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With the evolution of multidrug resistant bacterial pathogens,
infectious diseases pose once again a serious threat to public health.
Especially the opportunistic pathogen Staphylococcus aureus has
gained importance through the dramatically increasing appearance
of methicillin-resistant (MRSA) strains in hospitals and the recent
emergence of epidemic community-associated MRSA infections.1

Major reasons for this daunting problem are the excessive use of
conventional antibiotics, the limited number of essential cellular
targets addressed by these compounds, and their paramount selective
pressure exerted on bacterial viability leading to resistance develop-
ment. Here we introduce an alternative strategy based on function-
alized �-lactones to target bacterial virulence rather than viability.
A central role in S. aureus virulence regulation can be attributed
to the caseinolytic protein protease (ClpP), a phylogenetically highly
conserved serine protease that was found to be crucial for virulence
of many bacterial pathogens.2

The role and importance of ClpP for virulence has been
demonstrated by a ∆ClpP mutation in S. aureus which exhibited
strongly decreased extracellular virulence.2 The molecular reasons
for the phenotypic properties of a ∆ClpP mutant are attributed to
the up-regulation of several transcriptional repressors of virulence
genes (SarA family) and concomitant down regulation of the
virulence inducing agr quorum sensing system (Supporting Infor-
mation, Figure S1).3 Selective inhibition of ClpP by a new
generation of drugs may thus represent a novel strategy in the
treatment of infectious diseases. Previously, ClpP has been targeted
by acyldepsipeptides which led to the hyperactivation and proposed
self-digestion of bacteria.4 However, no effective inhibitor of ClpP
has been reported up to now, including our initial attempts with
�-lactams.3,5 Here we show that selective inhibition of this central
virulence regulator in S. aureus and MRSA by synthetic trans-�-
lactones resulted in a drastically decreased expression of major
virulence factors including hemolysins, proteases, DNases, and
lipases, which are key players in the elimination of the host immune
response, tissue necrosis, and inflammation.

Recently, we demonstrated that a selection of trans-�-lactone
probes which were screened in activity-based protein profiling
(ABPP, pioneered by Cravatt) experiments6,7 are cell permeable
and can specifically label ClpP of nonpathogenic bacterial strains
in situ.8 Inspired by these results, we here apply these molecules
to S. aureus and MRSA strains aiming to (1) investigate the labeling
of ClpP and potential off-targets in living cells of a pathogenic
organism, (2) quantitatively assess the potency of individual
compounds by their ability to inhibit ClpP, and (3) search for effects
on extracellular virulence factors by chemical knockout experiments
with living cells.

First, the small biomimetic library of seven �-lactone probes was
applied to living S. aureus cells under in situ conditions (Figure
1B). After cell lysis, an azide-rhodamine tag was appended to the
labeled proteins of the cytosolic proteome fraction via click

chemistry (CC) prior to SDS PAGE analysis. Gel bands of labeled
proteins were detected by fluorescence scanning and identified by
mass spectrometry. Interestingly, three probes, D3 and G2 with
aliphatic moieties and E2 with a small aromatic moiety were capable
of labeling S. aureus ClpP, which is a low abundance cytosolic
enzyme, in great intensity and as the main target (Figure 2A). At
concentrations below 100 µM, the probes exerted a remarkable
selectivity for ClpP which was the exclusive target inside the cell
with no additional binding partners in membrane and extracellular
proteomes. Subsequent in situ dose-down experiments revealed that
the sensitivity increased in the order G2 < E2 , D3 and
concentrations as low as 1.3 µM of D3 were sufficient for ClpP
labeling and detection (Figure 2B). Saturation of ClpP labeling was

Figure 1. A chemical proteomic strategy for the in situ labeling of ClpP
by cell-permeable �-lactone probes and subsequent identification by
fluorescent SDS-gel analysis and mass-spectrometry. Lead compounds for
ClpP labeling and inhibition are tested for their biological effects on
virulence factor expression.

Figure 2. Identification of potent �-lactone probes for ClpP labeling in S.
aureus. (A) Only three probes D3, E2, and G2 show specific labeling of
ClpP. Comparison of fluorescence (Fluo) scanning and Coomassie (Coo)
staining at 20 µM probe concentration reveals extraordinarily high specificity
of D3 for the low abundance protein ClpP. (B) In situ dose-down
experiments show the highest sensitivity of ClpP labeling for D3 followed
by E2 and G2. (C) Varying incubation times indicate that target saturation
is reached almost immediately for D3 in contrast to E2 and G2.
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almost reached immediately (90% in 15 min) for D3, whereas 45
min were required for E2 and g90 min for G2, emphasizing that
the long chained hydrophobic lactone D3 is suited best to penetrate
the cellular lipid bilayer (Figure 2C).

