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The ClpXP protease is a critical bacterial intracellular protease that regulates protein turnover in many bacterial species. Here

we identified a pharmacological inhibitor of the ClpXP protease, F2, and evaluated its action in Bacillus anthracis and Staphylo-
coccus aureus. We found that F2 exhibited synergistic antimicrobial activity with cathelicidin antimicrobial peptides and antibi-
otics that target the cell well and/or cell membrane, such as penicillin and daptomycin, in B. anthracis and drug-resistant strains

of S. aureus. ClpXP inhibition represents a novel therapeutic strategy to simultaneously sensitize pathogenic bacteria to host

defenses and pharmaceutical antibiotics.

C aseinolytic proteases (Clp proteases) are intracellular bacterial
proteases that regulate protein quality and turnover through
controlled proteolysis. Degraded proteins include damaged or non-
functional proteins as well as transcriptional regulators, rate-limiting
enzymes, and proteins tagged during trans translation (10, 13, 16).
Clp proteases are comprised of a proteolytic core, ClpP, which is
paired with a regulatory ATPase such as ClpX. Clp ATPases recog-
nize, unfold, and transfer the proteins to ClpP for degradation. Or-
thologs of ClpXP are found in many bacterial species and are often
associated with cellular stress, such as heat shock, nutrient depriva-
tion, and oxidative stress (10, 13). ClpX and/or ClpP has also been
implicated in virulence of several pathogens, including Listeria mono-
cytogenes, Salmonella, Staphylococcus aureus, and Streptococcus pneu-
moniae (10, 13). We recently demonstrated that ClpX is critical for
the pathogenesis of Bacillus anthracis, a Gram-positive bacterium that
is the causative agent of anthrax (20). Loss of ClpX increased suscep-
tibility to innate host defenses, including cationic antimicrobial pep-
tides, and severely attenuated B. anthracis virulence even in the fully
pathogenic Ames strain (20).

An alternative strategy in antimicrobial therapy is to target and
inactivate bacterial virulence factors rather than directly target
growth or survival in the manner of traditional antibiotics (5). Inhi-
bition of virulence factors involved in disease progression should en-
hance the ability of the host immune system to clear the pathogen.
The ClpXP protease is a promising target for pharmacological inhi-
bition due to its conserved nature and its role in the virulence of a
wide variety of pathogens. We have identified several inhibitors of
ClpXP using a screening system devised in Escherichia coli (8). We
targeted the ClpXP protease of B. anthracis Sterne and the Gram-
positive human pathogen Staphylococcus aureus using the ClpXP pro-
tease inhibitor F2. We found that F2 renders both B. anthracis Sterne
and drug-resistant strains of S. aureus more susceptible to host anti-
microbial peptides as well as antibiotics that target the bacterial cell
envelope, including the cell wall and/or cell membrane.

MATERIALS AND METHODS

Bacterial strains and culture conditions. B. anthracis Sterne (pXO1 pos-
itive pXO2 negative) was propagated in brain heart infusion (BHI) me-
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dium (Sigma), and S. aureus strains were propagated in tryptic soy broth
(Hardy). Genetically modified B. anthracis Sterne strains were previously
described (20). Clinical daptomycin-nonsusceptible (Dap™) S. aureus
clinical strains are described elsewhere (15), and Dap™ methicillin-resis-
tant S. aureus (MRSA) strain SA32D was derived through in vitro passage
(25).

