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Clp-targeting BacPROTACs impair mycobacterial
proteostasis and survival
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SUMMARY

The CIpC1:ClpP1P2 protease is a core component of the proteostasis system in mycobacteria. To improve the
efficacy of antitubercular agents targeting the Clp protease, we characterized the mechanism of the antibiotics
cyclomarin A and ecumicin. Quantitative proteomics revealed that the antibiotics cause massive proteome im-
balances, including upregulation of two unannotated yet conserved stress response factors, ClpC2 and ClpC3.
These proteins likely protect the Clp protease from excessive amounts of misfolded proteins or from cyclo-
marin A, which we show to mimic damaged proteins. To overcome the Clp security system, we developed a
BacPROTAC that induces degradation of ClpC1 together with its ClpC2 caretaker. The dual Clp degrader, built
from linked cyclomarin A heads, was highly efficient in killing pathogenic Mycobacterium tuberculosis,
with >100-fold increased potency over the parent antibiotic. Together, our data reveal Clp scavenger proteins

as important proteostasis safeguards and highlight the potential of BacPROTACs as future antibiotics.

INTRODUCTION

The overuse of common antibiotics that target protein and
nucleic acid synthesis and cell wall assembly has led to the
development of pathogenic bacteria harboring multidrug resis-
tance.”” Among these, the extensively drug resistant (XDR)
and totally drug resistant (TDR) strains of Mycobacterium tuber-
culosis (Mtb) are considered to be highly threatening microbial
pathogens,** which contribute to tuberculosis (TB) constituting
the leading global cause of death by bacterial infection. Given
the rise of TB infections as a growing and underrecognized threat
during the COVID-19 pandemic, the development of further
novel antitubercular strategies is urgently needed.””’

One of the most promising Mtb drug targets is the
ClpC1:ClpP1:ClpP2 (ClpC1P1P2) protease, the mycobacterial

2176 Cell 186, 2176-2192, May 11, 2023 © 2023 The Author(s). Published by Elsevier Inc.
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equivalent of the eukaryotic proteasome. The Clp proteolytic
complex is composed of the AAA (ATPase associated with
diverse cellular activities) unfoldase ClpC1 that associates with
the ClpP1P2 protease to form a caged degradation chamber.
Similar to other Clp proteases, CIpC1 recognizes specific pep-
tide stretches, or degrons, using loops at the entrance of its
AAA hexameric ring, whereas the N-terminal domain
(ClpC1n7p) located on top of the protease functions as a receptor
for a separate class of client proteins®'° (Figure 1A). Substrates
captured by ClpC1 are threaded by ATP-driven power strokes
through the pore of the AAA hexamer and translocated into the
ClpP1P2 protease chamber for degradation.’'?

The ClpC1P1P2 protease is an attractive target for antimicro-
bial agents due to its essential role in maintaining protein homeo-
stasis and counteracting host-induced stresses, thus making it
(™ |
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Figure 1. Antitubercular compounds deregulate ClpC1
(A) Substrate recognition by mycobacterial ClpC1 proceeds via specific degrons recognized by the ClpC1yrp or via unfolded protein segments bound by pore

loops in the channel formed by the AAA+ ATPase.
(B) ClpC1np hydrophobic pocket targeted by antibacterial compounds (upper panel: complex with cyclomarin A, PDB 3WDC; lower panel: complex with
ecumicin, PDB 6PBS) is highly conserved, as indicated by the mapped conservation score.

(legend continued on next page)
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essential for the full pathogenic potential of mycobacteria.'"'®

Indeed, the Clp protease was identified as a promising myco-
bacterial target in screening campaigns for lead compounds
against alternative drug targets.'*'® Several antimicrobial
agents that target ClpP1P2 or CIpC1 showed antitubercular
effects, including efficacy against Mtb in human macro-
phages.'*'®'® Among the Clp protease targeting antibiotics,
acyldepsipeptides are best characterized and interfere with
ClpP1P2 by preventing binding of regulatory Clp compo-
nents.??? Effectors targeting ClpC1 include various natural
products such as cyclomarin A, ecumicin, lassomycin and
rufomycin.'#15:18:19.23-25 Thage cyclic peptides bind to overlap-
ping sites on ClpC1y7p but intriguingly impair ClpC1 activity by
seemingly diverse mechanisms. Cyclomarin derived com-
pounds were also recently used to develop small-molecule de-
graders, called BacPROTACs, that enable ClpC1P1P2-medi-
ated elimination of specific target proteins in mycobacteria.”®

The antibiotic-binding site on the ClpClymp is strongly
conserved (Figure 1B), pointing to an important, yet unknown
biological function. Given that they bind to the substrate receptor
of the Clp protease, we hypothesized that ClpC1-directed antibi-
otics may induce gross alterations in the Clp degradome of
mycobacteria. We thus explored the effect of cyclomarin A and
ecumicin on the mycobacterial proteome using quantitative pro-
teomics. In addition to global dysregulation of the proteome at
bactericidal concentrations, these data identified two small pro-
teins, which we refer to as ClpC2 and CIpC3, as regulatory com-
ponents of the mycobacterial Clp degradation system. Using the
same ligand-binding sites as those present in ClpC1, the identi-
fied Clp proteins compete for substrate binding. Moreover, the
two regulatory proteins can sequester ClpC1-directed antibi-
otics, thus reducing their cytotoxicity. In an effort to overcome
ClpC2/ClpC3-mediated protection and efficiently target the
Clp degradation machinery as an antibacterial strategy, we syn-
thesized cyclomarin A dimers. These Homo-BacPROTACs
(HBPs) were able to direct ClpC1 against itself, inducing its
elimination by the ClpC1P1P2 protease, as well as promoting
degradation of ClpC2. The HBP degraders exhibited potent
killing activity toward Mtb in cell culture. Aside from identifying
two safeguarding components in the mycobacterial protein qual-
ity control (PQC) system, our data highlight the potential of
BacPROTACs as antibiotics, allowing us to simultaneously
target multiple components of an essential stress response
system.

RESULTS

ClpC1-targeting antibiotics imbalance the
mycobacterial proteome and induce the expression of
small Clp proteins

The most studied natural antibiotics directed against ClpC1 are
cyclomarin A and ecumicin'®'®"9 (Figures S1A and S1B). While

Cell

these two cyclic peptides bind to overlapping ClpC1yp receptor
sites and stimulate ClpC1 ATPase activity to similar degrees,
their mode of action differs.'*'®?” Whereas ClpC1P1P2-medi-
ated degradation has been shown to be enhanced by cyclomarin
A, ecumicin instead has been proposed to uncouple the activ-
ities of ClpC1 and CIpP1P2, thus reducing protease efficiency.
However, the molecular basis underlying their distinct activities
is unclear. Likewise, it is not yet known whether and how the
deregulation of ClpC1P1P2 may imbalance the mycobacterial
proteome. To address these points, we used a recently
described ecumicin derivative (Ecu*) (Figure S1B) that exhibits
superior antibiotic potency against Mtb compared with the
parent natural product.’® As a mimic of the natural cyclomarin
A, we used the slightly simplified cyclic peptide desoxycyclo-
marin C (dCym), which can be produced by chemical total
synthesis (Figure S1A).2%2°

To analyze the molecular basis of ClpC1 deregulation, we re-
constituted the interaction of the unfoldase with dCym and
Ecu* in vitro. As revealed by size-exclusion chromatography
(SEC), addition of the antibiotics induced conversion of the
ClpC1 hexamer into higher-order oligomers spanning a broad
mass range of 0.6-2.2 MDa, as estimated by SEC (Figure 1C).
Analysis of the induced peak fraction by negative-stained EM
revealed the formation of irregular CIpC1 clusters when incu-
bated with dCym, consisting of 2-4 hexameric particles (Fig-
ure S1C). These data are consistent with a recent report
showing that cyclomarin A treatment stabilizes higher-order
ClpC1 oligomers that have an elevated unfoldase activity.*°
Similar to dCym, we observed that addition of Ecu* resulted
in clustering of CIpC1 hexamers (Figure S1D). Together, these
data mirror findings in Bacillus subtilis, in which ClpC also as-
sembles tetramers of hexamers upon ligand binding to the
ClpCnp-%?" pointing to a broadly conserved mechanism of
ClpC regulation. The higher-order complexes are stabilized by
contacts between coiled-coil domains (MD) protruding from
adjacent hexamers. Aside from promoting oligomer conversion,
rearrangement of MD domains destabilizes the auto-inhibited
state and induces ATPase activity, thus stimulating unfoldase
function.'®?%27%% To test whether this activation mechanism
is hijacked by dCym, we introduced a site-specific mutation,
F444A, a residue at the tip of the ClpC1 MD that is predicted
to engage in MD:MD* contacts. Negative-stained EM and
SEC analysis confirmed that the F444A mutation abolishes
dCym-induced oligomer conversion (Figures 1D and S1E).
These data show that dCym binding to ClpC1 induces reorien-
tation of MD coiled-coils thereby transforming the latent hex-
amer into active higher-order complexes.

To test the effect of CIpC1 deregulation in the context of the
full CIpC1P1P2 protease, we analyzed the degradation of
model proteins upon incubation with dCym and Ecu*. For the
model substrates a-casein and B-casein—which differ in
their degree of compactness, secondary structure, and

(C and D) SEC elution profile of CIpC1 and ClpC1 F444A mutant. Size markers are indicated on top. Addition of dCym induces higher-order oligomers for ClpC1,
whereas abolishing MD-MD contacts (F444A mutation) prevents oligomerization. All SEC runs were carried out in the presence of ATP, using the double Walker B

(DWB) mutation that stabilizes the hexamer.

(E) Substrate degradation of two model substrates, p-casein and a-casein, by ClpC1P1P2 with or without dCym or Ecu*.
(F and G) Quantitative proteomics of Msm treated with 10 uM dCym/Ecu*. Data are normalized to the DMSO control. n = 3. See also Figure S1 and Table S1.
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hydrophobicity—we observed notable differences. While
dCym only accelerated degradation of a-casein, Ecu* exhibited
dual effects. It inhibited the degradation of B-casein by
ClpC1P1P2 but increased a-casein turnover (Figures 1E and
S1F). These data immediately indicated a substrate-dependent
mechanism of action for ClpC1yp-directed compounds. Given
the disparate effects on the tested substrates in vitro, we
performed quantitative MS to assess how Ecu* and dCym
remodel the complete mycobacterial proteome. We incubated
Mycolicibacterium smegmatis (Msm) cells with both com-
pounds and performed label-free quantitative (LFQ) prote-
omics. Considering the cytotoxic effect of both antibiotics, we
first screened for optimal conditions to characterize changes
in proteome composition (Figures S1G and S1H). Under
non-bactericidal conditions, neither Ecu* nor dCym treatment
resulted in a significant deregulation of the mycobacterial pro-
teome (Figures 1F and 1G). We did observe minor abundance
changes, with several potential ClpC1P1P2 target proteins
equally affected by Ecu* and dCym incubation (Table S1).
However, we noted a remarkable exception to these subtle ef-
fects. Each antibiotic resulted in the selective and significant
upregulation of one specific, unannotated target protein—one
protein responding to each compound. Strikingly, the two
proteins show clear homology to the ClpC1ytp domain, the re-
ceptor site targeted by the antibiotics. dCym treatment induced
a strong increase of MSMEG_2792 (which we will refer to as
ClpC2), while Ecu* incubation led to increased levels of
MSMEG_3761 (which we will refer to as ClpC3).

In a second proteomics experiment, we used a longer
incubation time and a higher, bactericidal dCym concentration.
Prolonged incubation with dCym led to the depletion of a large
fraction of mycobacterial proteins (Figure S1l). About 30% of
the native proteome could no longer be identified by MS and
was seemingly absent in bacteria treated for 6 h. Again, the
most notable exception to the overall decrease in protein levels
was ClpC2, which increased 600-fold in the presence of dCym.
Indeed, ClpC2 was among the top 10 most abundant proteins in
the dCym-treated mycobacterial cell, with absolute levels almost
as high as those of CIpC1 (Figure S1J). In conclusion, our prote-
omics data show that dCym and Ecu* deregulate ClpC1P1P2,
increasing overall protease activity and causing drastic prote-
ome imbalances. Interestingly, this is accompanied by the selec-
tive and drastic enrichment of an uncharacterized pair of small
Clp proteins, which both contain a ClpC1ytp-like domain.

ClpC1, CIpC2, and ClpC3 share a common receptor
domain

Phylogenetic analysis indicated that ClpC2 and CIpC3 are
restricted to actinobacteria, whereas ClpC1 is much more widely
distributed throughout actino- and Gram-positive bacteria. These
data also show that CIpC1 and CIpC2 are present in the vast ma-
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jority of actinobacteria, whereas ClpC3 is only present in a few
genera without an obvious evolutionary pattern (Figures S2A and
S2B). For example, Msm encodes a ClpC3 protein, but the closely
related species Mtb does not. Sequence alignment of ClpC2,
ClpC8, and ClpC1y7p revealed strong conservation of the anno-
tated Clp repeat domain (CRD; sequence identify of 42% with
ClpC2 and 39% with ClpC3, Figure S2A). This double 4-helix
bundle is present as an N-terminal domain in most HSP100 chap-
erones, offering an extended surface for substrate binding.*"
ClpC2 contains an additional domain at its N-terminus, while
CIpC3 instead has an extended insertion bridging the CRD-re-
peats between helices 4 and 5 (Figure 2A).

Sequence alignment also indicated that the receptor site
for phospho-arginine (pArg), a CIpCP protease degradation
signal,'’ is conserved in ClpC1 and CIpC2 but not in ClpC3 (Fig-
ure S2A). Though mycobacteria lack an ortholog of the protein
arginine kinase McsB present in Gram-positive bacteria,***® a
recent proteomics study reported a multitude of pArg sites in
Msm proteins.®* These data suggest that the ClpC1P1P2 prote-
ase may utilize pArg as a degradation tag to recognize substrate
proteins. Consistent with this idea, surface plasmon resonance
(SPR) measurements showed that pArg binds strongly to
ClpC1ntp and CIpC2 but not to ClpC3 (Table S2; Data S1A).
To visualize the binding mode of pArg to ClpC2, we co-crystal-
lized its CRD in complex with pArg and determined the crystal
structure at 2.1 A resolution (Figure 2B; Table S3). Superposition
with the pArg complexes of B. subtilis ClpC (PDB 5hbn)
confirmed the structural conservation of the receptor site,
with all residues engaged in pArg binding found to be in a
virtually identical position. The binding pocket, which exhibits
characteristic electrostatic properties combining positively
and negatively charged halves, is formed by the conserved res-
idues Thr103, Arg105, Thr200, Glu201, which together accom-
modate the phospho-guanidinium group. Accordingly, ClpC2
could compete with ClpC1 for pArg-tagged client proteins. We
thus hypothesize that the free substrate receptor modulates
substrate binding to the mycobacterial ClpC1P1P2 protease.

