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The worldwide spread of antibiotic-resistant bacteria has lent ur-
gency to the search for antibiotics with new modes of action that
are devoid of preexisting cross-resistances. We previously de-
scribed a unique class of acyldepsipeptides (ADEPs) that exerts
prominent antibacterial activity against Gram-positive pathogens
including streptococci, enterococci, as well as multidrug-resistant
Staphylococcus aureus. Here, we report that ADEP prevents cell
division in Gram-positive bacteria and induces strong filamenta-
tion of rod-shaped Bacillus subtilis and swelling of coccoid S. au-
reus and Streptococcus pneumoniae. It emerged that ADEP
treatment inhibits septum formation at the stage of Z-ring assem-
bly, and that central cell division proteins delocalize from midcell
positions. Using in vivo and in vitro studies, we show that the
inhibition of Z-ring formation is a consequence of the proteolytic
degradation of the essential cell division protein FtsZ. ADEP
switches the bacterial ClpP peptidase from a regulated to an un-
controlled protease, and it turned out that FtsZ is particularly
prone to degradation by the ADEP–ClpP complex. By preventing
cell division, ADEP inhibits a vital cellular process of bacteria that is
not targeted by any therapeutically applied antibiotic so far. Their
unique multifaceted mechanism of action and antibacterial po-
tency makes them promising lead structures for future antibiotic
development.
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Bacterial resistance to important antibiotic classes has become
a major public health problem concerning the treatment of

nosocomial and community-acquired infections. During the last
decades, there has been a significant spread of bacterial re-
sistance, along with a constantly declining number of antibiotic
drug approvals (1, 2). For instance, the proportion of healthcare-
related staphylococcal infections that are caused by multidrug-
resistant Staphylococcus aureus (MRSA) has dramatically in-
creased from 2% in 1974 to 64% in 2004 in intensive care units
of the United States (3). These pathogens are now spreading into
the community (4), representing a rising hygienic and economi-
cal threat to the public healthcare system, and clinical MRSA
strains that have gained additional resistances to so-called “last
resort antibiotics” including vancomycin, daptomycin, and line-
zolid have already been described (5–8). Due to the strong in-
trinsic capacity of bacteria to respond to any antibiotic treatment
by genetic as well as physiological adaptations, it cannot be
expected that the resistance situation will substantially relax in
the future (9, 10). Therefore, there is an urgent and constant
need to evaluate new antimicrobial agents that provide alter-
natives to commonly applied antibiotics.
In this context, a new class of acyldepsipeptide antibiotics,

designated ADEPs, has recently attracted considerable atten-
tion. Distinct from all clinically applied antibiotics so far, which
predominantly target DNA, RNA, protein, folic acid, or cell wall
biosynthesis pathways, ADEPs act via an unprecedented mech-
anism by dysregulating ClpP (11, 12), the proteolytic core of the