Synthesis of F2. 3-Chlorobenzoic acid, N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide (EDC), N-hydroxysuccinimide (NHS), triethyl-
amine (TEA), dichloromethane (DCM), and dimethylformamide (DMF)
were purchased from Sigma-Aldrich (St. Louis, MO). 1-Propyl-1H-tetra-
zol-5-amine was purchased from ChemBridge Corporation (San Diego,
CA). Silica gel (60 A, 60 to 200 pm) was purchased from VWR Interna-
tional (Bridgeport, NJ). Thin-layer chromatography (TLC) silica gel
(IB-F) plates were purchased from J. T. Baker (Phillipsburg, NJ). 3-Chlo-
robenzoic acid (250 mg) was added to a round-bottom flask containing a
1:1 solution of DMF-DCM at room temperature, and to this mixture 197
mg EDC, 221 mg NHS, and 619 mg TEA were added. The reaction mix-
ture was stirred for 5 min, a solution of 203 mg 1-propyl-1H-tetrazol-5-
amine in DMF-DCM (1:1) was added to the flask, and the reaction mix-
ture was continuously stirred at room temperature. After 12 h, the
reaction was stopped and evaporated to dryness. The dry material was
dissolved in 10 ml 0.5 M NaHCO; and extracted with DCM (three times,
20 ml each time). The product was purified via column chromatography
onssilica gel and eluted with a CH,Cl,-methanol-TEA (9.8:0.1:0.1) solvent
system in 65% yield. The product was verified using nuclear magnetic
resonance (NMR) and mass spectrometry (MS). 'H NMR (400 MHz,
CDCl;) 60.93 (t,] = 7.4,3-H), 1.94 (m, 2-H), 4.28 (t,] = 7.4,2-H), 7.45
(m, 2-H), 7.90 (m, 2-H), 11.78 (bs, 1-H). '>’C NMR (100 MHz, CDCl,) §
10.6,21.8,46.7,124.8,127.0, 129.7, 131.1, 134.5, 136.6, 161.1, amd 165.6.
MS electrospray ionization m/z C,;H,,CIN.O: 265.07.

Pulse-chase assays. The half-life of green fluorescent protein (GFP)
with the E. coli transfer-messenger RNA (tmRNA) tag AANDENYALAA
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FIG 1 F2 inhibits the ClpXP protease. (A) Structure of F2; (B) pulse-chase assays to monitor proteolysis of the ClpXP substrate protein GFP-AA in the presence
or absence of 100 uM F2; (inset) a representative blot. The graph depicts quantified band intensity of GFP, where the value for wild-type bacteria without F2 is
set at 100% and mean results * standard deviation from 3 experiments are shown.

(GFP-AA) in vivo was determined using pulse-chase assays (17). E. coli
cultures were grown in M9 minimal medium containing no methionine
or cysteine at 30°C to an optical density (OD) at 600 nm of 0.6, and
GFP-AA expression was induced by the addition of isopropyl-1-thio-S-
p-galactopyranoside (IPTG) to 1 mM. At 90 min after induction, cells
were labeled with 30 wCi L-[**S]methionine (MP Biomedicals) for 1 min
and chased with a mixture of unlabeled L-methionine and r-cysteine at a
final concentration of 1.25 mg/ml. At each time point, 450 ul culture was
removed and added to 50 ul trichloroacetic acid, and protein was recov-
ered by centrifugation. Protein pellets were resuspended in 50 ul SDS
buffer (10 mM Tris-HC, pH 8.0, 1% SDS, 1 mM EDTA) and separated by
gel electrophoresis on 15% SDS-polyacrylamide gels, and the radiolabeled
protein bands were visualized and quantified using a Typhoon imager
(GE Healthcare Lifesciences). Half-lives were determined by fitting the
plots of band intensity versus time to a single exponential. For cells treated
with F2, F2 was added to a 100 uM final concentration at the time of
induction.

Bacterial survival/growth assays. Cultures were grown to early log
phase and resuspended to an optical density of 0.4 in phosphate-buffered
saline. B. anthracis Sterne was diluted 1:10 and S. aureus was diluted 1:100
in assay-specific medium to approximately 1 X 10° CFU/ml and 2 X 10°
CFU/ml, respectively, and grown for 24 h at 37°C under static conditions.
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Survival was measured by serial dilution and plating to enumerate the
number of surviving CFU/ml. Growth was measured by determination of
the optical density at a wavelength of 600 nm. All experiments were done
at least 3 times, and results from individual experiments were combined
and presented as mean * standard error of the mean (SEM).

Antimicrobial peptides. Cultures were diluted in RPMI 1640 (Gibco)
plus 5% Luria-Bertani broth (LB; Acumedia). Assay mixtures contained
either F2 or its vehicle control (dimethyl sulfoxide [DMSO]) at the equiv-
alent concentration. Synergy assays had four separate conditions, DMSO,
F2,LL-37-DMSO, or LL-37-F2, using the concentrations indicated in the
figure legends.