To model the putative binding sites for dCym and Ecu*, we
compared the structure of ClpC2 and the AlphaFold2 model of
ClpC3 with co-crystal structures of ClpC1 ligand complexes
(Figure 2C).%® The dCym binding sites of CIpC2 and ClpC1 are
almost identical, as are the binding sites for Ecu* in ClpC1 and
ClpC3. Consistently, SPR binding studies revealed a strong
binding of dCym to all three Clp proteins, with affinities in the
low nM range. Ecu* also bound to the three proteins, albeit
with slightly lower affinity (Table S2; Data S1A). Together, these
data show that ClpC2 and ClpC3 share substrate-binding sites
with ClpC1 and should thus have overlapping substrate selec-
tivity. Modifications in these sites allow for specific differences
in substrate selection as reflected by the interactions with the
small-molecule ligands pArg, dCym and Ecu*.

Figure 2. CRD receptor domains of ClpC1, CIpC2, and CIpC3

(A) Structural organization of ClpC1ntp, ClpC2, and ClpC3 highlighting the Clp repeat domain (CRD).
(B) Molecular model depicting the Msm ClpC2crp:pArg crystal structure. The two pArg binding pockets are shown next to it, together with the respective sites of

ClpCnrp:pArg and the modeled ClpC3cgp.

(C) Superposition of Mtb ClpC1n7p:CymA structure (PDB 3WDC) and ClpC1ntp:ecumicin (PDB 6PBS) with ClpC2 and ClpC3, respectively. Conserved residues
involved in antibiotic binding are indicated (first number, CIpC1). See also Figure S2, Tables S2 and S3, and Data S1A.

2180 Cell 186, 2176-2192, May 11, 2023



Cell

The CRD antibiotic-binding pocket is a receptor site for
misfolded proteins

To explore the functional role of the CRD pocket targeted by cyclo-
marin A and ecumicin, we synthesized a linear ecumicin fragment
(Ecu™) containing half of the ecumicin macrocycle, mimicking a
natural peptide ligand. Upon confirming the binding of the short
Ecu™ peptide mimic (N-methylated LVAWG, Figure 3A) to
ClpC1n1ps (Kp =50 uM, Table S2), we co-crystallized the protein:
peptide complex and determined its crystal structure. Notably,
peptide binding resulted in dimerization of ClpC1yp, with Ecu™
wedged between the two antibiotic-binding sites (Figure 3B).
Whereas side chains of N-Me-Leu1, N-Me-Ala3, and Gly5 were
accommodated in the binding site of one protomer, residues
Val2 and N-Me-Trp4 protruded into the partner ClpC1ytp. Though
we could not recapitulate binding with a canonical, non-N-methyl-
ated LVAWG peptide, the observed binding mode of the linear
Ecu™ peptide fragment pointed to a putative ClpC1P1P2 degron
recognized by the CRD. Dimerization of ClpC1ytp modules could
be instrumental in enlarging the binding pocket and achieving high
affinity and specificity for cognate substrates. Consistent with our
hypothesis, yeast Hsp104, containing a homologous N-terminal
domain, utilizes a hydrophobic pocket equivalent to the anti-
biotic-binding site of ClpC1 to target client proteins® (Figure 3C).
In fact, ClpC1 and ClpC2 contain functionally conserved Leu, lle,
and Val residues at the bottom of the same pocket, providing a po-
tential interaction site for misfolded proteins. Superposition of the
NTDs of ClpC1, ClpC2, and Hsp104 shows that dCym binding ren-
ders the hydrophobic pocket of ClpC1 and ClpC2 inaccessible to
substrates (Figure S3A). To test the predicted Clp protein substrate
recognition site in vitro, we performed competition experiments
with ClpC1 antibiotics and model substrates (Figure S3B). In
pull-down assays, we observed that ClpC2-CRD efficiently inter-
acts with B-casein; however, addition of dCym markedly reduced
the amount of bound substrate (Figure 3D). These data suggest
that dCym and B-casein directly compete for the same binding
site. In contrast, incubation of Ecu or dCym with the full-length
ClpC1 unfoldase had mixed effects on the B-casein substrate (Fig-
ure 1E), likely due to the presence of receptor sites outside the CRD
and the stimulatory effect of the two antibiotics on general ATPase
activity (Figure S3C). Finally, we monitored B-casein degradation
by CIpC1P1P2 over time, in the presence and absence of
ClpC2-CRD (Figure 3E). These data revealed that ClpC2 interferes
with ClpC1 substrate degradation, likely by competitive binding of
the misfolded protein via the shared dCym binding site.

Taken together, our data suggest that ClpC1-directed antibi-
otics mimic the hydrophobic core of misfolded proteins that bind
to the shared CRD in CIpC1, ClpC2 and CIpC3. To confirm this
model, we performed a pull-down of tagged ClpC2 in a Msm
AclpC2 strain. As dCym binding was predicted to block interac-
tions between CIpC2 and putative protein substrates, we
compared the CIpC2 interactome of mycobacteria with and
without dCym treatment (Figure S3D). Remarkably, treatment
with dCym led to depletion of the most abundant interaction part-
ners of ClpC2 (Figure 3F; Table S4). Among those interactors, nine
proteins have been reported to be partially unfolded proteins pref-
erentially targeted by ClpC1P1P2 and thus enriched in a ClpC1
depleted Mtb strain (Figure S3E).®” We thus propose that ClpC2
competes with ClpC1 for the binding of unfolded proteins.
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Together, our findings provide a mechanistic understanding of
how dCym and other ClpC1-directed antibiotics interfere with
the CIpC1P1P2 protease. The cyclic peptides function as
small-molecule mimics of a misfolded protein, allowing them to
hijack the bacterial PQC system. By binding to a conserved hy-
drophobic site in the CRD, used to bind aberrant proteins and
activate unfoldase activity, the antibiotics exhibit a dual effect:
they stimulate the Clp protease by inducing activated higher-or-
der complexes and in parallel block access to misfolded pro-
teins. Consequently, ClpC1-directed antibiotics cause drastic
proteome imbalances leading to the downregulation but also up-
regulation of cellular targets.

ClIpC2 functions as safeguard of the CIpC1P1P2
protease

To test the regulatory role of CIpC2 on the ClpC1P1P2 protease
in vitro, we synthesized chemical adapters that contained either
the pArg or dCym group as degron mimics. As a substrate an-
chor, we used JQ1, a chemical entity known to tightly bind to
the bromodomain1 of BRDT (BRDTgp), our model substrate.
Incubation of BRDTgp4 with the bi-functional compounds thus
yielded pArg and dCym-labeled protein (Figures 4A and S4A).
Upon addition of a dCym-JQ1 degrader, we observed efficient
degradation of the BRDTgp; substrate. However, substrate
degradation by CIpC1P1P2 was strongly inhibited upon
addition of equimolar amounts of CIpC2 (Figure 4A). Likewise,
when we assayed BRDTgpy degradation in the presence of
pArg-JQ1, we observed that ClpC2 was able to inhibit the
Clp protease, buffering the introduced degradation tag
(Figure 4B). These data suggest that CIpC2 functions as a
competitive inhibitor for specific degrons recognized by
ClpC1, sequestering potential substrates and preventing their
degradation.

To investigate the biological consequences of ClpC2 and
ClpC3 as competitive binders of ClpC1 in mycobacteria, we first
tested the effect of the small Clp proteins on mycobacterial
sensitivity to dCym and Ecu* antibiotics. We performed minimum
inhibitory concentration (MIC) assays, using wild type (WT) and
knockout Msm strains (4strai, 4clpC3, and AclpC2A4cipC3). In
MIC assays, growth of the WT strain was inhibited at concentra-
tions of 2.5 uM dCym or 6 uM Ecu*. Consistent with our in vitro
data, genomic knockout of c/pC2 or clpC3 each led to an
increased sensitivity of mycobacterial cells against one of the an-
tibiotics (Figures 4C and 4D). The 4clpC2 strain showed a 2-fold
increase in sensitivity to dCym, while the 4clpC3 strain showed a
4-fold increased susceptibility to Ecu* treatment, with each anti-
biotic specificity corresponding to our earlier proteomics data
(Figures 1F and 1G). Combined deletion of clpC2 and clpC3
did not further enhance sensitivity against either compound
(Figures 4C and 4D). Moreover, we observed that overexpres-
sion of CIpC2 or CIpC3 strongly reduced dCym and Ecu* toxicity,
respectively, allowing Msm growth at antibiotic concentrations
4-fold higher than those tolerated by WT cells. Elevating ClpC2
was more efficient in protecting cells from dCym, whereas
ClpC3 upregulation led to higher resistance against Ecu*.
Together our findings show that ClpC2 and ClpC3 can reduce
the effective intracellular concentration of antibiotics that target
the CIpC1 unfoldase. The small Clp proteins thus seem to
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(A) Structure of the linear ecumicin fragment Ecu**.

(B) Co-crystal structure of the ClpC1ntp:Ecu™ complex. Ecu** is bound at the interface of two subunits, with its side chains protruding into the canonic antibiotic-
binding sites.

(C) CRD comparison of ClpC1, ClpC2, and Hsp104 (PDB 5U2U), highlighting a common hydrophobic pocket.

(D) Pull-down assay using a- and f-casein as model substrates. Binding to CIpC2 is reduced upon dCym treatment (all proteins at 15 uM, dCym at 25 uM).
Quantification represents mean + SD, n = 3.

(E) In vitro degradation assay of B-casein by CIpC1P1P2 in presence of ClpC2. Quantification shows mean + SD, n = 3.

(F) IP-MS analysis of ClpC2 pull-downs in Msm, in the absence (x axis) and presence of dCym (y axis). The most prominent interaction partners, enriched in the
ClpC2 pull-down, were not bound to CIpC2 in the presence of dCym. These potential CIpC1 and ClpC2 substrates are seen in the lower right quadrant. Proteins
identified in a previous Mtb CIpC1P1P2 substrate screen are highlighted in red. See also Figure S3 and Table S4.
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(C and D) MIC assay for dCym or Ecu* treated Msm WT and mutant strains. The MIC was visually determined, and bars indicate the first well in which inhibited cell
growth was observed, normalized to WT. Uncropped plates are shown in Data S1B.

(E) Cell viability assay showing survival of Msm WT and mutants after heat shock (53°C for 4 h, replicates R1 and R2 from four independent biological replicates).
(F) MIT assay upon heat shock treatment. Survival was tested for Msm WT and mutants before (t0) as well as 1, 2, and 5 h after heat shock (53°C). n = 3.

(G) Checkerboard assay combining dCym treatment with heat shock conditions for Msm wild type and 4clpC2 mutant. 96-well plates were prepared with
increasing temperature in the first dimension and reducing dCym concentrations in the second dimension (see also Data S1B for uncropped plates, n = 3). See

also Figure S4.

represent specialized components of the PQC system that can
be induced to counteract antibiotic activity in a specific manner.
However, the molecular basis underlying their specific effects on
dCym and Ecu* susceptibility in mycobacteria remained unclear.
Given the ubiquitous distribution of ClpC2 in actinobacteria and
the lack of ClpC3 in the major pathogen Mtb H37Rv, we therefore
focused our subsequent analysis on the safeguarding role of the
ClpC2 scavenger.

To further characterize the effect of CIpC2 on dCym, we per-
formed an antibiotic kill curve assay, in which we followed the
toxicity of dCym over time, as measured by colony-forming units
(CFUs). While deletion of ClpC2 induced a cell growth inhibitory
phenotype, treatment with dCym strongly exacerbated this
effect. Upon incubation with dCym, viable 4cipC2 cells were
reduced to ~30% control cells, as opposed to WT bacteria
that were unaffected under these conditions (Figure S4B). These
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Figure S5.

data confirm that ClpC2 contributes to the mycobacterial de-
fense against cyclomarin antibiotics. To test if ClpC2 exhibits a
more general protective function within the mycobacterial PQC
system, we performed kill curve assays for WT and mutants un-
der heat shock conditions (53°C). Both clpC2 and clpC2/cipC3
knockouts showed complete lethality after a 4-h heat shock
despite partial viability of the WT (Figure 4E). To verify the essen-
tiality of ClpC2 for the stress response, we performed a minimum
inhibitory time (MIT) assay monitoring the survival of bacteria
over a 5-h heat shock time course. As expected, the clpC2 mu-
tants were impaired in growth as early as 1-h into heat shock,
and both single and double mutants were substantially more
sensitive to heat stress (Figure 4F). Finally, we analyzed the com-
bined effect of heat stress and antibiotic treatment in a checker-
board assay. At 37°C, sensitivity to dCym was significantly
higher in clpC2 mutants than in WT. However, elevated temper-
atures also led to an increased antibiotic sensitivity in the WT
strain (Figure 4G). Antibiotic sensitivity at 42°C was comparable
to that of the 4clpC2 strain, implying that ClpC2 scavengers are
fully occupied by heat-shocked proteins, leaving ClpC1 unpro-
tected against dCym. Together, these data highlight the protec-
tive role of CIpC2 as a molecular chaperone, buffering stress-
induced misfolded proteins as well as antibiotics mimicking the
damaged substrates.

Dimeric Homo-BacPROTACSs can target the Clp CRD
motif in vitro

The protective function of ClpC2 relies on its ability to reduce the
effective concentration of dCym and related compounds in the

2184 Cell 186, 2176-2192, May 11, 2023

cell. In the presence of the scavenger protein, antibiotics must
thus be applied in higher amounts to bind ClpC1 and deregulate
its housekeeping function. We aimed to overcome the traditional
occupancy-based mode of action of cyclomarin by developing
event-driven antibiotics that inactivate ClpC1 in a catalytic
manner. The recently developed BacPROTAC technology,
which allows for the selective elimination rather than inhibition
of target proteins, provided an attractive platform for this pur-
pose. The technology relies on bi-functional chemical adapters
that bind to a protein of interest (POI) and to the ClpC1inmp
substrate receptor, thereby targeting POlIs to the Clp protease
and inducing their degradation. Importantly, the bi-functional
adapters employ dCym derivatives (Figure S1A) that bind to
the ClpC1ytp. We thus hypothesized that a dimeric degrader
containing two dCym heads, which we call HBP in analogy to
Homo-PROTACs developed against the E3 component VHL,*®
could induce the degradation of ClpC1. In addition, the
compound should be capable of targeting ClpC2 via its dCym
binding site. Such dual action was hypothesized to be highly
advantageous for the antibiotic activity potential of the HBP
degrader, due to simultaneous elimination of the essential Clp
protease and its security guard.

Guided by previously developed dCym degraders (Fig-
ure S1A),%° we used either the tryptophan derivative at position
6 or the valine at position 7 as linker attachment points to
generate the dimeric HBP6 and HBP7, respectively (Figure 5A,;
chemical synthesis described in Junk et al.?°). As a control for se-
lective targeting of the Clp CRD, we fused two distomeric vari-
ants of the cyclic peptides, in which all stereocenters are inverted
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(Figures S5A and S5C). SPR measurements confirmed that the
functional HBP variants bind to ClpC1ytp and ClpC2 with high
affinity (Kp ~ 0.5-2.5 nM), whereas their distomeric counterparts
did not interact with the Clp proteins (Table S2; Data S1A). To es-
timate the activity of HBPs in vitro, we followed ClpC1P1P2
mediated degradation of ClpCintp. Incubation with HBPs
induced elimination of about 80% of the ClpC1ytp substrate
(Figure 5B). In contrast, the distomeric controls could not redi-
rect the ClpC1P1P2 protease, excluding indirect effects on sub-
strate depletion. These in vitro degradation experiments indicate
that HBPs can mark CRD-containing proteins for degradation.