bacterial ATP-dependent caseinolytic protease. The Clp pro-
tease is a crucial factor in maintaining vital cellular functions in
protein quality control and protein homeostasis as well as in
controlling developmental processes like cell motility, genetic
competence, cell differentiation, and sporulation (13, 14). ClpP
is a tightly regulated protein, which is unable to degrade proteins
on its own, and strictly depends on Clp ATPases and accessory
proteins for proteolytic activation (15). The Gram-positive model
organism Bacillus subtilis possesses three Clp ATPases, namely
ClpX, ClpC, and ClpE, which are indispensable for recognizing,
unfolding, and feeding the protein substrates through the tiny
entrance pores into the proteolytic chamber of ClpP. ADEPs
overcome these strict control mechanisms by turning ClpP into
an uncontrolled protease that now degrades flexible proteins like
casein in the absence of Clp ATPases (11). Biochemical studies
demonstrated that ADEPs trigger oligomerization of ClpP
monomers and activate the resulting tetradecamer to bind and
degrade unfolded, nascent polypeptides and flexible proteins
independently. Additionally, ADEPs abrogate the interaction of
ClpP with cooperating Clp ATPases, thus preventing degrada-
tion of its physiological substrates and all natural functions of
ClpP (16). Crystal structure determinations and electron mi-
croscopic images of ClpP from B. subtilis and Escherichia coli in
its free form, and in complex with ADEPs, recently provided
a rationale for these biochemical observations. The ADEPs in-
crease subunit interaction between ClpP monomers, compete
with the Clp ATPases for the same binding site, and trigger
a closed- to open-gate structural transition of the substrate en-
trance pore, which is otherwise tightly closed (17, 18). Although
this explained the activity of the ADEPs on the molecular level
of its target, the specific series of events that finally leads to
bacterial cell death remained unknown. In preliminary mor-
phological studies, we observed that ADEP treatment induces
filamentation of B. subtilis cells, implying a more specific cellular
damage than overall degradation of unfolded proteins. Because
understanding the mechanism of a novel antibiotic is a pre-
requisite for successful antibacterial drug discovery, we analyzed
this phenomenon further. It turned out that ADEPs pri-
marily inhibit bacterial cell division in various Gram-positive
species, and fluorescence microscopy studies indicated that this
inhibition is related to the delocalization of essential cell divi-
sion mediators.
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Results
ADEP Induces Filamentation of B. subtilis and Swelling of S. aureus
and Streptococcus pneumoniae. To identify the particular events
that destine the bacteria to death upon ADEP treatment, we first
analyzed the impact of ADEPs on the synthesis of essential
biopolymers in B. subtilis 168, by measuring the incorporation of
radioactively labeled precursors (Fig. S1). Even ADEP levels
representing fourfold the minimal inhibitory concentration
(MIC) did not inhibit the syntheses of DNA, RNA, protein, and
cell wall, which are typically targeted by classical antibiotics.
However, at the same ADEP concentrations, the rod-shaped
cells of B. subtilis 168 grew into very long filaments, which
reached 60- to 100-fold the length of untreated cells, and coccoid
cells of S. aureus HG001 and S. pneumoniae G9A swelled to
more than 3-fold the volume of wild-type cells (Fig. 1 A–F).
Accordingly, when the optical density of an ADEP-treated B.
subtilis culture was measured together with the number of colony
forming units (cfu), the cell mass increased along with the un-
treated control cells at twice the MIC, whereas the cell numbers
stagnated (Fig. 1 G and H). Only at eight times the MIC, ADEP
exhibited bactericidal effects against B. subtilis, indicated by cell

growth inhibition and the concomitant drop in cfu. Thus, in the
presence of lower inhibitory ADEP concentrations, cells main-
tain their capacity to produce biomass, but they are no longer
able to properly divide. These observations suggested that one of
the early effects of ADEP treatment is the perturbation of bac-
terial cell division. Next, we set out to identify the link between
ADEP-mediated ClpP dysregulation and the phenotypic conse-
quence of cell division inhibition.

ADEP Inhibits Septum Formation in a ClpP-Dependent Manner. The
filamentation phenotype was induced by all antibacterially active
derivatives of the ADEP class that we tested. ADEP2 was
selected for the following detailed studies on cell division in
B. subtilis and S. aureus. ADEP2 is a well-characterized synthetic
congener with improved activity against Gram-positive bacteria
compared with the natural product ADEP1, and ADEP2 had
already served as a model for the ADEP mechanism in our
previous studies (Fig. S2).
Cell division in Gram-positive bacteria is executed by a mac-

romolecular complex known as the divisome, which is highly
dynamic and characterized by a time-dependent assembly of
specific cell division proteins (19, 20). Divisome formation is
driven by the GTP-dependent polymerization of FtsZ (21),
a structural homolog of eukaryotic tubulin (22), into a ring-like
structure at the prospective division site. The resulting FtsZ ring
or “Z-ring” then functions as a scaffold for the recruitment of
other proteins necessary for cell division, which, e.g., tether FtsZ
to the membrane (FtsA), promote Z-ring assembly (ZapA),
contribute to the dynamic nature of the Z-ring (EzrA), carry out
cell wall synthesis at the septum (penicillin-binding proteins,
PBP1 and PBP2B), and regulate the positioning of future Z-ring
(DivIVA) (19, 20).
As a first approach to identify the reasons for ADEP-induced