To test whether labeling of the native ClpP complex is active-
site directed and inhibits the peptidase activity, S. aureus ClpP and
an active site Ser98Ala mutant were recombinantly expressed.
Native ClpP was purified and used in a fluorescence peptidase
activity assay.9 All three �-lactones were able to impair the
peptidase activity of ClpP and completely inhibited substrate
cleavage. While G2 exerted the weakest effect on peptidase activity
with an IC50 of 31 µM, the �-lactones D3 and E2 showed a much
stronger inhibitory effect and were comparable regarding their IC50

values of 6 and 4 µM, respectively (Figure S2). Probe M1 for which
no labeling of ClpP was observed did not reveal any inhibition of
peptidase activity even at high concentrations of 1.6 mM. The
mutant enzyme was not labeled by D3 confirming Ser98 as the
catalytic nucleophile for D3 binding (Figure S3).

The successful inhibition and in situ labeling of ClpP by
�-lactones raised the question whether these molecules could also
impair its natural function, leading to a reduced production of
virulence factors as reported for a ∆ClpP mutant S. aureus strain.2

Hemolysins are critical virulence factors of S. aureus, disrupting
erythrocytes mainly by the action R- and �-toxins.10 These toxins
are the major cause of brain abscess development and scleral
inflammation, respectively.11,12 Indeed, agar plate-based assays with
5% sheep blood showed inhibition of hemolysis in S. aureus NCTC
8325 for lactones D3, E2, and G2 while the control-probe M1 had
no effect (Figure 3,and Figures S4, and S5). The relative efficiency
of the probes corresponded well with the in situ labeling intensities
with G2 < E2 , D3. Compound D3 was able to even completely
abolish hemolysis at doses above 125 nmol.

Proteolysis represents an additional crucial virulence strategy
used by many pathogens for tissue invasion and escape from the
host immune response.13 Corresponding assays on 1% skim milk
agar plates revealed again D3 as the most potent compound (ED50

) 11 nmol,) for the full inhibition of extracellular proteolysis
(Figures 3 and S4).

In addition, DNases and lipases are important for bacterial
evasion of host response. Staphylococcal lipase for instance was
demonstrated to highly reduce the phagocytic killing of S. aureus
by granulocytes.14 Application of D3 to S. aureus grown on test
agar showed significantly reduced lipolytic and DNase activities
(Figure S6). However, a basal level of both exoenzyme activities
was observed even at the highest lactone doses, which suggests
that a subset of lipases and DNases are either less tightly regulated
by ClpP or not under its control. M1 again showed no effect in
these tests (Figure S5). Interestingly, the phenotypic properties of

our chemical ClpP knockout in S. aureus exactly match those
reported for the genetic ∆ClpP mutant (Table S1).2 However, the
challenge of current antibacterial research is the treatment of
infections caused by highly pathogenic MRSA strains for which
no ClpP knockout has been reported up to now. To investigate
whether ClpP inhibition represents a global strategy for virulence
factor attenuation, we tested the effect of D3 on hemolytic and
proteolytic activities in MRSA clinical isolates (DSM 18827 and
Mu50, respectively). Indeed, hemolytic and proteolytic activities
were significantly reduced by 70% and 100%, respectively, which
suggests a central role of ClpP even in resistant strains and
emphasizes the value of �-lactones as putative lead structures for
MRSA treatment (Figure S7).

In conclusion, we have identified synthetic �-lactones as novel
inhibitors for specific and selective targeting of the key virulence
regulator ClpP in S. aureus and in MRSA strains. In fact, our most
potent inhibitor D3 was able to completely abolish hemolytic and
proteolytic activities and showed a dramatic decrease in the
expression of lipase and DNase activities. Targeting this virulence
regulator may therefore represent an attractive strategy for neutral-
izing the harmful effects of bacterial pathogens and help the host
immune response to eliminate the disarmed bacteria. Indeed,
previous studies have already shown that a S. aureus ClpP knockout
strain displayed significantly reduced pathogenesis in a murine skin
abscess model.2 Since ClpP is not essential for viability and highly
conserved in many pathogens, our strategy could represent a global
approach for the treatment of infectious diseases minimizing the
selective pressure on bacteria and resistance development.15
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Figure 3. Inhibition of extracellular virulence by �-lactones: (A) inhibition
of hemolysis and (B) of proteolysis by D3 with agar plate based assays.

J. AM. CHEM. SOC. 9 VOL. 130, NO. 44, 2008 14401

C O M M U N I C A T I O N S

http://pubs.acs.org/action/showImage?doi=10.1021/ja8051365&iName=master.img-002.jpg&w=238&h=98