Antibiotics. Bacterial strains were diluted in BHI medium for penicil-
lin, erythromycin, or ciprofloxacin (all from Sigma) assays; daptomycin
(Cubist Pharmaceuticals) assays were carried out in Mueller-Hinton
broth IT (Difco)-50 ug/ml calcium. Synergy assays had four separate con-
ditions: DMSO, F2, antibiotic (penicillin or daptomycin)-DMSO, or an-
tibiotic-F2 using the concentrations indicated. Assays using Dap® and
Dap™ S. aureus strains were carried out in the presence of either DMSO or
F2 plus the indicated amounts of daptomycin.

F2 resistance. Bacteria were grown overnight in the presence of 0 uM
F2 (DMSO control) or 40 uM F2 in RPMI 1640-5% LB. On the next day,
the overnight cultures were diluted 1:100 (B. anthracis) or 1:1,000 (S.
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A. ClpP alignment

Ec MALVPMVIEQTSRGERSFDI YSRLLKERVIFLTGQVEDHM ANLIVAQMLFLEAENPEKDI YLYINSPGGVITAGMSIYDT MQFIKPDVSTICMGQAASMG 100

Sa MNLIPTVIETTNRGERAYDI YSRLLKDRIIMLGSQIDDNV ANSIVSQLLFLQAQDSEKDI YLYINSPGGSVTAGFAIYDT IQHIKPDVQTICIGMAASMG 100

Ba#l MNLIPTVIEQTNRGERAYDI YSRLLKDRIIMLGSAIDDNV ANSIVSQLLFLESQDPEKDI HIYINSPGGSITAGMAIYDT MQFIKPQVSTICIGMAASMG 100

Ba#2 MNAIPYVVEQTKLGERSYDI YSRLLKDRIVIIGSEINDQV ASSVVAQLLFLEAEDAEKDI FLYINSPGGSTTAGFAILDT MNLIKPDVQTLCMGFAASFG 100
o ek e

* sk ke kK Kkk e okhk KhkhkkhkAK koo oo

* ek ek e khkk e o s s

* ok k Kk sk kKK kKK Kkk e ok KKk khkk ok Kokek Khkhkk ok

Ec AFLLTAGAKGKRFCLPNSRV MIHQPLGGYQGQATDIEIHA REILKVKGRMNELMALHTGQ SLEQIERDTERDRFLSAPEA VEYGLVDSILTHRN- 194
Sa SFLLAAGAKGKRFALPNAEV MIHQPLGGAQGQATEIEIAA NHILKTREKLNRILSERTGQ SIEKIQKDTDRDNFLTAEEA KEYGLIDEVMVPETK 195
Ba#l AFLLAAGEKGKRYALPNSEA MIHQPLGGAQGQATEIEIAA KRILFLREKLNQILADRTGQ PLEVLQRDTDRDNFMTAEKA LEYGLIDKIFTNR-- 193
Ba#2 ALLLLSGAKGKRFALPNSEI MIHQPLGGAQGQATEIEITA KRILKLKHDINKMIAEKTGQ PIERVAHDTERDYFMTAEEA KAYGIVDDVVTKK—— 193

ce kK ek KAkKkKk e KAk Khkhkkhkkhkkhkk Khhkkhkhk o+ kkk K **

B. ClpX alignment

P e .k

ckKk kK Kook oKk Kk e ek .

Ec MTDKRKDGSGKLLYCSFCGK SQHEVRKLIAGPSVYICDEC VDLCNDIIREEIKEVAPHRE RSALPTPHEIRNHLDDYVIG QEQAKKVLAVAVYNHYKRLR 100
Sa MFKFNEDEE--NLKCSFCGK DQDQVKKLVAGSGVYICNEC IELCSEIVEEELAQNT-SEA ITELPTPKEIMDHLNEYVIG QEKAKKSLAVAVYNHYKRIQ 97
Ba MFKFNDEKG——QLKCSFCGK TQTQVRKLVAGPGVYICDEC IELCTEIVQEELAKDE-EVE FKDVPKPVEIREILDEYVIG QDNAKKALAVAVYNHYKRIN 97

* .