inhibition of cell division, we monitored septum formation and
nucleoid segregation in ADEP-treated B. subtilis and S. aureus
cells (Fig. 2). To this end, exponentially growing cells were
treated with inhibitory concentrations of ADEP for 60 min, and
were subsequently costained with FM5-95 membrane dye and
DAPI nucleoid dye for analysis with fluorescence microscopy. In
the elongated filaments of ADEP-treated B. subtilis, septum
formation was clearly inhibited (Fig. 2 A and B), and equivalent
results were obtained with S. aureus (Fig. 2 D and E). Inhibition
of septum formation was confirmed by electron microscopy (Fig.
S3). To find out whether the inhibition of septum formation was
caused by ADEP-induced dysregulation of ClpP (11), we in-
vestigated septum formation also in a clpP deletion mutant of B.
subtilis. When B. subtilis ΔclpP (23) was treated with similar
ADEP concentrations as the wild-type strain 168, we observed
no filamentation and cells divided normally, demonstrating the
crucial role of ClpP for ADEP activity (Fig. 2C). Inhibition of
septum formation can either be caused by direct interference
with the cell division apparatus or by an imperfect segregation of
nucleoids. To evaluate impaired chromosome segregation as
a potential cause of cell division inhibition, we analyzed the lo-
calization pattern of GFP-tagged Spo0J in B. subtilis. Together
with Soj, the chromosomal protein Spo0J is required for proper
chromosome partitioning, separation of sister origins, and syn-
chronous DNA replication, thus representing an indicator for
correct nucleoid segregation (24, 25). Spo0J usually binds to
eight known parS sites located in the origin region of the chro-
mosome, and a delocalization of Spo0J would indicate pertur-
bation of nucleoid segregation. However, our results showed that
the packaging of the DAPI-stained nucleoids as well as Spo0J
localization at the replication origins remained undisturbed upon
ADEP treatment (Fig. 2 and Fig. S4). Therefore, imperfect nu-
cleoid segregation can be excluded as a trigger for the inhibition
of septum formation.

Fig. 1. Effects of ADEPs on the growth of Gram-positive bacteria. ADEP
treatment results in strong filamentation of B. subtilis 168 (A) as well as
swelling of S. aureus HG001 (C) and S. pneumoniae G9A (E) compared with
untreated control cells (B, D, and F, respectively), indicating cell division in-
hibition. Cells were treated for 4–5 h with inhibitory ADEP concentrations (A,
0.25 μg/mL ADEP2; C, 1 μg/mL ADEP2; and E, 0.8 μg/mL ADEP1). (Scale bars,
5 μm.) Accordingly, growth of ADEP-treated B. subtilis 168 (G) at 0.39 μg/mL
ADEP1 (twice the MIC) increases along with the control, whereas the colony
forming units (cfu) stagnate (H). At higher concentrations (1.56 μg/mL
ADEP1, eight times the MIC), ADEP1 exhibits bactericidal effects, indicated
by cell growth inhibition and the concomitant drop in cfu. Growth curves
were confirmed by three independent experiments and values of a repre-
sentative experiment are depicted. MIC, minimal inhibitory concentration.
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ADEP Causes Delocalization of FtsZ and Inhibition of Z-Ring Assembly.
Because inhibition of septum formation was not due to disturbed
nucleoid segregation (Fig. 2 and Fig. S4), we assumed that the
ADEP–ClpP complex might directly affect the divisome. To test
whether the ADEP–ClpP complex interferes with specific com-
ponents of the divisome, we performed localization studies using
GFP-labeled cell division proteins, including the first and major
cell division protein FtsZ (Fig. 3A). When we treated exponen-
tially growing B. subtilis cells with ADEP, we observed that the
cells were characterized by the uniform loss of Z-rings after
20 min of antibiotic exposure, indicated by the absence of the
typical GFP signal at midcell (Fig. 3B). This phenomenon be-
came even more apparent after 60 min of treatment (Fig. 3C),
when the bacteria became filamentous. Finally, after 180 min of
exposure, the cells had grown into very long filaments with no
apparent Z-rings (Fig. 3D). Accordingly, further divisome com-
ponents including the late-phase cell division protein DivIVA
were no longer recruited to the prospective cell division sites,
indicating the perturbation of the whole cell division apparatus
(Fig. S5).
To test whether these findings also apply to S. aureus, we

followed the localization of GFP-tagged penicillin-binding pro-
tein 2 (PBP2) in the presence of ADEP (Fig. 4). PBP2 is involved
in the late stages of cell division and it depends on FtsZ for its
localization at midcell, where it contributes to septal cell wall
synthesis by catalyzing transpeptidation and transglycosylation
reactions (26). We observed that GFP–PBP2 of ADEP-treated
S. aureus cells was completely delocalized instead of being
present at the division site as seen in the control cells. Consid-
ering the results obtained with FtsZ from B. subtilis (Fig. 3), the
delocalization of PBP2 in S. aureus is most likely the direct
consequence of the inhibition of Z-ring assembly in this organ-

ism. Our results clearly indicate that the ADEP–ClpP complex
perturbs normal localization of FtsZ.