Homo-BacPROTACS reduce the levels of ClpC1 and
CIpC2 in M. smegmatis

To study whether HBPs could target CRD-containing Clp pro-
teins in mycobacteria, we used Msm as a model system. Active
HBP compounds had a similar MIC as the parent monomers,
indicating that despite their large size, the applied compounds
are taken up by mycobacteria (Figures S5B and S6A; for detailed
characterization of HBP structure-activity relationships see Junk
et al.?%). To study their in situ activity, we carried out an LFQ MS
experiment, monitoring changes in the Msm proteome upon
HBP treatment. As control, we used the inactive HBP distomers,
which did not exhibit a bacteriotoxic effect, as well as dCym
monomers bearing alkyne groups at the points of linker attach-
ment. Overall, the MS data indicated that monomeric and
dimeric dCym variants led to gross perturbation in the proteome.
Treatment with both the HBPs and their monomeric heads led to
a strong increase of ClpC2 levels, while addition of distomeric
controls did not raise ClpC2 abundance (Figures 6A, 6B, and
S6B). Importantly, however, only in the case of active HBP di-
mers did we observe a significant decrease in CIpC1 levels.
Moreover, when we compared the ClpC2 levels upon treatment
with monomeric dCym and dimeric HBP, we observed that the
relative levels of ClpC2 are markedly reduced in the presence
of the degrader, evidencing simultaneous targeting of ClpC1
and CIpC2 (Figure 6A). To confirm the proteomics data, we em-
ployed a parallel reaction monitoring (PRM) protocol to follow
ClpC1 and CIpC2 over time. The quantitative MS data confirmed
that both CIpC1 and CIpC2 levels are diminished upon incuba-
tion with the dimeric BacPROTACs as compared with the mono-
meric compounds (Figure 6B). After 24 h, levels of CIpC1 were
reduced to ~40%, whereas CIpC2 levels decreased by 45%-
60%, as compared with cells treated with monomeric dCym.
Together these data highlight the potential of HBP degraders
to target the essential ClpC1 unfoldase together with the
ClpC2 security guard. However, in Msm, this activity seems to
be masked by the strong upregulation of ClpC2 upon antibiotic
treatment, sequestering the degrader. To confirm its protective
role, we studied the effect of HBPs in the 4clpC2 Msm knockout
strain. As reflected by MICso values, the active synthetic de-
graders had a 7-fold higher potency in the AclpC2 strain than
in the WT (Figures 6C and S6C). Compared with the milder effect
for the monomeric antibiotic (only 2-fold higher sensitivity in
AclpC2, Figure 4C), these data point to a distinct mode of action
of the HBP degrader and highlight its improved efficacy in target-
ing ClpC1. To further confirm the role of CIpC2 in buffering mis-
folded proteins and protecting against antibiotics targeting
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ClpC1, we followed the potency of HBPs under heat shock con-
ditions. Stress-induced protein damage should enhance the
load on the PQC system and limit the ability of ClpC2 to protect
ClpC1. Consistently, we see that the efficacy of HBPs is drasti-
cally improved during heat shock, more than that of the isolated
dCym compound (Figure 6D). This disparity further highlights the
distinct mode of action of the monomeric and dimeric antibiotics:
the bivalent HBP exhibits a dual activity, deregulating and
degrading the PQC components ClpC1 and CIpC2.

Homo-BacPROTACSs are potent antibiotics killing
pathogenic M. tuberculosis

Having shown the BacPROTAC induced degradation of ClpC1
and CIpC2 in Msm, we tested their potency against the virulent
Mtb strain H37Rv, a model strain used to explore the effect of
antitubercular compounds on pathogenicity. Mtb encodes a
ClpC2 ortholog that is closely related to the Msm ClpC2 (62%
sequence identity, 82% homology) but no ClpC3 and expresses
a ClpC1 unfoldase containing an N-terminal CRD identical to its
Msm counterpart. To profile cellular targets of cyclomarin A, we
performed pull-down assays with Mtb lysates using a biotin
probe connected to a simplified cyclomarin derivative.”® Upon
elution with the cyclic peptide, we identified ClpC1 and ClpC2
as main interactors of the cyclomarin derivative (Figure S7A).
As expected, Mtb ClpC2 also uses its conserved receptor site
to bind ClpC1-directed antibiotics. To investigate the antituber-
cular activity of HBP degraders, we performed dose response
curves in Mtb WT and 4clpC2 deletion strains. Dimeric HBP6
and HBP7 strikingly outperformed the monomer (dCymM) in
terms of antibiotic activity, with 115- and 150-fold higher po-
tency, respectively (Figures 7A and S7B). Indeed, the antibacte-
rial effect of dCym monomers was comparable between Mtb and
Msm (MICso about 10-40 uM), while the pathogenic Mtb was
much more sensitive to HBP degraders, with low MIC5, values
ranging from 0.26 to 0.34 uM.

To demonstrate that the antibiotic effect of HBPs is due to
ClpC1 degradation, we performed quantitative proteomics
comparing active and inactive BacPROTACSs. In line with the
pronounced toxicity of HBPs toward Mtb, we observed a higher
ClpC1 degradation efficiency of HBPs in Mtb compared with
Msm, with a 5-fold reduction in ClpC1 levels (Figures 7B and
7C). To estimate the effect of the degrader on CIpC2 levels, we
employed a 4clpC2 strain, in which the bulk of the Clp protein
is absent and thus not responsive to antibiotic-mediated degra-
dation, while a short N-terminal remnant (21 residues; ClpC2yr7)
is still expressed from the endogenous promotor. Proteomics
analysis revealed that HBP treatment triggered a 20-fold in-
crease in ClpC2yrt levels in the Mtb AclpC2 mutant, presumably
resulting from transcriptional upregulation, similar to what we
observed in Msm. In contrast, treatment of WT cells with HBPs
led to a much smaller increase in ClpC2 levels. Compared with
ClpC2nt (dclpC2 strain), the amounts of ClpC2 were 5-fold
less elevated in WT, suggesting that the dimeric BacPROTAC
can target ClpC2 via its CRD and induce its degradation in
Mtb (Figures 7C, S7C, and S7D). Thus, our data demonstrate
that HBPs are potent antitubercular compounds, exhibiting a
115-fold higher potency than parent cyclomarin A compounds.
The strongly increased efficacy relies on their distinct mode of
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(A) Quantitative proteomics of Msm cells treated with HBP6 and HBP7 (12.5 uM, 24 h) normalized to incubation with their monomeric head groups (dCym6 and
dCym7). CIpC1 levels decreased to 38% and 34%, whereas CIpC2 levels decreased to 68% and 51%, respectively, upon HBP treatment, in comparison with

monomer treatment. n = 3.

(B) PRM analysis of Msm treated with 12.5-uM HBP6 or HBP7. ClpC1 and CIpC2 levels were analyzed over time, confirming ClpC1 and ClpC2 reduction upon
incubation with HBP degraders, compared with monomeric and inactive controls. Results are mean + SD, n = 3.

(C) MIC assays for HBP6 and HBP7, comparing Msm mutants with WT. n > 5.

(D) Checkerboard assay combining HBP treatment with heat shock conditions for Msm WT and mutants. Plates were prepared with reducing HBP concentrations
and placed overnight at 48°C. Afterward, the plates were transferred to 37°C until colonies appeared. Displayed are the mean + SD, n = 3. See also Data S1B for

uncropped plates, and Figure S6.

action, inducing degradation of the housekeeping proteins
ClpC1 and CIpC2 rather than inhibiting them.

Given the importance of antibiotic resistance to Mtb patho-
genesis, we next aimed to assess resistance development
against these BacPROTAC degraders. We treated Mtb H37Rv
with either HBP6 or HBP7 on solid media (at concentrations of
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> 6 x MIC). In total, we obtained four spontaneous resistant
clones, all showing reproducible growth in presence of the two
BacPROTACs and exhibiting cross-resistance against HBP6
and HBP7 (Figures 7D and S7E). Whole-genome sequencing re-
vealed that the three HBP6 mutant clones had the same muta-
tion in clpC1, resulting in an F80V substitution in the ClpC1nmp
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Figure 7. Homo-BacPROTAC treatment impairs growth of M. tuberculosis
(A) Dose response curves comparing dCymM monomer and HBP degraders on Mtb growth and comparing WT Mtb with the 4clpC2 mutant. Cells show a
115-fold (WT) and 160-fold (4clpC2) higher sensitivity to HBP6 compared with dCymM. The mutant is slightly more sensitive than the WT, consistent with the lack

of ClpC2’s protective function. Results are mean + SD, n = 3.

(B) Quantitative proteomics of Mtb cells treated with HBP6 and HBP7, normalized to treatment with inactive distomers (HBP6-dis, HBP7-dis). Quantification

shows mean + SD, n = 3.

(C) LFQ intensities comparing CIpC1 (left) and CIpC2 (right) degradation induced by HBPs and their corresponding distomers. For quantitative proteomics of Mtb
WT and 4clpC2 cells, the latter was expressing a truncated 21-aa ClpC2 peptide (ClpC2y7). While CIpC1 is reduced to similar levels in treated WT and 4clpC2

(legend continued on next page)
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(Figure 7E). Phe80 is located at the bottom of the hydrophobic
pocket targeted by the cyclic peptide antibiotics, and the critical
role of Phe80 in binding cyclomarin A has been previously
shown in targeted in vitro and in vivo interaction studies, where
the F8OA mutation abolished antibiotic binding.>* Accordingly,
the F80V mutation is expected to markedly reduce HBP
affinity for ClpC1, explaining the evolved antibiotic tolerance.
The sequenced HBP7 clone, which exhibited weaker resistance
against the two HBPs, revealed another mutation, 128T, in the
ClpC1y7p (Figures 7D and 7E). The mutated 1le28 is located in
close proximity to Phe80, such that the introduced threonine
may induce slight rearrangements in the cyclomarin binding
pocket corresponding to moderate resistance.

Non-replicating bacteria pose a further challenge to the
activity of BacPROTACs, as these persisters are well-known
for escaping antibiotic treatment. To investigate HBP potency
in dormant cells, we tested pathogenic Mtb in a checkerboard
assay, in which HBPs were combined pairwise with bedaquiline.
By inhibiting the ATP synthase subunit C (AtpE), bedaquiline in-
duces lower intracellular ATP levels, resembling a dormant state
in Mtb.“°~*?> However, treatment of Mtb H37Rv cells with beda-
quiline had no effect on HBP7 BacPROTAC activity, demon-
strating that HBPs work equally well—or even better—as the
reference drug rifampicin against persistent cells (Figure S7F).

Together these data reveal CIpC1 as an attractive antibiotic
target and confirm the role of the ClpCiymp in binding
BacPROTACSs. Considering the threat of persistent bacteria in
clinics, our findings further suggest BacPROTACs as promising
therapeutic agents that could retain activity against dormant Mtb
latent in host cells.

DISCUSSION

Perhaps the most threatening bacterial pathogen with regard to
antibiotic resistance and infection severity is Mtb, the cause of
TB. In addition to the long and complex treatment routines
required for established antibiotics, second-line TB drugs,
including cycloserine, capreomycin, and quinolones exhibit
serious side effects that limit their utility. Therefore, novel
antitubercular compounds with distinct modes of action able
to evade drug resistance are urgently needed.*® In this study,
we pioneered a BacPROTAC antibiotic that overcomes a
bacterial PQC security system, is also active in bacteria with a
dormant-like phenotype and targets multiple components of
the mycobacterial stress response concurrently.

As a critical first step, we revealed the mode of action of ClpC1-
directed antibiotics. Our data delineate the dual mechanism em-
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ployed by cyclomarin A and related antibiotics (ecumicin, rufomy-
cin, and lassomycin), all of which bind to a conserved site at the
ClpC1n7p substrate receptor. We show that peptide antibiotics
mimic exposed hydrophobic residues of unfolded proteins and
bind to a common pocket in HSP100 chaperones. Using substrate
mimicry, the antibiotics can hijack the ClpC1P1P2 protease, which
performs an essential housekeeping role in mycobacteria.®” The
antibiotics act as competitive inhibitors for misfolded proteins
and in parallel, remodel CIpC1 into its active higher-order oligomer
state, yielding a permanently activated protease that degrades
cellular proteins in an unselective manner. Due to this bimodal ac-
tivity, dCym treatment leads to massive perturbations in the prote-
ome, as reflected by the up- and downregulation of key cellular
factors. Importantly, proteomic analysis identified two small Clp
proteins, ClpC2 and CIpC3, that were specifically upregulated
upon either cyclomarin A or ecumicin treatment. Characterization
of these factors uncovered a bacterial security system that
protects the essential ClpC1P1P2 protease. We show that the
well-conserved ClpC2 is a specialized Clp regulator. It functions
as a scavenger protein shielding the ClpC1P1P2 protease from a
surplus of binding partners by using equivalent receptor sites.
Deletion of ClpC2 induces a severe thermosensitive phenotype
and is lethal under extreme heat shock, suggesting that ClpC2 se-
questers misfolded proteins and prevents an overload of the
housekeeping protease during proteotoxic stress. Moreover,
ClpC2 can sequester antibiotics like CymA that act as small-mole-
cule mimics of a misfolded protein. Binding to ClpC2 lowers the
intracellular concentration of the antibiotic and thus ameliorates
its impact on ClpC1 and the protease. Due to its protective
function, ClpC2 must be considered when developing antibiotics
targeting the mycobacterial stress response machinery.

To efficiently shut down the PQC system, we developed bivalent
HBP degraders targeting the common Clp receptor domain, CRD.
In pathogenic Mtb, this pan-degrader exhibited strong antibacte-
rial potency, inhibiting bacterial growth >100-fold more efficiently
than the natural monomeric cyclic peptide. By fusing two dCym
heads, the bivalent compound redirects the ClpC1P1P2 protease
against itself, inducing degradation of CIpC1. Thus, antibiotic ac-
tivity relies on the auto-knockdown of an essential proteolytic ma-
chine. Moreover, HBP degraders reduced not only the level of
ClpC1 but also that of its safeguarding protein ClpC2. The simulta-
neous targeting of the Clp protease and its security system under-
lies the extraordinary power of the HBP as an antibiotic. We hy-
pothesize that the more pronounced antibiotic effect of HBPs
toward Mtb compared with Msm is due to different cellular levels
of ClpC2, leading to more efficient degradation of the ClpC1 unfol-
dase and a concomitant reduction of the MIC from ~15 uM in Msm

bacteria, levels of ClpC2 (WT) and ClpC2yt (4clpC2) are strikingly different. This difference likely reflects induced degradation of CIpC2 in WT cells, whereas the
ClpC2yr peptide is inaccessible to HBP-mediated degradation. Quantification shows mean + SD, n = 3.