K okok ok ok kK Koek e kk ek Kk Kokokok ekk eekk ek e  koke

ek ok kk e ke ekkkk ke ekkk kA AKkKkKk KKK o

Ec NG-DTSNGVELGKSNILLIG PTGSGKTLLAETLARLLDVP FTMADATTLTEAGYVGEDVE NIIQKLLQKCDYDVQKAQRG IVYIDEIDKISRKSDNPSIT 199
Sa QLGPKEDDVELQKSNIALIG PTGSGKTLLAQTLAKTLNVP FAIADATSLTEAGYVGDDVE NILLRLIQAADFDIDKAEKG IIYVDEIDKIARKSENTSIT 197
Ba SN-SKIDDVELAKSNIALIG PTGSGKTLLAQTLARILNVP FAIADATSLTEAGYVGEDVE NILLKLIQAADYDVEKAEKG IIYIDEIDKVARKSENPSIT 196

s kKkKk kkkk KKK AhkKkKAKAAK KKk hAK: Kheoekk Ko okhhhkehhhkhhhkhhhkhk KKk

e ke K Kekeokheok Kheoekokhhkhkhkeshkhkek KKk

Ec RDVSGEGVQQALLKLIEGTV AAVPPQGGRKHPQQEFLQVD TSKILFICGGAFAGLDKVIS HRVETGSGIGFGATVKAKSD KASEGELLAQVEPEDLIKFG 299
Sa RDVSGEGVQQALLKILEGTT ASVPPQGGRKHPNQEMIQID TTNILFILGGAFDGIEEVIK RRLG-EKVIGFSS---NEAD KYDEQALLAQIRPEDLQAYG 293
Ba RDVSGEGVQQALLKILEGTV ASVPPQGGRKHPHQEFIQID TTNILFICGGAFDGIEPIIK RRLG-EKVIGFGSE--KKNA DVNEKHVLSHVLPEDLLRFG 293

Kokkkkkkrkhhkhkhkkk o o kkk Kekhkkhhhkhhk ehhke ok ok Keookhhk Khkkhkk Koo ok .k

Kok k. . * sk e e kkkk .k

Ec LIPEFIGRLPVVATLNELSE EALIQILKEPKNALTKQYQA LFNLEGVDLEFRDEALDAIA KKAMARKTGARGLRSIVEAA LLDTMYDLPSMEDVEKVVID 399
Sa LIPEFIGRVPIVANLETLDV TALKNILTQPKNALVKQYTK MLELDDVDLEFTEEALSAIS EKAIERKTGARGLRSIIEES LIDIMFDVPSNENVTKVVIT 393
Ba LIPEFIGRLPVIANLEPLDE DALVDILTKPKNALVKQFQK LLELDDVELEFEEGALIEIA KKAIERKTGARGLRSIIEGL MLEVMFELPSRKDIEKCILT 393

Kk khkkkkk ke ok Ko Kk Kk kK ekkkkk KKk ce ek ke kKK

Ec ESVIDGQSKPLLIYGKPEAQ QASGE--419
Sa AQTINEETEPELYDAEGNLI NNSKTSA 420

Ba KETVADNAAPKLVLQDGTVL D-TKTSA 419
. * ok . .

*x Ko ekke KAkhkhkhkhkAKAKK o Kk R e R

FIG 2 Conservation of ClpX/ClpP. Multiple-sequence alignment of ClpP (A) and ClpX (B) sequences from E. coli (Ec), S. aureus (Sa), and B. anthracis (Ba) was
performed using the ClustalW program. The residues important for catalytic activity of CIpP are shown in bold. B. anthracis has at least two ClpP genes which
are designated 1 and 2. ¥, amino acids are identical; colons, amino acids have conserved substitutions; periods, amino acids have semiconserved substitutions.

aureus) in RPMI 1640-5% LB and the indicated amount of F2 was added.
Bacteria were then grown for an additional 24 h under static conditions,
and the numbers of surviving CFU/ml were enumerated.

Whole-blood killing assays. Blood collected from healthy donors
(use and procedures approved by the University of California, San Diego,
Human Research Protections Program) was incubated with 10°> CFU B.
anthracis and 40 uM F2 or vehicle control (DMSO) in a total volume of
500 pl and rotated at 37°C. At 30 min, a small aliquot was removed, blood
was lysed in water, and remaining bacteria were enumerated. Experiments
were performed using blood from three individual donors, and results are
combined and presented as mean *+ SEM.