Effect of ADEP Is Independent of Clp ATPases. In previous reports it
was shown that the Clp ATPase ClpX plays an important role in
balancing the ratio of assembled versus unassembled FtsZ and

Fig. 2. ADEP inhibits septum formation in B. subtilis and S. aureus. Fluo-
rescence images show B. subtilis 168 and S. aureus HG001 cells costained
with FM5-95 membrane dye and DAPI nucleoid dye after ADEP treatment.
(A) B. subtilis 168, control; (B) B. subtilis 168, plus 0.25 μg/mL ADEP2; (C) B.
subtilis 168 ΔclpP (strain QB4916), plus 0.25 μg/mL ADEP2; (D) S. aureus
HG001, control; and (E) S. aureus HG001, plus 1.0 μg/mL ADEP2. After 60 min
of ADEP treatment, septum formation is strictly inhibited in both wild-type
species, whereas septa were normally formed in the ADEP-treated clpP de-
letion background, demonstrating an essential role of ClpP for ADEP activity.
(Scale bars, 5 μm.)

Fig. 3. ADEP inhibits Z-ring formation in B. subtilis. Fluorescence images
show the localization of GFP-tagged FtsZ of B. subtilis 168 strain 2020 during
exponential growth in the absence or presence of 0.25 μg/mL ADEP2. The
fluorescence images shown are overlays of GFP (green) and FM5-95 (red)
channels. (A) In untreated cells, FtsZ condenses at midcell to form the Z-ring.
(B) After 20 min of ADEP treatment, cells uniformly showed delocalization of
GFP–FtsZ along with a significant loss of Z-ring formation. (C and D) Lack of
Z-rings and resulting filamentous growth after prolonged ADEP treatment.
(Scale bars, 5 μm.)
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overexpression of ClpX inhibits Z-ring assembly in B. subtilis
cells (27, 28). Because ADEP displaces the ClpP ATPases from
ClpP (16), it is possible that the presence of ADEP results in an
increased concentration of free ClpX, which then prevents FtsZ
polymerization. To test this possibility, we determined the im-
pact of ADEP in a ΔclpX mutant, as well as in deletion back-
grounds of the other Clp ATPases ClpC or ClpE. In all three
mutants, cell division remained affected by ADEP treatment
(Fig. S6), demonstrating that the ADEP-mediated inhibition
of Z-ring assembly occurs independently of Clp ATPases.

ADEP Treatment Results in Decreased Abundance of FtsZ. Next, we
measured the amount of FtsZ in untreated and treated B. subtilis
cells using immunoblotting. Interestingly, the FtsZ signal dis-
appeared after 10–20 min of ADEP treatment (Fig. 5A). This
phenomenon was not restricted to B. subtilis and similar results
were obtained with S. aureus (Fig. 5B). To investigate whether

ADEP-activated ClpP was responsible for the degradation of
FtsZ, we repeated the experiment with ΔclpP mutants, and in-
deed no decrease of the FtsZ signal was observed in such
background (Fig. 5C and Fig. S7). Apart from a mutant carrying
a clpP deletion in the wild-type background, we also used a ΔclpP
strain carrying an additional deletion in spx, encoding a global
transcriptional regulator. Both B. subtilis clpP and clpX null
mutants suffer from severe defects in growth and competence
(29), whereas the additional deletion of the spx gene relieves
most of the adverse effects of clpP and clpX deletions (30).
Noteworthy, it has been previously reported that spx deletions do
not significantly alter intracellular FtsZ levels (27). We also
tested a Δspx ΔclpXCE triple Clp-ATPase mutant and again the
FtsZ signal disappeared after incubation with ADEP (Fig. 5D).
Clearly none of the Clp ATPases are involved in the ADEP-
dependent degradation of FtsZ.