(D) Dose response curves comparing compound susceptibility of four Mtb spontaneous resistant mutants against HBPs, carrying different single nucleotide
polymorphisms (SNPs, T>G at nucleotide 238 causing F80V: HBP6 #1-#3; T>C at nucleotide 83 causing 128T: HBP7 #1). Mutation of F80 leads to strong growth
rescue against treatment with either of the BacPROTACS, which is less pronounced for the 118T mutant. Results are mean + SD, n = 3. Notably, the sequencing
also revealed a second-site deletion in the mycocerosic acid synthase (mas) gene, which is involved in biosynthesis of the cell wall lipid phthiocerol dimyco-
cerosate (PDIM), causing a frameshift in all three HBPG6 resistant clones. However, since mutations causing PDIM loss are known to occur frequently during in vitro
culturing of Mtb strains,*® since the mutants show unaltered susceptibility profiles toward other antibiotics, and since the HBP7 resistant clone harbored no
mutations in the PDIM biosynthetic gene cluster, the mas mutation likely had no effect on the resistance mechanism (Figure S7E).

(E) Resistance mutations against HBP6 (F80V) and HBP7 (128T) mapped to the crystal structure of ClpC1ntp:CymA analog (PDB 7AA4). Mutated residues are
highlighted in orange. Arrows indicate the exit vector (EV) positions of HBP6 and HBP7. See also Figure S7.
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to ~0.2 uM in Mtb. It should also be noted that, in addition to its
degrader function, the potency of HBP is enhanced by the inherent
cytotoxicity of the incorporated cyclomarin derivatives, which
interfere with ClpC1-mediated protein degradation. Thus, the
degrader benefits from a dual activity, simultaneously deregulating
and destroying a central component of the mycobacterial PQC
system. In related medicinal chemistry studies,?® we found that
even intracellular Mtb propagating in infected THP-1 cells showed
a concentration-dependent reduction in CFU after incubation with
HBPs. Moreover, the degrader molecules exhibited promising
pharmacokinetic properties and minimal cytotoxicity in a macro-
phage infection model, as compounds were well-tolerated at the
highest concentration tested (50 uM?°). We conclude that the
BacPROTAC approach presents an effective strategy to develop
anti-mycobacterial agents, enabling the degradation of essential
Clp proteins. Considering the >100-fold increased efficacy of biva-
lent HBPs over the parent CymA compound, the mechanistic ad-
vantages of small-molecule degraders over classic drugs seems
to be conserved in BacPROTACS, providing an attractive technol-
ogy platform to develop next generation antibiotics.

Limitations of the study

Although our study identifies ClpC2 and ClpC3 as specific scav-
enger proteins against the antitubercular compounds cyclomarin
A (dCym) and ecumicin (Ecu*), respectively, their exact molecular
mechanism was not fully resolved. For example, the molecular
mechanism leading to upregulation of ClpC2 and CIpC3 by
dCym and Ecu* has remained elusive. While our data point to tran-
scriptional regulation, the exact nature of these regulatory factors,
the identity of the respective stress operon, and their interaction
with the small Clp proteins requires further study. Moreover, our
in vitro studies show that dCym and Ecu* have similar affinities
for CIpC2 and CIpC3. Therefore, it is unclear why treatment with
these antibiotics leads to the selective upregulation of one of two
distinct proteins, which seem to counteract antibiotic activity in a
specific manner in the mycobacterial cell. Though our study high-
lights the underestimated complexity of the mycobacterial stress
response system, better understanding of this system and the
involved factors will be critical to unleash the full potential of
ClpC1-directed antibiotics and small-molecule degraders.

With regard to the degrader mechanism, it should be noted
that the binding of HBPs to adjacent CRDs, like those present
in the ClpC1 hexamer or ClpC2 dimer, may limit their availability
for targeting ClpC1 and ClpC2 subunits in trans and directing
them for degradation. The intra-molecular ClpC1-ClpC1 and
ClpC2-ClpC2 associations may explain the discrepancy be-
tween HBP-binding affinity in vitro and lower efficacy in cells.
Although we consider linker design as a promising strategy to
prevent intra-molecular HBP recruitment and enhance degrada-
tion activity, addressing this point experimentally is challenging
due to the dynamic nature of CIpC1 and CIpC2 oligomers.
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M. smegmatis mc? 155 AclpC2:gmR This paper N/A

M. smegmatis mc? 155 AclpC3:gmR This paper N/A

M. smegmatis mc? 155 This paper N/A

AAclpC2clpC3::gmR

M. smegmatis 607 DSMz ATCC 607, DSM 43465

M. tuberculosis H37Rv William R. Jacobs Jr., Albert H37RvMa
Einstein College of Medicine (loerger et al.*%)

M. tuberculosis H37Rv AclpC2::hygR This paper N/A

®phAE159 Jain et al.*® N/A

Chemicals, peptides, and recombinant proteins

M. smegmatis ClpC1 Morreale et al.* N/A

M. smegmatis ClpC1°"B This paper N/A

M. smegmatis ClpC1PWE-F444A This paper N/A

M. smegmatis ClpC1 NTD (1-148) Morreale et al.?® N/A

M. smegmatis ClpP1 with his-tag Morreale et al.*® N/A

M. smegmatis ClpP2 with his-tag Morreale et al.*® N/A

M. smegmatis ClpC2 with his-tag This paper N/A

M. smegmatis ClpC2°FP with his-tag This paper N/A

M. smegmatis ClpC3 with his-tag This paper N/A

BRDTgp4-Nrdl Morreale et al.”® N/A

a-casein Sigma-Aldrich Cat#C6780-5G

B-casein Sigma-Aldrich Cat#C6905-1G

Pyruvate kinase Sigma-Aldrich Cat#9136-5KU

Lactic dehydrogenase Sigma-Aldrich Cat#1254-5KU

NADH Roche 10128023001

Phosphoenolpyruvate Sigma-Aldrich Cat#860077-1G

pArg-JQ1 This paper N/A

dCym-JQ1 This paper N/A

Homo-BacPROTAC6 Junk et al.*? N/A

Homo-BacPROTAC6dis Junk et al.?® N/A

dCym6 Junk et al.”® N/A

dCymedis Junk et al.”® N/A

Homo-BacPROTAC? Junk et al.*? N/A

Homo-BacPROTACTdis Junk et al. #° N/A

dCym7 Junk et al.”® N/A

dCym7dis Junk et al.”® N/A

dCym Barbie and Kazmaier® N/A

dCymM Kiefer et al.*® N/A

Ecu* (analogue 6) Hawkins et al."® N/A

Ecu*™ This paper N/A

LVAWG peptide This paper N/A

TCEP Sigma-Aldrich Cat#C4706-10G

Tween80 Sigma-Aldrich Cat# P1754-500ML

Tween20 Sigma-Aldrich Cat#P9416-100ML
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Streptavidin Prospec

cOmplete, EDTA-free Protease Roche 05056489001
inhibitor cocktail

Trypsin Promega V5280

BXT buffer Iba lifescience Cat#2-1042-025
Trifluoroacetic Acid Fisher Scientific Cat#11378277
Acetonitrile Merck Cat#113212
Formic acid Sigma-Aldrich 27001-1L-M
lodacetamide Sigma-Aldrich Cat#L6125-25G
Bedaquiline MedChemExpress HY-14881
Ethambutol Sigma-Aldrich E4630

SDC Sigma-Aldrich Cat#30970-100G
Middlebrook 7H9 Broth Base Sigma-Aldrich MO0178-500G
BD Difco Middlebrook 7H10 Agar Fisher Scientific DF0627-17-4
HBS-P+ buffer 10x Cytiva Cat#BR100671

Critical commercial assays

High Sensitivity DNA Kit

Agilent Technologies, Inc.

Cat#5067-4626

TruePrep DNA Library Prep Kit V2 for Vazyme Biotech Co. Cat#TD501

lllumina

EZ-Link™ NHS-PEG4 Biotinylation Kit Thermo Fisher Scientific Cat#21455

Amine-coupling kit Cytiva Cat#BR100050

Deposited data

Msm ClpC2¢cprp:pArg Crystal Structure This paper and Protein Data Bank (PDB) 8B90

Mtb ClpC1nrp:Ecu*™ Crystal Structure This paper and Protein Data Bank (PDB) 8B9U

Msm IP-MS proteomics Data of ClpC2 This paper and PRoteomics PXD037231

interactome IDentification Database

Msm LFQ proteomics Data of dCym/Ecu* This paper and PRoteomics PXD037232

treatment (10 uM) IDentification Database

Msm LFQ proteomics Data of dCym This paper and PRoteomics PXD037234

treatment (150 pM) IDentification Database

Msm LFQ proteomics Data of This paper and PRoteomics PXD037235

BacPROTAC treatment IDentification Database

Msm MS-PRM Data This paper, PanoramaWeb and PXD037198
PRoteomics IDentification Database

Mtb IP-MS proteomics Data of dCym This paper and PRoteomics PXD037712

derivative targets IDentification Database

Mtb LFQ proteomics Data of This paper and PRoteomics PXD037730

BacPROTAC treatment IDentification Database

Oligonucleotides

Primers for generation of M. smegmatis This paper N/A

genomic mutants, see Table S5

Primers for generation of M. tuberculosis This paper N/A

AclpC2, see Table S5

Primers for construction of plasmids for This paper N/A

inducible expression in mycobacteria,

see Table S5

Recombinant DNA

pET-21a (+) plasmid Addgene https://www.addgene.org/

pMyC plasmid
p2NIL plasmid

Beckham et al.*”

Parish and Stoker*®
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REAGENT or RESOURCE SOURCE IDENTIFIER
pGOAL19 plasmid Parish and Stoker*® RRID:Addgene_20190
p0004S Jain et al.*® N/A
pGB-Dest Neuhold et al.*’ N/A
Software and algorithms
AlphaFold Jumper et al.*®, Varadi et al., 2022°° N/A
UCSF Chimera-X Goddard et al., 2018°" https://www.cgl.ucsf.edu/chimerax/
PyMol The PyMOL Molecular Graphics System, https://pymol.org/2/
Version 2.0 Schrédinger, LLC (Continued)
Coot Emsley et al.>” https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/
Python 3 Python https://www.python.org/
RStudio RStudio https://www.rstudio.com/

Proteome Discoverer 2.5
MaxQuant 2.1

Thermo Fisher Scientific
Cox et al., 2011°°

N/A

https://www.maxquant.org/maxquant/

Perseus 1.6 Tyanova et al.”* https://www.maxquant.org/perseus/

Cassiopeia N/A https://github.com/moritzmadern/
Cassiopeia_LFQ

MS Amanda Dorfer et al.>® https://ms.imp.ac.at/

Percolator Kall et al., 2007°° N/A

Biacore Insight Evaluation N/A N/A

Geneious N/A https://www.geneious.com/

Phenix Afonine et al., 2018°7, Liebschner et al.*® https://phenix-online.org/

MolProbity Williams et al.*® http://molprobity.biochem.duke.edu/ N/A

Prism GraphPad https://www.graphpad.com/scientific-
software/prism

Other

Cu/Pd Hexagonal 400 mesh grids Agar Cat#AGG2440PD

Nunc™ MicroWell™ 96-Well, Nunclon Fisher Scientific Cat#167008

Delta- Treated, Flat-Bottom Microplate

U-shaped 96-well glass-coated
microplates

flat 96-well plates Thermo Nunc Microwell

U-shaped 96-well glass-coated
microplates Sera-Mag

Sera-Mag SpeedBeads, variant 1
Sera-Mag SpeedBeads, variant 2
PepSwift Monolithic RSLC column
XBridge Peptide BEH C18 Column Acclaim
Acclaim PepMap C-18 precolumn
Acclaim PepMap C-18 column
Eclipse XDB-C18 (5 mm)

Pierce™ Avidin Agarose beads
Glass microfiber tips
Strep-Tactin® Sepharose® resin
Series S Sensor chip CM5

Series S Sensor chip NTA

Zeba™ Spin Desalting Columns, Plates,
and Cartridges, 7K MWCO, 0.5-100 mL

Fisher Scientific

Sigma-Aldrich
Fisher

Fisher Scientific

Cytvia

Cytvia

Thermo Fisher Scientific
Waters

Thermo Fisher Scientific
Thermo Fisher Scientific
Agilent

Thermo Fisher Scientific
GE Healthcare

Iba lifescience

Cytiva

Cytiva

Thermo Fisher Scientific

Cat#60180-P300

Cat#P8366-50EA

Cat#60180-P306

Cat#45152105050250
Cat#65152105050250
Cat#164542
Cat#186003613
Cat#160454
Cat#164942
Cat#990967-902
Cat#20219
Cat#1822-024
Cat#2-1201-025
Cat#29149603
Cat#BR100532
Cat#89882
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tim Clau-
sen (tim.clausen@imp.ac.at).

Materials availability

All unique materials and reagents generated in this study are available from the lead contact with a completed material transfer agree-
ment. There are restrictions to the availability of the generated BacPROTAC probes and simplified cyclomarin analogues generated in
this study due to a limited stock. Reasonable aliquots of the compounds are available until stocks run out from the lead contact with a
completed material transfer agreement.

Data and code availability

Coordinates of the ClpC2crp:pArg and the ClpC1yrp:Ecu” crystal structures have been deposited at the Protein Data Bank (PDBe)
under the accession codes 8B90 and 8B9U. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier PXD037231, PXD037232, PXD037234, PXD037235,
PXD037712 and PXD037730. PRM data has been submitted to PRIDE as well as to PanoramaWeb (PXD037198). The paper does
not report original code. Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

M. smegmatis mc3-155 (ATCC 7000084) was directly purchased from ATCC and freshly inoculated from glycerol stock.
M. smegmatis strain ATCC 607 was purchased from DSMZ (DSM 43465) and freshly inoculated from a plate. M. tuberculosis
H37Rv was obtained from William R. Jacobs Jr. (Albert Einstein College of Medicine) and freshly inoculated from glycerol stock.
The genomic knockout strains of M. smegmatis mc? 155 AclpC2::gmR, AclpC3::gmR, and 4AclpC2clpC3::gmR were obtained after
homologous recombination using the p2NIL/pGOAL*® (Addgene plasmid #20188; https://www.addgene.org/20188/; RRID:Addg-
ene_20188 and Addgene plasmid #20190; https://www.addgene.org/20190/; RRID:Addgene_20190) system adapted from Kendall
et al°® as described below and apart from the site of recombination can be considered isogenic to the parental strain. M. tuberculosis
AclpC2::hygR was obtained via specialized phage transduction and apart from the site of integration can be considered isogenic to
the parental strain.

Liquid cultures of all strains of M. smegmatis mc? 155 were inoculated with 5 ul of a glycerol stock (ODggq 0.5) into in Middlebrook
7H9 medium (Sigma) supplemented with 0.2% (v/v) glycerol and 0.025% (v/v) Tween80 (Sigma) and respective antibiotics if appli-
cable. That is, M. smegmatis transformed with the respective pMyC vectors were additionally supplemented with 50 ung/ml Hygrom-
ycin and 1 pg/ml Gentamicin was added for the knockout mutants. Constant agitation at 37 °C was applied and main cultures were
inoculated out of exponential growing overnight cultures. If applicable, ectopic expression was induced with 0.1% (w/v) acetamide.
Cells were harvested by centrifugation (3,000 x g, 5 min, 25 °C) and processed according to the respective experiment. M. smegmatis
strain ATCC 607 was cultivated as described above except that the medium was supplemented with 0.1% (v/v) glycerol. Solidified
medium was prepared using Middlebrook 7H10 agar (Difco) supplemented with 0.5% (v/v) glycerol. MIC assay plates for overexp-
ression strains were supplemented with 0.1% (w/v) acetamide and 50 ug/ml Hygromycin. All plates were incubated for 2.5-5 days at
37 °C. M. tuberculosis was grown aerobically at 37 °C in Middlebrook 7H9 liquid media supplemented with 10% DS (2% (w/v)
glucose; 0.085% (w/v) sodium chloride), 0.5% (v/v) glycerol and 0.025% (v/v) Tween 80. Solidified medium for Mtb was supple-
mented with 10% ADS (5% (w/v) bovine serum albumin; 2% (w/v) glucose; 0.085% (w/v) sodium chloride) and 0.5% (v/v) glycerol.
For the 4clpC2 gene deletion mutant, hygromycin was added to a final concentration of 50 pg/ml.