Cytotoxicity assay. HeLa cells were grown in Dulbecco’s modified
Eagle’s medium (Difco) with 10% fetal bovine serum (Invitrogen), 1%
sodium pyruvate, and 1% penicillin-streptomycin (Difco). Cells (2 X 10*
per well) were plated in 96-well plates and grown for 24 h at 37°C in 5%
CO,. Fresh medium containing the indicated concentration of F2 was
added for an additional 24 h. F2 at 0 uM contained the equivalent vehicle
control (DMSO) at the highest concentration. Untreated cells were in-
cluded as a control. Twenty microliters of MTS tetrazolium [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt] from the CellTiter 96 AQueous One Solution
cell proliferation assay (Promega) was added to each well and the plates
were incubated for 2 h at 37°C in 5% CO, before quantifying the absor-
bance at 490 nm. One hundred percent viability was set at the absorbance
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of the untreated cells. Two independent experiments were combined, and
results are presented as mean *+ SEM.

RESULTS

Inhibition of the ClpXP protease. The compound F2 (Fig. 1A)
was identified as part of a high-throughput screen for inhibitors of
the protein tagging and degradation pathway known as trans
translation in E. coli (unpublished data). F2 inhibited proteolysis
of ClpXP substrates in vivo using pulse-chase assays that moni-
tored the half-life of GFP with the E. coli tmRNA tag (GFP-AA)
(Fig. 1B). The GFP-AA half-life was increased from 5.4 = 0.8 min
to 18.7 £ 5.7 min in the presence of F2. In comparison, bacteria
lacking clpX had a protein half-life of 53.1 * 14 min (average
half-life values from 3 experiments). ClpX and ClpP are highly
conserved among bacterial species (Fig. 2A and B) (6, 10), and
therefore, it is likely that a pharmacological inhibitor may func-
tion in multiple species. Genetic deletion of cIpX increases the
susceptibility of B. anthracis Sterne to LL-37, the human catheli-
cidin antimicrobial peptide (see reference 20 and Fig. 3A; compare
black hatched and light gray hatched bars). Cathelicidins are crit-
ical first-line effectors of innate defense against invasive bacterial
infection (23). We hypothesized that if F2 could inhibit the ClpXP
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FIG 3 F2 synergistically interacts with cathelicidin (LL-37) to inhibit B. anthracis survival. (A) Growth of B. anthracis Sterne wild type (WT) (black bars) with
vehicle control (DMSO), ACIpX (light gray bars) with DMSO, or wild type with 40 uM F2 (dark gray bars) after 24 h in the absence (solid bars) or presence
(hatched bars) of 1.6 uM LL-37. %, P < 0.05 from untreated wild type; **, P < 0.05 from LL-37-treated wild type by one-way ANOVA, followed by Tukey’s post
hoc analysis. (B) Survival of wild-type B. anthracis Sterne after 24 h of incubation with DMSO vehicle control (control), 40 uM F2, and/or 1.6 uM LL-37, as
indicated. $, no CFU recovered; #, a synergistic interaction (P < 0.05) by two-way ANOVA. (C) Survival of wild-type B. anthracis Sterne after 4 h of incubation
with 0.8 uM LL-37 and the indicated amounts of F2. (D) Survival relative to the starting inoculum of wild-type B. anthracis Sterne after 30 min incubation with
whole blood treated with vehicle control (DMSO) or 40 uM F2. ***, P < 0.001 by unpaired t test. (E) HeLa cells were incubated with the indicated amount of F2
for 24 h. Cell viability is proportional to the amount of a colored formazan product quantified at an OD of 490 nm. Fifty percent cell viability (50% inhibitory
concentration [ID5]) is indicated by the gray line. (F) Survival of wild-type B. anthracis Sterne after incubation with the indicated amount of F2 for 24 h. Bacteria
were grown for 24 h before assay in either 0 uM F2 (black bars) or 40 uM F2 (gray bars). $, no CFU recovered.

protease in B. anthracis Sterne, the parental bacteria would be
rendered susceptible to cathelicidins in a manner similar to that
for the mutant bacteria harboring a genetic deletion of the clpX
gene. At a dose of 40 uM, F2 alone did not affect B. anthracis
Sterne growth (Fig. 3A; compare black versus dark gray bars).
However, in combination with LL-37, growth is inhibited to the
same level as it is in the AclpX mutant (Fig. 3A; compare light and
dark gray hatched bars).