ADEP Induces ClpP-Dependent Degradation of FtsZ in Vitro. To
confirm that the ADEP–ClpP complex is directly responsible for
FtsZ degradation, we set up an in vitro test system using purified
ClpP and FtsZ from B. subtilis 168. When we incubated FtsZ
with a ClpP reaction mixture in the presence of ADEP, we ob-
served that the FtsZ signal disappeared after 10–15 min, and this
was clearly ADEP dependent (Fig. 6A). To determine the nature
of the degradation products, we performed MS of the samples.
Although ClpP (∼22.8 kDa) and FtsZ (∼39.8 kDa) could be
easily detected in the untreated controls (Fig. 6B), the ADEP-

Fig. 4. ADEP triggers the delocalization of PBP2 in S. aureus. In corre-
spondence to the results shown for B. subtilis (Fig. 3), the fluorescence
images of GFP-tagged PBP2 of S. aureus strain RNpPBP2-31 show the de-
localization of GFP–PBP2 upon ADEP treatment (1 μg/mL), which is most
probably because of the inhibition of septum formation at the stage of Z-
ring assembly. (Scale bars, 2.5 μm.)

Fig. 5. ADEP induces the ClpP-dependent degradation of FtsZ in bacterial
cells. ADEP treatment of exponentially growing WT cells of (A) B. subtilis 168
and (B) S. aureus HG001 resulted in a decreased abundance of FtsZ over time,
compared with the untreated control. Immunodetection of FtsZ or DivIVA
was performed using specific anti-FtsZ or anti-DivIVA antibodies, re-
spectively, as indicated in the margin. DivIVA served as a housekeeping
protein control. (C) Immunodetection of FtsZ in untreated or ADEP-treated
B. subtilis strain QB4916 (ΔclpP). (D) ADEP-induced degradation of FtsZ after
60 min in B. subtilis strain BJK474 (Δspx ΔclpXCE) and the respective control
strains B. subtilis strain BJK424 (Δspx) and B. subtilis PY79 (WT).

Fig. 6. ADEP–ClpP degrades FtsZ and αβ-tubulin in vitro. (A) Time-de-
pendent degradation of purified FtsZ by the ADEP–ClpP complex in vitro. (B
and C) Mass spectra of in vitro FtsZ degradation assays containing purified,
native FtsZ protein (∼39.8 kDa) and ClpP–6HIS protein (∼22.8 kDa) after in-
cubation for 60 min at 37 °C (B) in the absence or (C) in the presence of 10
μg/mL ADEP2. Compared with the control assay, the mass spectrum of the
ADEP2-supplemented degradation assay was characterized by the loss of the
FtsZ peak and the concomitant appearance of several peaks in the low-
molecular range (<4 kDa). (D) Time-dependent degradation of purified
αβ-tubulin by the ADEP–ClpP complex in vitro. Immunodetection of
αβ-tubulin was performed using anti–α-tubulin or anti–β-tubulin antibodies
as indicated. Both α- and β-tubulin are targets for ADEP–ClpP-dependent
degradation; however, β-tubulin is degraded faster than α-tubulin for yet
unknown reasons.
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treated samples were characterized by the complete loss of the
FtsZ peak and the concomitant appearance of various signals in
the low-molecular range (<4 kDa), most probably representing
FtsZ degradation products (Fig. 6C). Because other folded
proteins resisted degradation in vitro (Fig. S8), the ADEP–ClpP
complex appears to select for especially sensitive target proteins,
one of which is FtsZ.
FtsZ is a close structural homolog of tubulin but is rather

dissimilar in its amino acid sequence (22). To examine whether
the degradation by ClpP was specific for FtsZ, we decided to test
bovine αβ-tubulin in our degradation assay. Interestingly, the
concentration of α- and β-tubulin clearly decreased in the pres-
ence of ADEP (Fig. 6D). Apparently, it is the topology of FtsZ,
and not so much a specific amino acid sequence, that makes it
vulnerable for proteolytic attack by the ADEP–ClpP complex.