METHOD DETAILS

Isolation of chromosomal DNA

Mycobacterial chromosomal DNA was isolated using an adapted protocol derived from Belisle et al.®” In short, exponentially growing
cells of M. smegmatis mc2 155 were harvested at OD 1.5 by centrifugation for 15 min, 3000 x g, 4 °C. Cells were subsequently washed
with TE (10 mM Tris/HCI, pH 8.0, 1 mM EDTA) and the final cell pellet was weighed resulting in 600 mg wet weight. To initiate the
isolation, cells were frozen overnight at -80 °C. Subsequently, the thawed pellet was dissolved in 500 pl TE and incubated for 60 mi-
nutes with equal volumes of Chloroform:methanol (2:1) (20 °C, 600 rpm shaking with Thermo rocker). Aqueous and organic
phase were separated at 2,500 x g for 20 minutes and both phases were carefully removed by pipetting before the tube was dried
at 55 °C for 15 min. 375 ul TE were added and the suspension was rigorously dissolved by vortexing. pH was increased to 9.0 and
lysis was initiated by adding 0.01 x vol lysozyme (sigma) and incubation at 37 °C for 12 hours. Interfering proteins were handled by
adding 0.2 x vol 10% SDS, 0.02 x vol Proteinase K (VWR) and incubation for six hours at 55 °C. Extraction of DNA was performed at
room temperature and started by adding an equal volume of phenol/chloroform/isoamylalcohol (25:24:1) for 30 minutes. The
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aqueous layer was transferred into a new tube and phenol was washed out by adding an equal volume of chloroform:isoamyl alcohol
(24:1) for ten minutes and subsequent centrifugation for 30 min, 12000 x g. To remove waxy polar lipids and to precipitate the DNA,
0.1 x vol 3 M sodium acetate pH 5.2 and 1 x vol isopropanol were added to the clean aqueous phase. The suspension was incubated
for 60 minutes at 4 °C before the DNA was fished and winded up with a pipet tip to transfer it into a new tube. Subsequently, the DNA
was washed with ice cold (-20 °C) ethanol, centrifuged and ethanol was left to evaporate. Finally, the DNA was dissolved in 100 pl
nuclease free water and concentration was measured with DeNovix DS-11 FX+ Spectrophotometer, at the same time checking suf-
ficient purity of the DNA with 260/280 and 260/230 ratio. This procedure resulted in 1.2 ug/ul DNA which was used as template
for PCR.

Construction of mycobacterial mutants

The genomic knockout strains of M. smegmatis mc? 155 AclpC2::gmR, AclpC3::gmR, and 44clpC2clpC3::gmR were constructed
via homologous recombination using the p2NIL/pGOAL system adapted from.®° Briefly, a fusion product, which consists of
(i) upstream clpC2 or clpC3 homologous region, amplified from freshly isolated mycobacterial chromosomal DNA (mycobacterial
DNA was isolated from a late-exponential growth phase culture with an in-house protocol adapted from," see supplemental infor-
mation, (i) Kanamycin promotor amplified from p2NIL, (iii) Gentamicin resistance cassette amplified from pGB-Dest,*° (iv) Kanamycin
terminator amplified from p2NIL, and (v) downstream clpC2 or clpC3 homologous region amplified from mycobacterial chromosomal
DNA was ligated via Gibson assembly into the p2NIL plasmid, and transformed into E. coli XL10 Gold. The plasmid p2NIL-clpC2/
3HRup-Kanprom-gmR-Kanterm-clpC2/3HRdown was ligated with antibiotic cassette 19 from pGOAL19, again transforming into
E. coli XL10 Gold. The final plasmid was verified by sequencing and transformed into M. smegmatis mc? 155 via electroporation.
Preparation of competent cells and electroporation was performed according to.°® Successful double crossover mutants were veri-
fied by sequencing and PRM. All primer sequences are listed in Table S5. To generate M. smegmatis mc? 155 4 AclpC2¢cipC3::gmR,
electrocompetent cells of M. smegmatis mc? 155 AclpC3::gmR were transformed with p2NIL-cas19-clpC2HRup-Kanprom-gmR-
Kanterm-clpC2HRdown to initiate the crossover events.

Rv2667 (=clpC2) gene disruption in Mtb strain H37Rv was achieved employing specialized transduction.*® Briefly, an allelic ex-
change substrate was designed to replace clpC2 in Mtb with a ydres-sacB-hyg-ydres cassette comprising a sacB as well as a hy-
gromycin resistance gene flanked by res-sites of the yd-resolvase. Upstream and downstream flanking regions of the clpC2 gene
were amplified by PCR using primers listed in Table S5. Subsequently, the flanking regions were digested with the indicated restric-
tion enzymes and ligated with the Van97I-digested p0004S vector.*® The resulting allelic exchange plasmid was then linearized with
Pacl, cloned, and packaged into the temperature-sensitive phage ®phAE159,*° yielding knock-out phages that were propagated in
Msm at 30 °C. Allelic exchange in Mtb was achieved by specialized transduction at the non-permissive temperature of 37 °C, using
hygromycin for selection, resulting in gene deletion and replacement by ydres-sacB-hyg-ydres cassette. Obtained hygromycin-resis-
tant transductants were screened for correct gene disruption by diagnostic PCR analysis.

Cloning of overexpression constructs

For overexpression of c/pC2 and clpC3, the respective construct was inserted into pMyC*’ (pMyC was a gift from Annabel Parret &
Matthias Wilmanns (Addgene plasmid #42192; http://n2t.net/addgene:42192; RRID:Addgene_42192)) via Gibson assembly, using
isolated chromosomal DNA as template for insert PCR. ClpC2 was cloned either with a C-terminal 8xHis tag (for MIC assays) or a
C-terminal twinstrep tag (for IP) and ClpC3 was cloned with a C-terminal 6xHis tag. All primer sequences are listed in Table S5.
The Gibson assembly products were transformed into E. coli XL10 Gold and verified by sequencing. For ectopic overexpression,
the respective construct was transformed in M. smegmatis mc? 155 as described.®?

Protein expression and purification

Plasmids for expression in E. coli were transformed in BL21 (DE3) cells (ClpC2 His6, ClpC2-CTD His6 and ClpC3 His6 on pET21a
vector) or Rosetta (DE3) cells (ClpC1, CIpC1P"B, CIpP1 His4, ClpP2 His4) and grown in LB medium containing the respective anti-
biotics at 37 °C. Protein expression was induced upon addition of 0.5 mM isopropyl-1-thio-B-D-galactopyranoside (IPTG) at an ODggg
of 0.8. Subsequently, the temperature was reduced to 21 °C and cell growth resumed overnight. Cells were harvested by centrifu-
gation and lysed by sonication in purification buffer A (50 mM HEPES-NaOH pH 7.5, 75 mM KCI, 2 mM ETDA and 10% (v/v) glycerol)
supplemented with protease inhibitor and benzonase. The lysate was cleared by centrifugation followed by filtration of the superna-
tant (0.2 um).

For purification of ClpC1 (and CIpC1PVB), the cell pellet was suspended in buffer A. ClpC1 was precipitated from cleared super-
natant at 40% (w/v) ammonium sulfate at 4 °C overnight and collected by centrifugation. ClpC1 was resuspended in buffer A and
loaded on an anion exchange column (HiLoad 26/10 Q Sepharose column, GE Healthcare) equilibrated by buffer A. The column
was washed to baseline absorbance and ClpC1 was eluted in a gradient to 1 M KCI. Pure fractions were pooled, concentrated,
and loaded on a size exclusion chromatography (SEC) column (HiLoad, Superdex 200 16/60, GE Healthcare), equilibrated with buffer
C, containing 50 mM HEPES-NaOH pH 7.5, 150 mM KCl and 10% (v/v) glycerol. Purification was monitored for homogeneity by Coo-
massie stained SDS-PAGE. Fractions containing ClpC1 were pooled and concentrated before flash freezing in liquid nitrogen and
stored at -80 °C.
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For purification of ClpP1 or ClpP2, cells were suspended in buffer B, containing 50 mM HEPES-NaOH pH 7.5, 500 mM KCI and
1 mM TCEP. Cleared lysates were applied to a 5 ml agarose HisTrap column (GE Healthcare) equilibrated with buffer B, the column
was washed with additional 50 mM and later 75 mM imidazole. Bound proteins were eluted in a gradient to 250 mM imidazole. Pure
fractions were pooled and concentrated for application to SEC (Superdex 200 16/60, GE Healthcare) equilibrated with buffer C con-
taining 50 mM HEPES-NaOH pH=7.5, 150 mM KCI with additional 1 mM TCEP. Purification of CIpC2, ClpC2-CTD or ClpC3 followed
the identical protocol, except that buffer B contained 50 mM HEPES-NaOH pH=7.5, 150 mM NaCl, and buffer B contained 50 mM
HEPES-NaOH pH=7.5, 150 mM NaCl. Pure fractions were pooled after SEC, concentrated and aliquots were flash frozen in liquid
nitrogen, before storage at -80 °C. Processing of full-length ClpP1 and ClpP2 to the mature ClpP1P2 complex was performed as
previously described.®

Surface plasmon resonance (SPR)

For potent binders (KD < 1 uM), the CIpC1-NTD from M. tuberculosis and ClpC2 from M. smegmatis were chemically biotinylated
using the EZ-Link NHS-PEGA4-Biotin kit (Thermo Scientific) according to the manufacturer’s instructions. The following modifications
were made: The reaction was incubated for three hours, agitating at RT with a molar ratio of 1:5 between biotin reagent and protein in
10 mM HEPES, pH 7.4, 0.05% (v/v) Tween20, 150 mM NaCl (HBS-P+, Cytiva). Zeba Spin desalting columns (Thermo Scientific) were
subsequently used to get rid of non-reacted NHS-PEG4-Biotin. Streptavidin (Prospec) was immobilized to a density of 2000-3000
RUs onto all flow cells of a CM5 chip (Cytiva) at 25 °C, in 10 mM sodium acetate pH 5.0 using the amine-coupling kit (Cytiva). Bio-
tinylated ClpC1-NTD and ClpC2 were captured to flow cells 2 and 3. ClpC3 from M. smegmatis was captured and coupled via its
His6-tag onto flow cell 4 of a NTA chip (Cytiva), which was preloaded (Ni?*) and activated with EDCG/NHS according to the manufac-
turer’s instructions. For all three, capture-coupling was performed in HPS-P+ at 25 °C up to a density of 100-500 RUs. Similarly, for
weak binders (KD > 1 uM), ClpC1-NTD, ClpC2 and ClpC3 were capture coupled onto flow cells 2, 3 and 4 of a NTA chip, respectively,
to a density of 1200 - 2000 RUs. The binding of the compounds was subsequently measured on a Biacore T200 instrument (Cytiva) at
25 °C in 25 mM Tris(hydroxymethyl)Jaminomethane, pH 7.5, 150 mM NacCl, 1% (v/v) DMSO, 0.01% (v/v) Tween20, in two different
protocols depending on the binding potency of the compounds measured. At least three independent measurements were per-
formed for each compound with mean values reported. For potent binders, sensorgrams were recorded at five different compound
concentrations in single-cycle mode, at a flow rate of 100 pl/min, 20 s contact time and 600 s dissociation time. dCym served as pos-
itive control. Weak binders were measured in multi-cycle mode, at nine concentrations and a flow rate of 30 ul/min, 60 s contact time
and 600 s dissociation time. As a positive control, phosphoarginine was used. Sensorgrams were double referenced prior to data
analysis using Biacore Insight Evaluation Software. Data were fitted using the 1:1 interaction model with a term for mass-transport
included. Single-cycle data were fitted kinetically. For multi-cycle data, steady state affinity fits were used. Kp, values are reported in
Table S2. Representative sensorgrams and fits are shown in Data S1A.

Analytical size exclusion chromatography (aSEC)

For size exclusion runs, 25 M CIpC1P"E (inactive ATPase mutant, capable of binding, but not hydrolyzing ATP and stabilized in its
hexameric state) or ClpC1PWB-F444A yas premixed together with equimolar levels of dCym or DMSO (%) in running buffer (50 mM Tris
pH 7.5, 100 mM NaCl, 5 mM MgCl, and 0.5 mM ATP). Samples were loaded using a 30 puL loop on a Superose 6 3.2/300 increase
column (GE healthcare), previously equilibrated in running buffer. Runs were performed at room temperature at a 0.05 mL/minute
flow rate. 100 uL fractions were collected for grid preparation for further electron microscopy analysis.

Negative staining EM

In the presence of dCym, ClpC elutes at higher molecular weights in a second peak earlier than the ClpC1 hexameric peak.
Fractions covering this elution volume were selected for ClpC1P"B and ClpC1PWB-F444A previously incubated with dCym or
DMSO. Grids were prepared with glow-discharged carbon-coated Cu/Pd Hexagonal 400 mesh grids (Agar Scientific) using 5 ul pro-
tein sample and stained with a solution of 2% uranyl acetate. The grids were screened and then imaged on a Morgagni microscope
equipped with a Morada camera (Olympus-SIS) using a pixel size of 4.7 A/px.

1 DwB

In vitro substrate degradation assay
The effect of dCym and Ecu* on a-casein and B-casein degradation by mycobacterial ClpC1P1P2 was tested using in vitro degra-
dation assays. Hexameric M. smegmatis ClpC1 (0.5 uM) together with mature (14-mer complex after pro-peptide cleavage)
M. smegmatis ClpP1P2 (0.3 uM) was incubated shortly with either 100 uM Ecu* (in DMSO), dCym (in DMSO) or DMSO as control.
A final DMSO concentration of 1% was used for all conditions. The assay was set up using 15 1M substrate («-casein or B-casein),
20 mM phosphoenolpyruvate (PEP) and 10 U/ml pyruvate kinase (Sigma Aldrich) in a buffer containing 50 mM HEPES pH 7.5, 100 mM
KCI, 10 mM MgCl, and 10% (v/v) glycerol. To start the reaction, ATP was added to a final concentration of 5 mM and the reaction was
incubated at 37 °C. Timepoints of 5 ul were taken before reaction start and then after 10, 20 and 45 minutes. To stop the reaction, SDS
sample buffer was added prior to an SDS-PAGE and Coomassie staining. To test competition for B-casein binding of ClpC2 and
ClpC1, ClpC2-CTD equimolar to ClpC1 was added to the degradation assay, without using compound or DMSO.

