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Abstract

Bacillus anthracis is a National Institute of Allergy and Infec-
tious Diseases Category A priority pathogen and the caus-
ative agent of the deadly disease anthrax. We applied a
transposon mutagenesis system to screen for novel chromo-
somally encoded B. anthracis virulence factors. This ap-
proach identified ClpX, the regulatory ATPase subunit of the
ClpXP protease, as essential for both the hemolytic and pro-
teolytic phenotypes surrounding colonies of B. anthracis
grown on blood or casein agar media, respectively. Deletion
of clpX attenuated lethality of B. anthracis Sterne in murine
subcutaneous and inhalation infection models, and mark-
edly reduced in vivo survival of the fully virulent B. anthracis
Ames upon intraperitoneal challenge in guinea pigs. The ex-
tracellular proteolytic activity dependent upon ClpX func-

tion was linked to degradation of cathelicidin antimicrobial
peptides, a front-line effector of innate host defense. B. an-
thracis lacking ClpX were rapidly killed by cathelicidin and
a-defensin antimicrobial peptides and lysozyme in vitro. In
turn, mice lacking cathelicidin proved hyper-susceptible to
lethal infection with wild-type B. anthracis Sterne, confirm-
ing cathelicidin to be a critical element of innate defense
against the pathogen. We conclude that ClpX is an impor-
tant factor allowing B. anthracis to subvert host immune
clearance mechanisms, and thus represents a novel thera-
peutic target for prevention or therapy of anthrax, a fore-

most biodefense concern. Copyright © 2009 S. Karger AG, Basel

Introduction

Bacillus anthracis is a Gram-positive, spore-forming
bacterium and the causative agent of anthrax. Primarily
adisease of livestock, anthrax can infect humans through
cutaneous, respiratory or gastrointestinal routes of infec-
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tion. Inhalational anthrax occurs when endospores are
introduced to the lung and taken up by resident phago-
cytes. Escape of B. anthracis from the phagolysosome
into regional lymph nodes leads to extracellular prolif-
eration and eventually to high bacterial titers in the blood,
shock and death [1]. The high lethality of inhalational
anthrax coupled with extended spore viability makes B.
anthracis a paramount biodefense concern. This was il-
lustrated in 2001 when a terrorist sent letters containing
anthrax spores to government offices and news organiza-
tions in the USA, killing 5 people and infecting 17 oth-
ers.

The best characterized virulence factors of B. anthra-
cis are the anthrax toxins, comprised of lethal factor, ede-
ma factor, protective antigen and the antiphagocytic
poly-D-glutamate capsule. The structural genes encoding
the anthrax toxins and the biosynthetic genes for capsule
synthesis are located on the large plasmids, pXOl and
pXO2 respectively, and loss of either plasmid attenuates
B. anthracis virulence in certain animal models [2, 3].
While both anthrax toxin and capsule are critical in im-
mune cell invasion and disease progression, evidence in-
dicates that chromosome-encoded genes may also con-
tribute to B. anthracis pathogenicity [4].

To identify novel chromosomal genes involved in vir-
ulence, we applied a transposon system using the Himarl
transposase to generate a random chromosomal mutant
library of B. anthracis Sterne, then screened individual
mutants for loss of hemolytic activity, a potential marker
for bacterial cytotoxins. This strategy yielded a mutant in
which the transposon insertion mapped to alocus coding
for the ClpX ATPase.

Caseinolytic proteases (Clp) are conserved intracellu-
lar proteases that eliminate damaged, non-functional
proteins and also control the lifespan of transcriptional
regulators and rate-limiting enzymes [5]. The ClpXP pro-
tease is comprised of a proteolytic core, ClpP, that pairs
with the regulatory ATPase ClpX and structurally resem-
bles the eukaryotic 26s proteosome [6]. ClpX is respon-
sible for recognition, unfolding and cleavage of substrate
proteins into large peptides to be fed into the proteolytic
core. Without ClpX, ClpP is limited to degradation of
peptides fewer than 7 amino acids long [7]. ClpX can also
function independently of ClpP as a molecular chaperone
that assists in protein folding [8]. Atleast 5 classes of ClpX
recognition signals have been identified. Substrates com-
prise a diverse array of proteins and include enzymes in-
volved in gene regulation, metabolism and stress response
[9]. In Bacillus subtilis, ClpX is required for initiation of
sporulation [10].

ClpX and Anthrax Virulence

ClpX function proved essential for B. anthracis 3-he-
molytic and extracellular proteolytic activities in plate-
based assays. Further analysis of this mutant uncovered
a role for ClpX in B. anthracis resistance to host antimi-
crobial peptide killing and virulence in several models of
systemic anthrax infection.

Materials and Methods

Bacterial Strains and Culture Conditions

B. anthracis Sterne (pXO1'pXO02~) and Ames strains (pXOI1*
pXO2") were propagated in Brain-Heart Infusion (BHI) medium
(Sigma) or on BHI agar plates under aerobic conditions at 37°C.
When antibiotic selection was indicated, the following concentra-
tions were used: 50 pug/ml of kanamycin (Kan), 5 pg/ml of eryth-
romycin (Em), 3 pg/ml of chloramphenicol (Cm) and 1pg/ml of
tetracycline (Tet).