Discussion
The mechanism of antibacterial action of the ADEPs presents
itself as a unique and multifaceted process. At the molecular
level, ADEPs target ClpP and trigger a variety of distinct events.
By binding to the interphase of two adjacent ClpP monomers,
the ADEPs support the oligomerization process that is a pre-
requisite of forming a functional proteolytic core (17). They
sterically block an important contact site for the Clp ATPases at
ClpP, thereby abrogating the interaction between the two part-
ners and the normal functions of ClpP (17). Most importantly,
the compounds trigger a conformational change in ClpP that
widens the gated pore and makes particular groups of proteins
prone to untimely degradation (17, 18).
Dissecting the cascade of events that leads to bacterial death,

we noticed two distinct phenotypic reactions of ADEP-treated
bacteria. At antibiotic concentrations close to the MIC, cell size
increased, indicating considerable remaining biosynthetic ca-
pacity, and especially rod-shaped B. subtilis cells grew into very
long filaments. In contrast, at several times the MIC, biomass
increase ceased early, resulting only in small filaments or
spheres. The latter phenotype can be readily explained by pre-
viously identified general effects of the ADEPs. The widened
entrance pore of ClpP is large enough to allow access of a small
bundle of protein strands (17), and we reported earlier that
ADEP-activated ClpP can degrade the flexible model substrate
protein casein or nascent protein chains in the course of trans-
lation (11, 16). Imagining such a broad destructive capacity, it is
highly plausible that essential proteins are depleted in various
vital processes of the bacterial metabolism, resulting in the ces-
sation of biomass production and growth.
In the current report, we now present the reason for the fila-

mentation phenotype at lower ADEP concentrations. Our
results show that ADEP treatment prevents the formation of
FtsZ rings, and thereby cell division, due to the ClpP-dependent
degradation of the major cell division protein FtsZ. FtsZ appears
to be a preferred target for the ADEP–ClpP complex at low
inhibitory concentrations, because cells treated this way are not
impaired in their general metabolic activity, yet incapable of
septum formation. In our in vitro assays, FtsZ was almost com-
pletely degraded into short peptides, whereas even the flexible
casein was digested only into discrete protein fragments under
the same conditions (11, 16). Why FtsZ is so particularly sensi-
tive for ADEP–ClpP is not apparent. We could show that
αβ-tubulin, a structural homolog of FtsZ, is also prone to
ADEP–ClpP-dependent proteolysis, whereas different proteins
resisted degradation. Therefore, it appears that the efficient
degradation of FtsZ is most probably the result of a particular
structural feature that is shared with tubulin.
Previous studies have shown that ClpX and ClpP regulate the

availability of FtsZ in E. coli (31, 32). In B. subtilis, ClpX is also
involved in the regulation of FtsZ; however, ClpP was not in-
volved in this activity and it was clearly shown that FtsZ was not

degraded by ClpXP in B. subtilis (27, 28). ADEP renders the
activity of ClpP independent of Clp ATPases including ClpX,
and we have shown that the ADEP activity does not require
ClpX; therefore, the mechanism by which ADEP-activated ClpP
degrades FtsZ seems unrelated to the natural Clp controls, at
least in B. subtilis.
FtsZ is a particularly sensitive target of ADEP-dysregulated

ClpP and consequently cell division is the primarily targeted
pathway of the ADEPs from a physiological point of view.
Bacterial cell division emerged in recent years as a new pathway
for antibiotic attack and benzamide inhibitors have been de-
scribed that interfere with FtsZ depolymerization dynamics by
inhibiting GTPase function (33–35). These compounds showed
promising MIC values and moderate in vivo activity against
staphylococcal infections, but other Gram-positive pathogens
were not affected. The ADEPs now demonstrate a unique and
highly effective way of preventing FtsZ function. Their strong
antibacterial potency in the ng/mL range against multiresistant
staphylococci, streptococci, and enterococci, and their consid-
erable efficacy in animal models of infection (11), prove the
value of cell division inhibition as a pathway for antibiotic inter-
vention and make ADEPs a promising model for the develop-
ment of new and effective antibacterial agents.