April 2012 Volume 56 Number 4

To examine more precisely the interaction between F2 and
LL-37 in killing B. anthracis Sterne, survival of the bacteria was
assessed after 24 h of incubation with vehicle control, 40 uM F2
alone, 1.6 uM LL-37 alone, or a combination of 40 uM F2 and 1.6
uM LL-37. Incubation with either compound alone had a negli-
gible effect on survival in comparison to that achieved with the
vehicle control; however, when the two compounds were com-
bined, recovery of B. anthracis CFU was below the limit of detec-
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FIG 4 F2 is effective against S. aureus. Survival of S. aureus Newman (A) or MRSA Sanger 252 (B) with vehicle control, 40 uM F2, and/or 10 uM LL-37, as
indicated. (C) Survival of MRSA Sanger 252 after incubation with the indicated amount of F2 for 24 h. Bacteria were grown for 24 h before assay in either 0 uM
F2 (black bars) or 40 uM F2 (gray bars). $, no CFU recovered; #, a synergistic interaction (P < 0.05) by two-way ANOVA.

tion (Fig. 3B). Similar results were seen with murine cathelicidin
CRAMP (data not shown). The interaction between F2 and LL-37
was highly significant (two-way analysis of variance [ANOVA],
P < 0.0001), indicating a strong synergistic interaction between
these two compounds (28). F2 functions in a dose-dependent
manner, since increasing amounts of F2 led to decreased bacterial
survival when the amount of LL-37 was held constant (Fig. 3C).

In order to test whether the synergistic effect of F2 and antimi-
crobial peptides on the bacteria could potentially be used in ther-
apeutic treatment of infection, we tested the ability of F2 to aug-
ment the bactericidal activity of human whole blood. Treatment
of blood with 40 uM F2 significantly enhanced killing of B. an-
thracis in whole blood compared with that achieved with the ve-
hicle control (Fig. 3D). Cytotoxicity in mammalian cells was not
seen until a dose of 500 to 1,000 uM F2 (Fig. 3E).

Since the ClpXP protease plays a role in virulence in a number
of pathogens, its inhibition could represent a potential therapeutic
target for bacterial species besides B. anthracis. S. aureus is a major
human pathogen and a leading cause of skin, soft tissue, and
bloodstream infections. Of particular concern is the rise of antibi-
otic-resistant strains of S. aureus, including MRSA, now epidemic
in health care and community settings in the United States and
other developed countries. Loss of ClpXP leads to decreased vir-
ulence of S. aureus and results in a number of shared phenotypes
with B. anthracis, including loss of hemolytic and proteolytic ac-
tivity (11, 20). We hypothesized that F2 may function in a similar
manner in S. aureus, and we tested its activity against several
strains, including the methicillin-susceptible strain Newman and
the MRSA strain Sanger 252. In both cases, survival of S. aureus
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was only slightly reduced when the bacteria were incubated for 24
h with either 10 uM LL-37 or 40 uM F2 alone (Fig. 4A and B).
However, combining LL-37 and F2 revealed a strong synergistic
effect. No colonies were recovered for S. aureus Newman (Fig.
4A), and survival was reduced by at least 10,000-fold for MRSA
Sanger 252 (Fig. 4B). F2 exhibits direct antimicrobial activity
against B. anthracis Sterne and MRSA Sanger 252 (Fig. 3F and 4C,
black bars). Pretreatment of bacteria with 40 uM F2 induces re-
sistance in S. aureus but not in B. anthracis under the same condi-
tions (Fig. 3F and 4C).

Loss of ClpX increases susceptibility to conventional antibi-
otics. Deletion of clpX in B. anthracis resulted in increased suscep-
tibility to host defenses such as antimicrobial peptides and ly-
sozyme that target components of the cell envelope, including the
cell membrane and/or cell wall (20). Since these bacterial struc-
tures are also targets of certain classes of antibiotics, we hypothe-
sized that loss of cIpX could increase susceptibility to cell enve-
lope-acting antibiotics. We incubated the parental strain B.
anthracis Sterne, the AclpX mutant, and the complemented strain
AclpX pclpX in medium with or without 5 wg/ml of penicillin, a
cell wall-acting antibiotic. We found that while all three strains
grew well in media without penicillin, growth of the Ac/pX mutant
was significantly reduced in the presence of penicillin (Fig. 5A).
Incubation with daptomycin, an antibiotic that disrupts mem-
brane potential and causes cell wall stress (22), exerted a similar
effect. No viable bacteria were recovered upon incubation of the
AclpX mutant with daptomycin, whereas the parental and the
complemented strains were not significantly affected by daptomy-
cin (Fig. 5B). This effect is not seen with all antibiotics, as no
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FIG 5 Loss of the clpX gene increases susceptibility to cell envelope antibiotics. Survival of wild-type B. anthracis Sterne (wild type) plus the empty vector (pEV),
AclpX plus the empty vector (pEV), or AclpX pclpX in the presence of penicillin (A) or daptomycin (B). Survival of wild-type B. anthracis Sterne or the AclpX
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hoc analysis.

differences in growth were seen upon incubation with either cip-
rofloxacin, which targets topoisomerase II, or erythromycin,
which targets protein synthesis (Fig. 5C and D).