In addition, to test in vitro competition for substrate binding of ClpC2 and ClpC1, the pArg-JQ1 and dCym-JQ1 treatment was car-
ried out using ClpC2 at levels equimolar and in 4x excess to ClpC1. Here, ClpC1, ClpP1P2 and ClpC2 were incubated together with
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100 uM compound with BRDTgp¢-Nrdl as substrate (the attached Nrdl represents a physiological B. subtilis ClpC substrate), while
the assay was otherwise carried out as described above.

To account for solubility issues of HBPs, the final reactions contained 1.5 uM substrate protein M. tuberculosis ClpC1-NTD, 15 mM
PEP and 40 mM MgCl, in the assay buffer. All other conditions were kept as described above.

In vitro CIpC2 pulldown

Substrate binding to ClpC2 and occupation of the conserved hydrophobic pocket was tested by performing a pulldown of 15 pM
ClpC2-His using Ni-NTA agarose beads (Qiagen), together with equal concentrations of the substrates «-casein and B-casein in a
buffer containing 50 mM HEPES pH 7.5 and 100 mM KCI. As control, empty beads were incubated with substrate alone. The sample
was washed three times with the same buffer containing 25 uM imidazole. To test competition of substrate and antibiotics for the
same binding site, after incubation of ClpC2 with substrate, 25 pM dCym was added. His-tagged ClpC2 (and controls) was eluted
from the beads by addition of 250 uM imidazole and the samples were subsequently evaluated via SDS-PAGE.

Co-crystallization and structure determination

Purified ClpC2-CTD at a concentration of 15 mg/mL and supplemented with 100 mM pArg was crystallized using a reservoir solution
containing 12.5% (w/v) PEG 1000, 12.5% (w/v) PEG 3350, 12.5% (v/v) MPD, 0.02 M of each amino acid and 0.1 M MES/imidazole pH
6.5. Crystals were grown at room temperature, directly harvested and flash-cooled in liquid nitrogen. Diffraction data at a resolution of
2.0 A were collected at the beamline P11 at DESY (Hamburg, Germany). ClpC1-NTD was purified as previously described.?® Purified
ClpC1-NTD at a concentration of 15 mg/mL and supplemented with 1 mM of Ecu** was crystallized using a reservoir solution con-
taining 10 mM Tris-HCI pH 7.5 and 3.1 M sodium formate. Crystals were grown at room temperature transferred into the reservoir
solution supplemented with additional 20 % (v/v) glycerol and flash-cooled in liquid nitrogen. Diffraction data at a resolution of
2.25 A were collected at an in-house X-ray source. Initial phases were obtained by Molecular Replacement using PHASER and
the structure of ClpC1nrp (PDB: 3WDB)** as starting model. The model was improved in iterative cycles of manual building using
Coot®? and refinement with Phenix,*® omitting 5% of randomly selected reflections for calculation of Rfree. Model quality was moni-
tored using MolProbity® and the final model exhibited good stereochemistry (Table S3). Structural illustrations were made using
PYMOL.%®

M. smegmatis sample preparation for MS analysis

Exponentially growing cells as described in the experimental models section were harvested by centrifugation at and concentrated to
an ODggg of 5 in fresh 7H9 medium. 750 pL aliquots were transferred into each well of a 24-well glass-coated microplate (WebSeal
Plate+, Thermo Scientific) and treated with either 15 ul DMSO or 15 pul of a 1 mM dCym or Ecu* stock (to achieve a final concentration
of 10 uM compound and 1% DMSO per well). Subsequently, another 750 pl cell culture was added to ensure proper mixing of the
compound. Each treatment was performed in triplicates. Before treatment, after 30 minutes incubation and after 120 minutes incu-
bation, 250 pL of cell suspension was harvested from each well, and the resulting pellets were flash-frozen in liquid nitrogen. Prior to
cell lysis, pellets were thawed, resuspended in 100 pL lysis buffer (50 mM HEPES pH 7.2, 150 mM KCI) and lysed for 10 minutes using
a Bioruptor (Diagenode, 10 cycles, 30 seconds on - 30 seconds off) after adding a small amount of glass beads. The lysates were
clarified by centrifugation (10 minutes, 4 °C, 20,000 x g), flash-frozen and stored at -80 °C.

For the treatment of M. smegmatis mc? 155 WT and AclpC2::gmR with higher compound concentration, a culture volume of 600 pl
at ODgop of ~5 (300 pl + 300 pl) was incubated with a final concentration of 150 uM dCym or DMSO (final concentration = 1%). 250 pl
were collected before treatment, after two hours and six hours and processed as described above.

For intracellular degradation proteomics, M. smegmatis strain ATCC™ 607™ was used. A final concentration of 12.5 uM Homo-
BacPROTAC was applied for treatment. For the intracellular degradation assay, 100 ul concentrated cell suspension (concentrated
by factor 5) were incubated for 24 hours. To harvest the cells, 90 pl cell suspension from each well was centrifuged at 4,000 x g and 23
°C for 3 min, resuspended in 100 pl cold lysis buffer (50 mM HEPES pH 7.5, 150 mM KCI, 10% glycerol (v/v)) containing complete
protease inhibitor cocktail (EDTA-free, Roche) and stored on ice until lysis. Cells were lysed in a Bioruptor Pico and centrifuged at
21,000 x g and 4 °C for 30 min. The supernatant was flash frozen in liquid nitrogen and stored at -80 °C.

Whole cell proteomics & PRM sample preparation

Cleared lysates were processed according to the single-pot SP3 protocol®® for low input proteomics sample preparation. Each lysate
of 100 ul was reduced with 10 mM dithiothreitol (DTT, Sigma Aldrich) for 45 minutes at 37 °C and subsequently alkylated with 20 mM
iodoacetamide (IAA, Sigma Aldrich) at room temperature for 60 minutes. In parallel, a 1:1 mixture of 50 mg/mL Sera-Mag
SpeedBeads (GE Healthcare, cat. no. 45152105050250) and 50 mg/mL Sera-Mag SpeedBeads (GE Healthcare, cat. no.
65152105050250), exhibiting different surface hydrophilicity, was washed, and prepared in water. To each lysate, 15 uL of the pre-
pared SP3 bead stock was added and binding was induced by the addition of 100 pL ethanol. To ensure proper binding, samples
were incubated on a shaker for five minutes at 24 °C and 1000 rpm. After protein binding, beads were washed three times with 200 puL
rinsing solution (80% ethanol in water) while being kept on a magnetic rack. Protein elution from the beads was enforced by addition
of 100 mM ammonium bicarbonate buffer (pH = 8.5, Sigma Aldrich). To disaggregate the beads, the tubes were shortly sonicated in a
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water bath. For protein digestion, 1:25 wt/wt ratio of trypsin to protein was added and the samples were incubated overnight at 37 °C
in a thermo-shaker at 1000 rpm. Finally, 5% TFA was used to adjust the pH to 3, prior to MS analysis.

Immunoprecipitation (IP) sample preparation

Cultures of M. smegmatis mc2-155 cell lines AclpC2:ev and AclpC2:ClpC2™nsP a5 described in the cloning and cultivation section
were harvested by centrifugation, the pellet was taken up in 500 pl buffer (50 mM HEPES pH 7.2, 100 mM KCI) and subsequently lysed
for 10 minutes using a Bioruptor (Diagenode, 10 cycles, 30 seconds on - 30 seconds off) after adding a small amounts of glass beads
to the suspension. The lysates were clarified by centrifugation, the protein concentration was determined, and the volume was adapt-
ed accordingly. For the IP, 20 ul of Twin-strep bead resin (Iba lifescience) was added and the samples were incubated at 4 °C for
20 minutes on a shaker. The supernatant was removed in spin columns and the beads were washed five times with buffer. After
elution of proteins from the beads in 100 pl buffer BXT (Iba lifescience), samples were denatured and reduced with SDC (10 pl,
20%) and 10 mM DTT at 60 °C for 10 minutes and subsequently alkylated with 20 mM IAA at room temperature for 30 minutes.
The samples were digested with trypsin (1:50 ratio to protein) at 37 °C overnight. To remove SDC, TFA (10%) was added to a final
concentration of 1%. Samples were cleared and the supernatants were desalted using spin columns (Pierce).

Sample quality control for MS analysis

Sample amount and quality was determined by HPLC-UV using a Dionex UltiMate 3000 HPLC RSLC nanosystem with a PepSwift
Monolithic RSLC column (0.2 x 5 mm, Thermo Fisher Scientific) at 60 °C. Peptides were separated using a 20 minutes 2-90% elution
gradient of buffer B (80% ACN, 20% H,0, 0.1% TFA).

Label free quantification mass spectrometry

LC-MS/MS analysis was performed on a Dionex UltiMate 3000 HPLC RSLC nanosystem using an Acclaim PepMap C-18 precolumn
(0.3 x5 mm, Thermo Fisher Scientific) and an Acclaim PepMap C-18 column (50 cm x 75 um, Thermo Fisher Scientific) coupled toa Q
Exactive HF-X hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific) or a Orbitrap Exploris 480 (Thermo Fisher
Scientific). Measurements using FAIMS on the Orbitrap Exploris 480 were performed at CV -45V and CV -60 V. Peptides were sepa-
rated using a 180 min linear gradient of 2-35% buffer B (80% ACN, 20% H,0, 0.1% FA) at a flow rate of 230 nL/min. MS1 spectra were
generated in a 380-1,650 m/z mass range at a 120,000 orbitrap resolution, AGC target of 3 x 10°, with a maximum injection time of
50 ms. The top 10 precursors were selected for MS2 analysis using a 0.7 m/z quadrupole precursor isolation window, allowing charge
states 2-4 and a dynamic precursor exclusion of 30 s. The orbitrap was operated at 45,000 resolution with an AGC of 1 x 10° and a
NCE of 35% at a maximum injection time of 250 ms.

LFQ-MS and IP-MS data analysis

MS raw data were analyzed using MaxQuant (1.6.17.0) and Proteome Discoverer 2.3 (PD 2.3.0.523, Thermo) and the search was
performed against a database of the M. smegmatis 2019 Uniprot Reference Proteome with contaminants added. The database
search allowed tryptic peptides (> seven amino acids) with two missed cleavages at a precursor mass tolerance of 5 ppm and
0.02 Da MS2 tolerance. Static alkylation of cysteine and variable oxidation of methionine was considered. Match between runs
and LFQ was enabled (MQ only) and a 1% false discovery rate cutoff was applied at PSM and protein level. In Proteome Discoverer
the search engine MS Amanda®® was used, the Percolator®® was used for peptide scoring and filtering and protein quantification was
performed using the in-house tool IMP-apQuant (https://ms.imp.ac.at/index.php?action=apQuant).

Statistical analysis of PD results as well as data normalization were performed in Perseus 1.6.>* The samples were first filtered on
high confidence FDR level and then normalized by their mean sum. Additionally, contaminants were removed, rows are filtered based
on minimal values of 70% and missing values were replaced based on normal distribution.

Statistical analysis of MQ results as well as data normalization was performed in R using the in-house built LaTeX script Cassiopeia
(https://github.com/moritzmadern/Cassiopeia_LFQ). Data were filtered for contaminants, for protein groups with less than two razor
and unique peptides and for missing valid values in raw intensities with a cutoff of less than three valid values in at least one group.
The remaining missing values were imputed from normal distribution. All mass spectrometry proteomics data in this manuscript have
been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repos-
itory®® with the dataset identifiers PXD037231, PXD037232, PXD037234 and PXD037235.

Parallel reaction monitoring (PRM) analysis

LC-MS/MS analysis was performed on a Dionex UltiMate 3000 HPLC RSLC nanosystem using an Acclaim PepMap C-18 precolumn
(0.3 x5 mm, Thermo Fisher Scientific) and an Acclaim PepMap C-18 column (50 cm x 75 um, Thermo Fisher Scientific) coupledtoa Q
Exactive HF-X hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific). Peptides were separated using a 180 min
linear gradient of 2-35% buffer B (80% ACN, 20% H,0, 0.1% FA) at a flow rate of 230 nL/min. MS1 spectra were recorded before
every target cycle in a 375-1,500 m/z mass range at a 30,000 orbitrap resolution, AGC target of 3 x 10°, with a maximum injection time
of 60 ms. MS2 spectra were generated for targets from the isolation list using a loop count of 10. A 0.7 m/z quadrupole precursor
isolation window was used, at 30,000 orbitrap resolution with an AGC of 2 x 10°% and a NCE of 35% at a maximum injection time
of 200 ms. For absolute quantification, heavy peptides (JPT) were included in the isolation list.
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PRM data analysis

A peptide search was performed in Skyline against a database containing ClpC1, ClpC2 and ClpC3 together with three housekeeping
proteins. Tryptic peptides (> seven amino acids) were considered, with one missed cleavage and a precursor and MS2 mass toler-
ance of 10 ppm using the PRM acquisition method. Static alkylation of cysteine and variable oxidation of methionine was considered.
For absolute quantification, a C-terminal 13C(6)15N(4) label was included. For the analysis, the top three MS2 ions were selected for all
proteins and the “total area fragment” was normalized to the “average sum total area fragment” of the housekeeping proteins. For
interpretation of absolute quantification, a ratio between light and heavy peptides was calculated. PRM data has been uploaded to
the PanoramaWeb®’ repository (https://panoramaweb.org /iBzWpn.url; PXD037198).

M. tuberculosis samples for MS analysis

Cells of Mtb H37Rv WT and Ac/lpC2 mutant were grown in 20 ml supplemented Middlebrook 7H9 medium to a final ODggg nm Of 1.
Cells were then treated with 7.8 uM HBPs or an equal volume of DMSO as solvent control and incubated for 48 h at 37 °C. Subse-
quently, cells were centrifuged at 4 °C and washed twice with PBS (137 mM NaCl; 2.7 mM KCI; 10 mM NasHPOy,; 1.8 mM KH,POy; pH
7.4). Cells were resuspended in 750 pL of PBS and lysed by bead-beating in a TissueLyser LT (Qiagen) using 100-um silica zirconium
beads (50 Hz; 15 min). Afterwards, an appropriate volume of 4x lysis buffer (4% (w/v) SDS, 40 mM TCEP, 160 mM CAM, 200 mM
HEPES) was added to the cells and incubated for 10 min at 95 °C. After centrifugation, the cleared supernatant was collected
and used as protein lysate. To remove viable bacteria and ensure safety, the protein lysates were sterile filtered twice through a
bacteria-tight 0.2 uM cellulose acetate filter.