Materials and Methods
Bacterial Strains and Growth Conditions. Bacterial strains and plasmids used
in this study are listed in Table S1. Strains were grown in lysogeny broth (LB) at
37 °C supplementedwith appropriate antibiotics or inducing compoundswhen
required. For filamentation experiments in vivo, B. subtilis cells were treated
with 0.25 μg/mLADEP2 (eight times theMIC), and S. aureus cells with 1.0 μg/mL
ADEP2 (twice the MIC) unless otherwise stated. MICs were determined
according to the guidelines of the Clinical Laboratory Standards Institute ex-
cept for using the corresponding test medium for the assay of interest.

Incorporation of Radioactive Metabolites. The incorporation of radioactive
metabolites was performed as previously described (36) and as detailed
in Fig. S1.

Fluorescence and Electron Microscopy. For fluorescence microscopy, cells were
grown to midexponential phase at 37 °C and analyzed by phase contrast or
fluorescence microscopy on microscope slides covered with a thin film of 1%
agarose in PBS. When ADEP2 was used, the antibiotic was usually added to
the cultures in advance at an OD600 of 0.1 and samples were then taken at
distinct time points as indicated. DNA was visualized within the cells by
staining with 4′,6-diamidino-1-phenylindole (DAPI; 0.25 μg/mL; Sigma-
Aldrich) and membranes by staining with FM5-95 membrane dye (1 μg/mL;
Molecular Probes). Fluorescence microscopy was carried out using a Zeiss
Axiovert 200M microscope equipped with a Photometrics CoolSnap HQ CCD
camera (Roper Scientific). Image acquisition and analysis were performed
with Metamorph 6 (Molecular Devices) and ImageJ v1.43 software (National
Institutes of Health).

EM was performed as previously described (37) and as detailed in Fig. S3.

Purification of ClpP and FtsZ. C-terminally 6His-tagged ClpP of B. subtilis 168
was expressed in E. coli BL21(DE3) harboring the pClpP11 plasmid (38) and
purified as described before (39). Native FtsZ of B. subtilis was purified as
described by Wang and Lutkenhaus (40) using E. coli strain W3110 (pBS58)
(pCXZ) with the following modifications. Cells were resuspended and lysed
in buffer A (50 mM Tris/HCl, 50 mM KCl, 1 mM EDTA, 10% glycerol, pH 8).
Cell debris was pelleted and the supernatant was filtered using 0.45-μm
membrane filters (Whatman Schleicher & Schuell) and applied to an AEX
Source Q 30-mL column (GE Healthcare). Proteins were eluted by applying
a gradient of 0–50% of buffer B (50 mM Tris/HCl, 1 M KCl, 1 mM EDTA, 10%
glycerol, pH 8). Quality and quantity of the protein eluates were determined
via SDS/PAGE analyses and measured by using the Bradford assay (Bio-Rad)
and the Nanodrop spectrophotometer (Nanodrop Technologies).

In Vitro FtsZ Degradation Assay. For in vitro degradation of FtsZ or αβ-tubulin,
target proteins (4 μM of B. subtilis FtsZ, or 5 μM of bovine αβ-tubulin; Cy-
toskeleton) were incubated with B. subtilis 168 ClpP (3 μM) in ClpP activity
buffer (50 mM Tris/HCl pH 8, 25 mM MgCl2, 100 mM KCl, 2 mM DTT) at 37 °C
in the absence or presence of 10 μg/mL ADEP2. Samples were taken at dis-
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tinct time points and analyzed via standard SDS/PAGE and immunodetec-
tion techniques.

MS and Data Analyses. Mass spectra analyses of in vitro FtsZ degradation
assays were performed using the Bruker Biflex III MALDI-TOF mass spec-
trometer (Bruker Daltonics). Samples of 400 μL of the respective in vitro
degradation assay reaction were dialyzed against ultrapure H2O using Slide-
A-Lyzer dialysis cassettes (2K MWCO, 0.1–0.5 mL; ThermoFisherScientific) for
16–20 h. Aliquots of 1 μL were mixed with 2 μL of matrix, consisting of
a saturated solution of 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic
acid) in 33% acetonitrile-0.1% trifluoroacetic acid (1:2), and were sub-
sequently spotted onto a ground steel MALDI target plate and air dried at
room temperature. Mass spectra were measured in the linear positive ion

mode within a mass range of 1,000–50,000 Da and further analyzed using
FlexAnalysis (version 2.0) software (Bruker Daltonics). The spectra were ex-
ternally calibrated by peptide calibration standards.
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