Inhibition of ClpXP increases antibiotic sensitivity. Since
ClpX was important for resistance to penicillin and daptomycin in
B. anthracis Sterne, we next tested whether inhibition of the ClpXP
protease using F2 would sensitize B. anthracis Sterne to penicillin
or MRSA Sanger 252 to daptomycin. Bacteria were incubated with
vehicle control, F2 alone, antibiotic alone, or a combination of F2
and antibiotic. Bacterial survival (numbers of CFU/ml) was deter-
mined at 24 h. In both cases, neither treatment with F2 nor treat-
ment with antibiotic alone had a significant effect on survival.
However, a combination of F2 and penicillin with B. anthracis
Sterne (Fig. 6A) or F2 and daptomycin with MRSA (Fig. 6B) sig-
nificantly reduced bacterial survival in a synergistic manner.

Although daptomycin is a relatively new antibiotic, resistant
strains have already been reported in clinical practice (12, 26). We
next asked whether F2 could increase daptomycin susceptibility
(Dap®) in daptomycin-nonsusceptible (Dap™) S. aureus strains.
Strains SA0616 (Dap®) and SA0701 (Dap™) were isolated from the
bloodstream of a patient with daptomycin treatment failure be-
fore and after daptomycin therapy (26). Dap™ MRSA strain
SA32D was derived by in vitro passage of Dap® MRSA strain SA32
(25). Both SA0701 and SA32D were more resistant to daptomycin
killing than their parental strains, SA0616 and SA32, respectively
(Fig. 6C and D; compare gray and black bars). Also, in both cases,
treatment of either SA0701 or SA32D with F2 decreased their re-
sistance to daptomycin (Fig. 6C and D; compare black and white
bars), although in neither case did it return daptomycin suscepti-
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bility to its original levels (Fig. 6C and D; compare white and gray
bars).

DISCUSSION

It is estimated that 20% of newly synthesized proteins are de-
graded by the proteosome due to transcriptional or translational
errors (30) and this number increases under stress conditions such
as heat shock (10, 13). Bacterial proteosomes also control the half-
life of transcription factors and rate-limiting enzymes, thereby
exerting a regulatory effect on gene expression and metabolism.
Thus, regulated proteolysis is critical from a quality control as well
as a regulatory standpoint, and loss of these intracellular proteases
can have detrimental effects (10, 14). During infection, pathogens
face numerous stress conditions, including nutrient deprivation,
exposure to reactive oxygen species, and temperature and pH
changes. Loss of the Clp protease system attenuates virulence in
several pathogens, including B. anthracis and S. aureus (10, 13,
20), making the ClpXP protease a potential target for pharmaco-
logical intervention.

We have identified a novel inhibitor of the ClpXP protease, F2,
which targets bacterial cells with minimal host cell cytotoxicity.
While it is unclear exactly how F2 is inhibiting the ClpXP protease,
our data indicate that inclusion of F2 decreases the proteolysis of
ClpXP substrates in vivo. Similar to a genetic loss of ClpX, cotreat-
ment of B. anthracis with F2 increased susceptibility of the bacteria
to cathelicidin antimicrobial peptides. A similar effect was seen
with both methicillin-susceptible and methicillin-resistant strains
of S. aureus, suggesting that ClpXP also plays a role in cathelicidin
resistance in S. aureus. While previous studies have demonstrated
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the effectiveness of pharmacological interference with ClpP func-
tion (2, 3), this is the first study to show that inhibition of ClpXP
could result in a synergistic interaction with innate immune de-
fenses. Although we focused upon cathelicidins in this study, we
have previously shown that loss of ClpX renders B. anthracis more
sensitive to other antimicrobial proteins, including defensins and
lysozyme (20). Therefore, pharmacological inhibition of ClpXP
may increase susceptibility to multiple host defenses.