Pull-down assays in M. tuberculosis

Freshly prepared M. tuberculosis H37Rv lysate as described above was divided into samples containing a total amount of 400 pg
protein in 499 uL PBS. To each sample, 1 uL of either DMSO or the respective probes (1 mM) were added and the samples were
incubated for one hour while shaking (1250 rpm, 30 min at 4 °C, followed by 30 min at room temperature). Pierce™ Avidin Agarose
beads (Thermo Fisher Scientific) were equilibrated in PBS and 100 pL of a slurry suspension was added to each sample (approx.
50 pL bead volume). For proper binding of the biotin probes, the samples were incubated for one hour while shaking (1250 rpm)
at room temperature. Subsequently, the beads were washed three times with PBS or in case of the competition control group
with 20 uM CycloA_D9-containing PBS. An additional washing step was performed with PBS to eliminate most of the competitor.
The beads were taken up in 100 puL 6 M urea in 50 mM NH4HCO3 (ABC) buffer, containing 20 mM DTT. After one hour of incubation,
40 mM IAA was added for alkylation of proteins and the samples were incubated for one further hour. To inactivate unreacted IAA, an
equivalent amount of DTT was added and the urea concentration was reduced to 1 M by diluting the samples with 50 mM ABC buffer.
For digestion, 1 ug of Trypsin (Promega) was added to each sample followed by incubation for 13 hours shaking at 37 °C. The peptide
solution was acidified to 1% formic acid (FA; Fisher Chemical) and separated from the beads. The beads were washed with 1% FAin
50 mM ABC buffer and the peptide solutions were combined for further processing. To eliminate any residual beads, samples were
passed through equilibrated glass microfiber tips (pore size: 1.2 um, thickness: 0.26 mm, two disks per tip; GE Healthcare, 1822-024).
Peptides were desalted on home-made C5 StageTips as described before.®® For analysis, the samples were dissolved in 10 pL of
0.1% FA in water and 4 pL peptide solution was loaded on a fused silica capillary column with integrated 10 um PicoFrit emitter with a
length of 460 mm and an inner diameter of 75 um (New Objectives PF360-75-10-N-5), self-packed with Reprosil-Pur 120 C18-AQ
material (1.9 um particles with 100 A pore size, Dr. Maisch). The gradient was generated by an EASYnLC 1200 liquid chromatography
(Thermo Fisher Scientific), using 0.1% FA in water (solvent A) and 0.1% FA with 20% water in ACN (solvent B). Peptides were sepa-
rated using a 105 min gradient at a flow rate of 300 nL/mL at 50 °C. Peptides were ionized using a Nanospray Flex ion source (Thermo
Fisher scientific) and MS acquisition was performed in an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific). MS1
spectra were recorded in a 375-1,800 m/z mass range at a 120,000 Orbitrap resolution, with standard AGC target settings at 50 ms
maximum injection time. Data dependent MS2 spectra were generated using a loop cycle of three seconds with a dynamic exclusion
duration of 30 seconds. A 1.2 m/z quadrupole precursor isolation window was used, at rapid ion trap scan rate with 300% of normal-
ized AGC target and stepped HCD fragmentation (20, 30, 45%) with automated maximum injection time settings.

Whole cell MS from M. tuberculosis

Whole proteome samples were prepared following a modified SP3 protocol.”” To this end, 15 to 20 pg of protein extract prepared as
described above were treated with benzonase (40 mU/uL, EMD Millipore, 71206) for 30 min at 37 °C, followed by protein alkylation
with 10 mM IAA for another 30 min at room temperature. An equal mixture of hydrophilic (Cytiva) and hydrophobic Sera-Mag
SpeedBeads (Cytiva) was equilibrated to water and the beads were added to the samples to a concentration of 1 pg of particles
per microliter of sample. Protein binding was induced by adding a similar volume of ethanol to the suspension followed by subse-
quent incubation for 30 min while shaking (1500 rpm) at room temperature. The beads were collected on a magnetic stand and
washed three times with 180 uL of 80% ethanol to eliminate detergents and salts. Digestion was started by adding 100 pL of
25 mM ABC buffer containing 0.6 ng trypsin and 0.6 pg LysC. Disaggregation of the particles was promoted by sonicating the sam-
ples in a heated water bath (35-37 °C) in the first 5 min of the digestion reaction. After incubation for another 16 hours at 37 °C while
shaking (1500 rpm), the beads were collected on a magnetic stand and the supernatant containing the tryptic peptides was sepa-
rated from the beads. The particles were then washed with 25 mM ABC buffer and the combined peptide solutions were acidified
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to a final concentration of 2% TFA. To eliminate any residual particles, samples were centrifuged at 21,000 g for 2 min and desalted on
homemade C,g StageTips as described before.®® Dry peptides were dissolved in 15 pL of 0.1% FA in water and peptide concentra-
tion was adjusted to 200 ng/uL. For analysis, 500 ng of peptides were loaded on a fused silica capillary column with integrated 5 um
PicoFrit emitter with a length of 410 mm and inner diameter of 75 um (ESI Source Solutions PTC3-75-50-SP), self-packed with Ki-
netex XB-C18 material (1.7 um core shell with 100 A pore size, Phenomenex). The gradient was generated by an EASYnLC 1200 liquid
chromatography (Thermo Fisher Scientific), using 0.1% FA in water (solvent A) and 0.1% FA with 20% water in ACN (solvent B). Pep-
tides were separated using a 105 min gradient at a flow rate of 350 nL/mL at 50 °C. Peptides were ionized using a Nanospray Flex ion
source (Thermo Fisher scientific) and MS acquisition was performed in an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific). MS1 spectra were recorded in a 375-1,800 m/z mass range at a 240,000 Orbitrap resolution, with standard AGC target
settings and an automatic maximum injection time. Data dependent MS2 spectra were generated using a loop cycle of three seconds
with a dynamic exclusion duration of 20 seconds. A 1.2 m/z quadrupole precursor isolation window was used, at rapid ion trap scan
rate with 300% of normalized AGC target and stepped HCD fragmentation (20, 30, 45%) with automated maximum injection time
settings. M. tuberculosis mass spectrometry proteomics data has been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifiers PXD037712 and PXD037730.

Minimum inhibitory concentration (MIC) assay

Minimum inhibitory concentration testing in M. smegmatis was performed using the same agar-based assay as performed in
Morreale et al.”® In brief, a dilution series of each compound is prepared in 96-well plates, followed by adding agar (+ additives if
applicable) to each well. Subsequent spotting of equal amounts of exponentially growing cells in each well foregoes the incubation
of the plates at 37 °C. The optical readout after a few days allows for semiquantitative analysis of the minimum inhibitory concentra-
tion which prevents cell growth. For experiments with overexpression strains, the agar is supplemented with 0.1% Acetamide and
100 pg/ml Hygromycin to continue the expression of the respective gene during plate incubation. In this case, the overexpression is
already induced during liquid cultivation.

Dose response curves in M. tuberculosis

Minimum inhibitory concentration of compounds in Mtb was quantified by dose response curves using the resazurin microplate
assay as described previously.®® In short, a two-fold serial dilution of tested compounds has been prepared in a polystyrene
U-bottom 96-well plate (Greiner) to reflect a dose-response curve ranging from 100 uM to 0.048 uM final concentrations. Equal
amounts of exponentially growing cells (ODggp nm < 1, diluted to 1 x 10° CFU/ml) were then added into each well to a total volume
of 100 pl and cultivated for five days at 37 °C (5% CO,, 80% humidity). Subsequently, 10 ul resazurin solution (100 pg/ml, Sigma
Aldrich) was added into each well and incubated overnight. Cells were fixed at room temperature for 30 min after the addition of
10% (v/v) formalin, and growth was quantified based on fluorescence using a microplate reader (TECAN) (excitation: 540 nm, emis-
sion: 590 nm). Relative growth was calculated with respect to the DMSO solvent control (= 100%) and uninoculated wells (= 0%).
Experiments were performed in triplicates. MIC5q values were calculated using GraphPad Prism 7 software.

Checkerboard assay

The Checkerboard analysis was used to evaluate compound susceptibility in presence of additional stressors. The experimental pro-
cedure was performed in a MIC or dose response curve assay as described above. For combinations with heat stress in
M. smegmatis, a simultaneous increase in temperature in the first dimension was combined with reducing compound concentrations
in the second dimension in a way that the final plates, already containing compound dilution series as well as cells, were incubated for
the respective time at elevated temperatures and subsequently transferred to 37 °C until colonies were grown. Kanamycin was used
as control. For dose response curves to simulate low ATP levels, Mtb H37Rv was exposed to increasing bedaquiline concentrations
and HBPs or Rifampicin.

Kill curve assay

To enable monitoring of cell viability upon stress or compound incubation, exponentially growing liquid cell cultures were incubated
with the respective compound in 1% DMSO or exposed to the physical stress over a time of 72 h, respectively. Every few hours, equal
amounts of cells (10° and 10* CFU/ml) were plated in quadruplicates onto 7H10 agar. After incubation at 37 °C for two days, colonies
were counted and CFU/ml were calculated and plotted as mean + SD, normalized to the respective control cultures if applicable.

Minimum inhibitory time (MIT) assays

Minimum inhibitory time testing combines kill curve assays with an optically easier readout. Exponentially growing liquid cultures
were exposed to the respective stressor and incubated over time. In our case, flasks were transferred to 53 °C for five hours. Starting
with a control before flasks were transferred (t0) as well as after each timepoint (t1 =1 h, 12 =2 h, t5 = 5 h), equal amounts of cells were
plated onto 7H10 agar. Precisely, a dilution series starting with 5 ul of 1x10° cells, followed by three serial 1:10 dilutions, thereby en-
compassing 5 l of 1x10°%, 1x10%, and 1x10% cells, respectively, was spotted onto the plate. The plates were then incubated at 37 °C
for two days and growth performance is optically compared between the spots.
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Resistance screens and WGS in M. tuberculosis

Spontaneous single-step resistant mutants were isolated by plating each approximately 6 x107cells of Mtb H37Rv on solid me-
dia containing either 12.5 uM HBP6 or 9.4 uM HBP7, respectively. After six weeks, four colonies were isolated and subjected to
MIC assays with 1:2 serial dilutions of both compounds. Rifampicin and Ethambutol were used as reference antibiotics in
equally generated dose response curves of all clones. For whole genome sequencing (WGS), genomic DNA samples isolated
from the mutants were quantified by photometric measurement using a NanoDrop One device (Thermo Fisher Scientific Inc.)
and quality measured by capillary electrophoresis using the Fragment Analyzer and the ‘High Sensitivity genomic DNA Assay’
(Agilent Technologies, Inc.). Library preparation was performed according to manufacturer’s protocol using TruePrep DNA
Library Prep Kit V2 for lllumina (1ng) (Vazyme Biotech Co.; Ltd). Libraries were normalized to 4 nM and pooled and subsequently
sequenced on a MiSeq system (lllumina Inc) with a read setup of 2x250 bp. The reads were assembled and mapped to the
reference genome using the CLC Genomics Workbench (Qiagen), using Mtb H37RvMA as a reference (GenBank accession
GCA_000751615.1).** Mean depth of coverage ranged from 73x — 121x. Genetic alterations observed during whole-genome
resequencing analyses of spontaneous HBP6- or HBP7-resistant Mycobacterium tuberculosis H37Rv mutants were named
as followed: HBP6 #1, #2, #3: SNP t—g at nucleotide 238 out of 2547 bp, causing amino acid substitution F80V in clpC1
and frame shift, deletion -g at nucleotide 60 out of 6336 bp in mas; HBP7 #1: SNP t— c at nucleotide 83 out of 2547 bp, causing
amino acid substitution 128T in clpC1.

Chemical Synthesis of Ecu**

2-CTC resin (1.33 mmol/g) was swelled in 5 vol% iProNEt/CH,CI, (0.015 M) and shaken for 20 min. The solvent was discharged and
the resin washed with CH,ClI, (x 5). The resin was treated with the Fmoc-Gly-OH (4 eq. in regards to predicted resin loading) and
iProNEt (8 eq.) in CHCl, (0.05 M) and shaken at room temperature for 16 h. The coupling solution was discharged and washed
with CH,Cl, (x 5), DMF (x 5) and CH,Cl, (x 5). The resin was treated with a capping solution of 17:2:1 (v/v/v) CH,Cl,/iProNEY/
MeOH and shaken at room temperature for 30 min. The capping solution was discharged and the resin washed with CH,Cl, (x 5)
and DMF (x 5). The resin-bound peptide was treated with a solution of 10 vol% piperidine/DMF (2 x 3 min). The deprotection solution
was discharged and collected and the resin washed with DMF (x 5), CH,Cl, (x 5) and DMF (x 5). The combined deprotection solutions
were made up to 25 mL using 10 vol% piperidine/DMF and diluted 1:100 with 10 vol% piperidine/DMF. The amount of peptide loaded
to resin was determined by measurement of the UV absorbance at A = 301 nm of the diluted deprotection solution. The resin-bound
peptide was treated with a solution of a Fmoc-L-Trp(Boc)-OH acid (4 eq.) and subjected to HATU coupling conditions: HATU (4 eq.),
iProNEt (8 eq.) in DMF (0.1 M in regards to loaded peptide) and shaken for 2 h at room temperature. The coupling solution was dis-
charged and the resin washed with DMF (x 5), CH.Cl, (x 5) and DMF (x 5). The resin-bound peptide was next Fmoc-deprotected: the
resin was treated with a solution of 10 vol% piperidine/DMF (2 x 3 min). The deprotection solution was discharged and the resin
washed with DMF (x 5), CH.Cl, (x 5) and DMF (x 5). The resin-bound peptide was treated with a solution of
2-nitrobenzenesulfonyl chloride (4 eq.) and 2,4,6-trimethylpyridine (10 eq.) in NMP (0.1 M in regards to loaded peptide) and shaken
at room temperature for 20 min. The protection solution was discharged and the resin washed with DMF (x 5), CH,Cl, (x 5) and THF
(x 10). The resin-bound peptide was treated with a solution of PPh; (5 eq.) and anhydrous MeOH (10 eq.) in anhydrous THF (0.2 M in
regards to loaded peptide). The resin was shaken at room temperature for 1 min at which point an additional solution of DIAD (5 eq.) in
THF (0.2 M in regards to loaded peptide) was sucked into the fritted syringe. The resin was shaken for 15 min, the solution was dis-
charged and the resin washed with DMF (x 5), CH,Cl, (x 5) and DMF (x 5). The resin-bound peptide was treated with a solution of DBU
(5 eq.) and 2-mercaptoethanol (10 eq.) in NMP (0.1 M in regards to loaded peptide) (2 x 5 min). The deprotection solution was dis-
charged and the resin washed with DMF (x 5), CH,Cl, (x 5) and DMF (x 5). The resin-bound peptide was treated with a solution of a
Fmoc-N-Me-L-Ala-OH (2 eq.) and subjected to HATU/HOAL coupling conditions: HATU (2 eq.), HOAt (4eq.) and iPr,NEt (4 eq.) in DMF
(0.1 M in regards to resin loading) and shaken for 8 h at room temperature. The coupling solution was discharged and the resin
washed with DMF (x 5), CH,Cl, (x 5) and DMF (x 5). The resin was then Fmoc-deprotected (using the aforementioned protocol).
The resin-bound peptide was treated with a solution of Fmoc-L-Val-OH (4 eq.) according to the HATU/HOAt coupling conditions
used previously. Fmoc-L-Val-OH was coupled three times to ensure complete coupling. Coupling progress was monitored via
UPLC-MS. The resin-bound peptide was then Fmoc-deprotected and treated with a solution of Fmoc-N-Me-L-Leu-OH according
to the HATU coupling conditions mentioned previously. The resin bound peptide was then Fmoc-deprotected. The resin-bound
peptide was washed with CH,Cl, (x 10) and then treated with a solution of 30 vol% HFIP/ CH,Cl, (3 x 20 min). The cleavage solution
was discharged, collected and concentrated under a stream of N, and dried in vacuo. The crude protected linear peptide was purified
by preparative RP-HPLC using a Sunfire OBD 5 um 19 x 150 mm (C18) column using a gradient of 30 — 45% ACN in H,O (0.1% TFA)
over 30 min at a flow rate of 25 mL/min. The peptide was lyophilized to yield the protected linear peptide as a trifluoroacetate salt
(86 mg, 82% over 12 steps from resin loading, average of 98% per step). The peptide (1.09 mg, 1.36 umol) was deprotected with iPrs
SiH:TFA:CH,Cl, (2:49:49, v/v/v, 1 mL) and stirred at room temperature for 1 h, then concentrated under a stream of N,. The
peptide was redissolved in ACN:H,O (1:1, v/v, 1 mL) with 1 drop of AcOH and stirred at room temperature overnight. The peptide
was then lyophilized to give the pure deprotected linear peptide (1.0 mg, 82% over 13 steps from resin loading). The peptide was
re-lyophilized five times with 0.25 M HCI to convert the trifluoroacetate salt to the hydrochloride salt. NMR data are provided in
Data S1C.
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Chemical Synthesis of dCym-JQ1 (SRG-II-19F)

