromol/programs/hydropro/hydropro.htm). 
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In this issue of Cell Chemical Biology, Wong et al. (2018) identify several dysregulators of a key mitochondrial
protease: casein lytic protease P (ClpP). These dysregulators were found to trigger programmed cell death
and may offer fresh avenues for the development of novel cancer therapeutics.
The mitochondrion is often referred to as

the ‘‘powerhouse of the cell;’’ however,

this organelle is much more than a simple

factory for the production of cellular en-

ergy. The mitochondrion is also a key

player in several metabolic pathways as

well as a crucial component of the intrinsic

apoptosis pathway. As such, the mainte-

nance of the mitochondrial proteome in

humans (from the post-translational

import of these proteins to their sorting,

folding, and assembly) plays a crucial

role in a variety of diseases, including can-

cer. This process of protein homeostasis

(proteostasis) within the mitochondrion is

orchestrated by a conserved network of

chaperones and proteases, which include

the casein lytic protease (hClpP).

Similar to its bacterial counterparts,

human mitochondrial hClpXP is a large

protein complex composed of two com-

ponents: a hexameric AAA+ (ATPase

associated with a variety of cellular activ-

ities) unfoldase, hClpX, which associates

with an oligomeric peptidase component,

hClpP (composed of two heptameric

rings, stacked back-to-back). The inter-

action between the two components is

mediated via a tripeptide loop on hClpX

(commonly referred to as the IGF loop),

which docks into a hydrophobic pocket

on the surface of ClpP. This interaction

(between hClpX and hClpP) not only facil-

itates the transfer of substrates (recog-

nized and unfolded by hClpX) into the pro-

teolytic chamber of hClpP, but also

activates the hClpP complex for the hy-

drolysis of these substrates into short

peptides (Kang et al., 2005). Importantly,

although the substrates of human mito-

chondrial ClpXP remain poorly defined,

this protease is proposed to play a vital

role in humans because it has been impli-

cated in a variety of crucial functions from

the removal of damaged and misfolded
proteins (Pryde et al., 2016) to the

signaling of a compartment specific un-

folding protein response (UPR) known as

mtUPR (Haynes and Ron, 2010). In addi-

tion, mutations in hClpP have been linked

to Perrault syndrome, which in severe

cases can cause ataxia or intellectual

disability (Jenkinson et al., 2013).

Previously, it was known that human

ClpP, like many of its bacterial relatives,

is dysregulated by the novel antibiotic

acyldepsipeptide (ADEP); however,

neither the mode-of-action nor the phys-

iological consequence of this activation

was examined (Lowth et al., 2012). In

this study, Houry and colleagues

(Wong et al., 2018) have provided new

insights into the mechanism of ClpP

dysregulation by ADEP and demonstrate

that dysregulation of mitochondrial ClpP

is cytotoxic to variety of human

cell types.

Using an in vitro screen, the authors

identified several potent activators of hu-

man ClpP and characterized their effect

both in vitro and in vivo. Through the

use of hClpP knock out (KO) cells and

cells expressing different forms of hClpP,

Houry and colleagues (Wong et al., 2018)

were able to demonstrate that the cyto-

toxic effects of ADEP in vivo were specif-

ically due to the dysregulation of hClpP.

The team went on to show that dysregu-

lation of hClpP by ADEP resulted in the

loss of a pro-survival protein Mcl-1,

with a concomitant stabilization of the

pro-apoptotic initiator PUMA, resulting

in caspase activation causing cell death

by the intrinsic apoptotic pathway

(Figure 1). Currently, however, it remains

unclear whether the cytotoxic effects of

ADEP are due to the turnover of a spe-

cific mitochondrial protein or whether

the wholesale loss of a range of mito-

chondrial proteins is required for the acti-
Cell Chemical Biology 25
vation of the intrinsic pathway. Interest-

ingly, although the molecular targets of

dysregulated hClpP turnover remain un-

resolved at this stage, the levels of hClpX

were dramatically reduced in response to

ADEP addition. The turnover of hClpX,

however, was not directly mediated by

hClpP. So what are the targets of dysre-

gulated hClpP? One possibility, based on

our understanding of bacterial systems,

is newly synthesized proteins (Kirstein

et al., 2009); alternatively, newly im-

ported proteins may be targeted by the

dysregulated protease. The turnover of

these potential targets would likely

hinder the organelles ability to restore

protein homeostasis and hence trigger

apoptosis.

To better understand the mode of ac-

tion of ADEP, Houry and colleagues crys-

tallized human ClpP in complex with

ADEP. Consistent with previous struc-

tures of bacterial ClpP homologs, ADEP

was found to dock within the hydrophobic

pocket of human ClpP, which triggered

‘‘ordering’’ of the N-terminal axial loops

and ‘‘opening’’ of the axial pore (Figure 1).

In addition to these expected changes,

the ADEP bound structure of human

ClpP was captured in a new conforma-

tion, which the authors propose repre-

sents an intermediate stage in the active

cycle of ClpP. This new conformation of

the hClpP-ADEP complex is more

compact than previous ADEP-bound

ClpP structures. The compact conforma-

tion results from significant changes at

the interface of the two rings, in and

around the handle region of ClpP, which

causes rearrangement of the catalytic tri-

ads that places them into functionally

inactive position. Although the catalytic

triads are not aligned for proteolytic activ-

ity, they appear to play an important role

in stabilization of the conformation, and
, August 16, 2018 ª 2018 Elsevier Ltd. 929
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Figure 1. Addition of ADEP Dysregulates ClpP
In normal cells, mitochondrial ClpP (red), together with its partner protein ClpX (blue), is responsible for
maintenance of the mitochondrial proteome. The addition of ADEP to mammalian cells results in the
dysregulation of ClpP via (a) the activation of ClpX-independent degradation and (b) the inhibition of ClpX
docking to ClpP, which results in the turnover of ClpX via an unknown protease. Ultimately, this results in
an increase tomitochondrial proteotoxic stress and leads to a loss of the pro-survival protein Mcl-1 and an
increase in the levels of the pro-apoptotic protein PUMA, followed by activation of the caspase cascade
leading to apoptosis.
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hence this conformation is considered an

intermediate structure in the functional

cycle of ClpP. In addition to rearrange-

ment of the catalytic triads, the peptide

binding site of the compact state be-

comes occupied and small equatorial

side pores appear in close proximity to

the substrate binding pocket. As such,

the compact state appears to represent

an inactive intermediate, which has just

released the cleaved substrate from the

catalytic chamber.

What is the potential of ADEP-like acti-

vators of ClpP for the treatment of can-

cer? Given that hClpP is overexpressed

in a broad range of cancers (Seo et al.,

2016), including acute myeloid leukemias

(Cole et al., 2015), it is likely that many

cancer cells will be more sensitive to

the toxic effect of ADEP than normal

cells. Although ADEPs may represent a

new weapon in the growing armory

required to defeat cancer, these types
930 Cell Chemical Biology 25, August 16, 201
of compounds with their novel mode of

action still have some way to go to

demonstrate their potential as useful

anti-cancer drugs.

Significantly, this identification of

ADEPs as potent dysregulators of hClpP

may pose a new challenge for the use of

these types of molecules as antibiotics.

Any future development of ADEP-like

molecules as antibiotics will clearly have

to consider interaction with human mito-

chondrial ClpP. Encouragingly, some

ADEP variants, when tested as antibi-

otics, have already been shown to exhibit

limited toxicity in mice or toward human

cells (Brötz-Oesterhelt et al., 2005).
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