F2 also sensitizes B. anthracis and S. aureus to antibiotics such
as penicillin and daptomycin, although the synergistic effect be-
tween F2 and antibiotics was more pronounced in B. anthracis.
This may reflect our assay conditions, or it may indicate that the
extent to which ClpXP influences susceptibility to cell envelope
antibiotics differs among species. Evidence of a connection be-
tween Clp proteases and cell wall-acting antibiotics has been seen
in other bacterial species. Loss of ClpP in Streptococcus mutans
rendered the bacteria more susceptible to the cell wall-acting an-
tibiotics bacitracin, polymyxin B, and vancomycin, while no effect
was seen with non-cell wall-acting antibiotics (7). In Mycobacte-
rium tuberculosis, loss of the ClpCP protease resulted in increased
susceptibility to cell wall stress induced by vancomycin or SDS (1).
Daptomycin is believed to function by membrane depolarization,
but a recent study demonstrated that it also induces the cell wall
stress regulon, including Clp family members, in S. aureus (22).
The importance of the ClpXP system is further highlighted by our
observation that inhibition increased susceptibility to daptomycin
in otherwise nonsusceptible strains. However, this suppression of
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resistance was only partial, indicating that non-Clp-dependent
effects also probably contribute to daptomycin resistance.

It is likely that loss of ClpXP has pleiotropic effects on the
bacterial cell since the Clp protease regulates a wide range of genes
(21, 24). Cell wall-active agents are believed to increase damaged
or misfolded proteins and result in induction of genes involved in
protein turnover, such as those for chaperones and proteases (22,
29). Loss of ClpXP could hamper this response. The ClpXP pro-
tease may also be regulating critical components of the cell wall. In
E. coli, ClpXP can degrade FtsZ, a major cytoskeletal protein that is
implicated in cell division and cell wall synthesis (4). In Bacillus
subtilis, MurAA, an enzyme important in peptidoglycan forma-
tion, is degraded by CIpCP (18). It is also possible that cell charge
is affected by loss of ClpXP. Daptomycin is an anionic compound
that associates with calcium to form a cationic complex similar to
an antimicrobial peptide. Resistance to daptomycin and cationic
antimicrobial peptides has been linked to mutations in mprF
(lysine addition to cell membrane phosphatidylglycerol) and the
ditABCD operon (alanylation of cell wall teichoic acids) that result
in increased net positive surface charge in both S. aureus and B.
anthracis (9, 19, 27, 31). Consistent with this hypothesis, increas-
ing daptomycin resistance in S. aureus was accompanied by in-
creased resistance to cationic antimicrobial peptides such as al-
pha-defensin HNP-1 and platelet microbicidal proteins (15). The
Clp protease could be regulating either directly or indirectly ex-
pression of the mprF or the dltABCD operon, although this has not
been demonstrated to date.

Antimicrobial Agents and Chemotherapy

0931d NVS 41T 40 AINN AQ 2T0Z ‘9T Yase uo /610" wse oee//:dny woly papeojumod


http://aac.asm.org
http://aac.asm.org/

The ClpXP protease is a promising target for pharmacological
intervention. Inclusion of F2 increased the effectiveness of bacte-
rial killing by human whole blood, indicating that this compound
can augment innate immune defenses. This therapeutic effect may
be magnified at tissue sites of infection where high levels of anti-
microbial peptides are produced by cells such as keratinocytes and
in patients receiving concurrent antibiotic therapy with cell wall-
active agents for which ClpXP inhibition also provides synergism.
While we have focused on inhibition of ClpXP, uncontrolled ac-
tivation of ClpP through a new class of antibiotics, acyldepsipep-
tides, also has lethal consequences for several bacterial species
tested (3). However, as was seen with acyldepsipeptides (3) and
other antimicrobial compounds, potential for bacterial resistance
to F2 exists. The mechanism behind this resistance is unclear at
this point, but it may necessitate that F2 or another pharmacolog-
ical inhibitor of ClpXP be used in a combination rather than single
therapy to limit resistance. Nevertheless, the use of Clp inhibitors
can be predicted to contribute to antimicrobial activity on multi-
ple levels, through increased susceptibility to innate immune de-
fenses and decreased resistance to traditional antibiotics, poten-
tially increasing therapeutic effectiveness.
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