Reactions were monitored by LC/MS (Shimadzu Prominence-i LC-2030, column: Phenomenex Onyx C18, 50 x 4.6 mm, Shimadzu
LCMS-2020, (ESI)). Flash chromatography (reversed phase) was conducted with a Biichi Reveleris PREP on Buichi Flashpure Select
C18 cartridges, H,O/ACN gradient). The compounds were dried by lyophilization from ACN/H,O overnight. 'H and 'C spectra were
recorded with Bruker AV 500 [500 MHz (1 H), 126 MHz (130)] spectrometers in CDCl5 at 298 K. Chemical shifts are reported in ppm
relative to Si(CHg)4. The signals of residual CHCI in CDCl3 (3('H, CHCI3) = 7.26 ppm, 3(*C, CDCls) = 77.16 ppm) were used as the
internal standard. Multiplicities are reported as (singlet), d (doublet), t (triplet), q (quartet) and m (multiplet). High resolution mass
spectra were recorded on a Bruker MAXIS 4G UHR-TOF (ESI). [6-propargyl]-dCym and JQ1-PEG4;-N3 were prepared as
described.?®?°

2-((S)-4-(4-Chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)-N-(14-(4-((3-
((2s,5S,8S,11S,14S,17S,20S)-5-((R)-3-hydroxy-2-methylpropyl)-17-isobutyl-14,20-diisopropyl-11-((R)-
methoxy(phenyl)methyl)-4,8,16-trimethyl-3,6,9,12,15,18,21-heptaoxo-1,4,7,10,13,16,19-heptaazacyclohenicosan-2-
yl)methyl)-1H-indol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12-tetraoxatetradecyl)acetamide (dCym-JQ1 / SRG-II-19F)
In a 1.5 mL vial, [6-propargyl]-dCym (18.0 mg, 19.0 umol] and JQ1-PEG,4-N3 (14.8 mg, 23.0 pmol) were dissolved in a mixture of t-
BuOH (190 uL) and HoO (190 pL). 1 M CuSOQO4 (9.56 uL, 9.56 umol) and freshly prepared 1 M sodium ascorbate (11.0 uL, 11.0 umol)
solutions were added, the vial was flushed with Argon and stirred at RT for 12 h. Then, the reaction mixture was concentrated in vacuo
and the residue was purified by flash chromatography (H20/ACN 70:30 - 5:95). After lyophilization, dCym-JQ1 (28.0 mg, 180 umol,
84%, purity >95%) was obtained as a white amorphous solid. See Data S1C for synthesis scheme, NMR and HPLC data.

Synthesis of pArg-JQ1 (BI01826025)

The synthesis of the pArg-JQ1 basically followed previously published synthesis protocols.*® In brief, commercially available (+)-JQ1
(150 mg, 0.33 mmol) was dissolved in 4 M HCI in dioxane (5 mL) and stirred for 1 h at RT. The solvent was removed under reduced
pressure and the residue was redissolved in DCM (10 mL). Mono-Boc-protected diaminoethyl ether (102 mg, 1.5 eq., 0.50 mmol),
HOBt monohydrate (77 mg, 1.5 eq., 0.50 mmol), DIC (77 uL,1.5 eq., 0.50 mmol) and triethyl amine (218 uL, 4.7 eq., 1.57 mmol)
were added and the resulting mixture was stirred for 16 h at rt. 5% ag. NaHCOj solution (10 mL) was added, the organic phase
was separated, dried over MgSQO,4 and evaporated to dryness, resulting in 174 mg (0.30 mmol, 90%) of a white solid that was
used in the next step without further purification. The residue was redissolved in 4 M HCI in dioxane (5 mL) and stirred for 4 h at
RT. The solvent was removed under reduced pressure and the residue was redissolved in DCM (5 mL). Fmoc-pArg(Tce),-OH
(825 mg, 1.5 eq., 0.44 mmol), HOBt monohydrate (97 mg, 2.1 eq., 0.63 mmol), DIC (196 pL, 4 eq., 1.26 mmol) and triethyl amine
(217 pL, 5.2 eq., 1.56 mmol) were dissolved in DCM (20 mL) and added to the first mixture. The resulting solution was stirred for
16 h at RT. 5% ag. NaHCOg3 solution (10 mL) was added, the organic phase was separated, dried over MgSO, and evaporated to
dryness. The resulting crude product was dissolved in DCM (6 mL) and diethyl amine (4 mL) were added. This mixture was stirred
for 4 h at RT. 5% aqg. NaHCOj solution (10 mL) was added, the organic phase was separated, dried over MgSO, and evaporated
to dryness. The resulting residue was redissolved in DCM (5 mL) and acetic anhydride (54 puL, 1.9 eq., 0.57 mmol) and triethylamine
(158 pL, 3.8 eq., 1.14 mmol) was added. The resulting reaction mixture was stirred for 1 h at RT. The mixture was evaporated to dry-
ness and the resulting residue was purified by column chromatography (stationary phase: C18-RP, eluent gradient (acetonitrile:
water, 0.1% formic acid): 50:50 — 60:40 — 70:30— 100:0). Product containing fractions were pooled and evaporated to dryness,
resulting in 76 mg (0.074 mmol,23%) of the desired Tce-protected intermediate (TLC (DCM/MeOH 9:1 + 0.5 % formic acid): R; 0.4).
The Tce-protected intermediate (128 mg, 0.11 mmol) was then dissolved in a mixture of NH4HCO3 buffer (100 mM, pH 9, 5 mL) and
ethanol (5 mL). 10% Pd on carbon (55 mg) was added as a hydrogenation catalyst and the mixture was flushed with argon, then with
H» for 5 h at RT. The mixture was again flushed with argon, the catalyst was filtered off and the solution was reduced to dryness. The
remaining residue was purified by HPLC (C18-RP, gradient: 10% — 60% acetonitrile in water containing 0.1% ammonia). Product
containing fractions were pooled and lyophilized, thereby yielding 11 mg (0.0144 mmol, 13%) of the desired pArg-JQ1. See Data S1C
for synthesis scheme, NMR and HPLC data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Reported SPR Kp, values represent the average + SD of the indicated number of independent measurements. Volcano plots for pro-
teomics (whole proteome and IP-MS) analysis show the fold-change (log,) in protein abundance in comparison to control treatment,
plotted against P value (-logg) (two-tailed Student’s T-test; triplicate analysis). All MIC data are represented as mean + SD of the
indicated replicate experiments. All degradation assay data are represented as mean + SD of the indicated replicate experiments.
Indicated replicates always refer to independent biological replicates and datasets.
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Figure S1. Cyclomarin A and ecumicin derivatives are effective in M. smegmatis, related to Figure 1

(A) Structures of natural cyclomarin A (CymA) and derived compounds used in this study. The colors represent the residue positions where the natural compound
has been changed.'%%%¢

(B) Structure of ecumicin and its derivatives used in this study. The colors represent the residue positions where the natural compound has been changed.
(C-E) Negative-stained EM images of ClpC1 and ClpC1F#44A mutants with and without bound antibiotics.

(F) Substrate degradation of two model substrates, B-casein and a-casein, by ClpC1P1P2 with or without dCym or Ecu* (Quantification represents mean + SD,
n=3).

(G) Minimum inhibitory concentration (MIC) assay testing appropriate concentrations of dCym and Ecu* for treatment of wild-type cells. n > 10 independent
biological replicates.

(H) Kill curve assay comparing wild type and 4clpC2 after treatment with increasing dCym concentrations. 2-h incubation allowed the use of 150-uM dCym
without significant growth effects. Reduced viability of 4clpC2 with 10 uM dCym likely presents an experimental outlier, due to occasional stronger biofilm
formation of stressed 4clpC2 cells. The presented dataset shows mean + SD of three technical replicates.

(I) Quantitative proteomics of Msm treated with 150 uM dCym for 2 or 6 h, respectively. The heatmap plots identified protein groups across the different samples.
Color coding for different strains and conditions according to the legend. The zoomed in data in circle shows the distribution of the GO terms no longer
quantifiable in mutant samples. n = 3 independent biological replicates.

(J) Absolute quantification of CIpC1 and ClpC2 levels. ClpC2 significantly increases upon dCym treatment. Results are mean + SD from three independent
biological replicates. CFU, colony-forming unit.
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Figure S2. Conservation of Clp proteins, related to Figure 2
(A) Sequence alignment showing the conservation of key binding residues within the CRD of Clp proteins.
(B) Taxonomic tree showing conservation of CIpC1, CIpC2, and CIpC3 in representatives of actinobacterial species. BACSU, Bacillus subtilis; STAAC, Staph-

ylococcus aureus COL; MYCSM, Mycolicibacterium smegmatis mc? 155; MYCTU, Mycobacterium tuberculosis H37Rv.
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Experimental outline
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Figure S3. Interactions between dCym and CIpC2, related to Figure 3

(A) Conserved hydrophobic residues implicated in substrate binding to Hsp104 (PDB 5U2U) are blocked by CymaA in the ClpC1yrp.

(B) Schematic model illustrating competition between dCym and substrate for the same binding site.

(C) ATPase activity assay shows increasing ATPase activity upon compound treatment. Results are mean + SD from three independent biological replicates.
(D) Experimental outline describing pull-down experiments with CIpC2. Msm AclpC2 overexpresses plasmidic ClpC2™"s'P_|nteraction partners of ClpC2 are
analyzed by IP-MS (left, green). After dCym incubation, interaction partners of ClpC2 compete with dCym for the binding (middle, green). Empty vector was used
as control (right, orange).

(E) Among the most abundant hits in ClpC2 pull-down, nine proteins are homologs to proteins previously identified in ClpC1 degradome analysis in Mtb.
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Figure S4. Role of CIpC2 during induced degradation and cell survival, related to Figure 4

(A) CIpC2 (green) competes for binding BRDTgp1 model substrates (brown) by either pArg-JQ1 or dCym-JQ1, representing two distinct degradation signals (on
the right: structure of the pArg-JQ1).

(B) Kill curve assay, monitoring survival of Msm wild type and 4clpC2 mutant over time upon dCym treatment. After incubation with 150 uM dCym, equal amounts
of cells were plated onto 7H10 agar and CFU/mL were counted to compare cell viability. Deletion of c/pC2 significantly decreases survival. Results are mean + SD
from three independent biological replicates. CFU, colony-forming unit.



Cell

A UdSBI-0966: Homo-BacPROTACS distomer (HBP6dis)

N=N

N/\K,N/\/o\/\o/\/o\/\o/\/hl'\/\\

N=N ; . N.
linker

(‘(/\/ \/ \l

dis Cym head 1

0

dis Cym head 2

UdSBI-6231:
dCymé6 (monomeric HBP6)

UdSBI-5602:
dCym7 (monomeric HBP7)

C

¢? CellPress

OPEN ACCESS

UdSBI-0117: Homo-BacPROTAC?7 distomer (HBP7dis)
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Figure S5. Homo-BacPROTAC distomers and monomers, related to Figure 5
Compound structures for inactive Homo-BacPROTAC6 distomer (A) and Homo-BacPROTAC? distomer (B) active monomers of Homo-BacPROTAC6 and
Homo-BacPROTACY (C) inactive monomers of the distomers of Homo-BacPROTAC6 and Homo-BacPROTAC?.
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Figure S6. Controls for incubation with Homo-BacPROTACSs in Msm, related to Figure 6
(A) MIC assays exposing wild-type cells to either active compounds, inactive distomer or the corresponding monomers (+ linker attached). 1:2 dilution series.
Activity of both monomeric and dimeric compound is comparable and low for both Homo-BacPROTACs. No MIC has been observed for distomers. n > 6

independent biological replicates.
(B) Quantitative proteomics of Homo-BacPROTACs HBP6 and HBP7 treated Msm cells after 24 h, normalized to incubation with inactive distomers (HBP6dis,

HBP7dis). n = 3 independent biological replicates.
(C) MIC assays comparing wild type and mutants incubated with corresponding distomers of Homo-BacPROTACSs (1:3 dilution series). No MIC can be observed

for either distomer in any of the strains. n = 6 independent biological replicates. gmR, gentamicin resistance cassette introduced instead of cloC2/clpC3.
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Figure S7. IP-MS and activity analysis of HBP variants in healthy and ATP-reduced M. tuberculosis, related to Figure 7

(A) Pull-down assays in Mtb identified ClpC1 and CIpC2 as major interaction partners of dCym. The experimental outline is shown on the left. n = 3 independent
biological replicates.

(B) Dose response curves comparing WT Mtb with the 4clpC2 mutant upon incubation with HBP6 or HBP7. The mutant is slightly more sensitive than the WT,
consistent with the safeguarding function of ClpC2. Distomers do not inhibit cell growth. Results are mean + SD from three independent biological replicates.
(C) Quantitative proteomics of Mtb WT and 4clpC2 cells, with the latter expressing a truncated 21-aa ClpC2 peptide (ClpC2yrt). While ClpC1 is reduced to similar
levels in treated WT and 4clpC2 bacteria, levels of CIpC2 (WT) and ClpC2yr (4clpC2) are strikingly different. This difference likely reflects induced degradation of
ClpC2 in WT cells, whereas the ClpC2yr peptide is inaccessible to HBP-mediated degradation. Quantification shows mean + SD from three independent
biological replicates.

(D) LFQ intensities comparing ClpC1 degradation induced by HBP6 and HBP7 and their corresponding distomers. Results are mean + SD from three independent
biological replicates.

(E) MIC assays comparing susceptibility of four Mtb spontaneous single-step resistant mutants against reference antibiotics. All mutants showed unaltered
susceptibility toward rifampicin and ethambutol, ruling out unspecific resistance mechanisms. The additionally affected mas gene is involved in phthiocerol
dimycocerosate (PDIM) synthesis. Since mutations causing PDIM loss are known to occur very frequently during in vitro culturing of Mitb strains° this second-site
mutation is likely irrelevant for the observed resistance phenotype. Results are mean + SD from measurements done in triplicates.

(F) Activity of HBP7 against Mtb cells at low ATP levels determined in a Mtb checkerboard assay. HBP7 retains activity in cells that have been co-treated with the
ATP synthase inhibitor bedaquiline, similar to a rifampicin control. Results are mean + SD from measurements done in triplicates. PDIM, phthiocerol dimyco-
cerosate; SRM, spontaneous single-step resistant mutant.
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