Construction of B. anthracis Sterne Transposon Mutant

Library

To develop a Himarl transposon system for use in B. anthracis,
we constructed a delivery plasmid that allowed expression of the
Himarl transposase gene and provided a selectable marker. First,
a Himarl-based mini-transposon was constructed by cloning the
Q) km-2 cassette from pUTE618 [11] into the unique Bg/II site in
pMMOrf [12]. A hyperactive Himarl transposase (tnp) gene from
pET29C9 [12] was fused to the B. cereus promoter Py3y5 [13]. Fi-
nally, the mini-HimarI cassette and Py3,5-Himarl-tnp were cloned
into pUTES583 [11] to generate pUTE664. The Himar-1 transpo-
son delivery vector pUTE664 was electroporated into B. anthracis
using an established protocol [14]. Electroporation mixtures were
grown in medium containing Em to select for the transposon de-
livery plasmid and allow for chromosomal transposition events.
Cells were subcultured 6 times without antibiotic selection to fa-
cilitate loss of the plasmid. Candidate chromosomal transposon
insertion mutants were identified as B. anthracis colonies exhibit-
ing kanamycin resistance and Em sensitivity. Southern blot anal-
ysis of selected colonies indicated a highly random distribution of
single transposon insertions into the chromosomes of individual
mutants. DNA flanking the transposon insertion site was iden-
tified by single-primer PCR using outwardly directed primer
5-GGGAATCATTTGAAGGTT-3', followed by direct DNA se-
quencing using the nested primer 5-TATGCATTTAATACT-
AGCGACG-3".

Targeted Allelic Replacement Mutagenesis and

Complementation Studies

Approximately 1,000 bp of sequence immediately upstream of
clpX was amplified with primers UpClpXFwd 5'-CATTAGGA-
TCCATACATGCCAATCATTTCAATACC-3" and UpClpXRev
5" TGGCAGGGCGGGGCGTAATGCGAAGGAGAAACA-3/,
while 1,000 bp of sequence immediately downstream of clpX
was amplified with primers DnClpXFwd 5-CCAGTGATTTT
TTTCTCCATATTTTCACACCCCTTACA-3" and DnClpXRev
5'-CATGACTCGAGCGGAAAAGGCGAAAACTACTCTC-3".
The UpClpXRev and DnClpXFwd primers were constructed with
25-bp 5’ extensions corresponding to the 5" and 3" ends of the cat
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gene. The upstream and downstream PCR products were then
combined with a 650-bp amplicon of the complete cat gene as
templates in a second round of PCR using primers UpClpXFwd
and DnClIpXRev. The resultant amplicon was sub-cloned into
pHY304, a temperature-sensitive vector, and transformed into B.
anthracis Sterne or Ames. Transformants were grown initially at
30°C and then shifted to 37°C under Em selection to identify
single crossover events. Colonies exhibiting single crossovers in
both orientations were grown overnight at 30°C in Cm, passed
once at 30°C and then plated on BHI Cm plates at an appropriate
dilution to generate single colonies and grown overnight at 37°C.
Double crossover events were identified as colonies exhibiting
Cm resistance but Em sensitivity, and were confirmed by PCR.
For the complementation studies in B. anthracis Sterne, clpX plus
flanking DNA was PCR amplified from chromosomal DNA
using ClpXFwd 5-ATGCAAGCTTACGACTTAATCCCGTC-
CTCTTGC-3" and ClpXRev 5-GTCAGAATTCCTGTAGAC-
TTCTTAGTAGAAAACGCTGCA-3" and cloned into the plas-
mid pUTE29 [14] to yield pClpX. The pClpX plasmid was intro-
duced into B. anthracis Sterne by electroporation.

Hemolytic and Proteolytic Activity

Blood agar plates were prepared by adding 50 ml of washed
human red blood cells to 11 of BHI medium containing 1.5% agar
held at 50°C. B. anthracis was inoculated onto plates and in-
cubated at 37°C under anaerobic conditions (generated by the
AnaeroPouch System, Remel). A liquid phase hemolysis assay was
performed as described [15]. To assess proteolytic activity, casein
plates were prepared by adding 150 ml of sterile skim milk to 11
of medium containing 18.5 g of Columbia broth (Acumedia) and
1.5% agar held at 50°C. B. anthracis inoculated onto casein plates
were incubated at 37°C under aerobic conditions.

Semi-Quantitative RT-PCR

16-hour bacterial cultures were lysed using Lysing Matrix B
beads (MPBiomedical) by pulsing 2 X 40 s in a mini-bead beater
(Biospec). RNA was purified using the RNAeasy kit (Invitrogen)
followed by DNase treatment using the Turbo DNA-free kit (Am-
bion). Equal amounts of RNA were reverse transcribed using the
Superscript III kit (Invitrogen). PCR was performed using the
Platinum Blue Supermix (Invitrogen) and was limited to 26 cycles
to maintain semi-quantitative conditions. The following primers
were used: ClpX Fwd 5'-gagcatcttcatcaagtggctctagg-3'; ClpX Rev
5'-gagtatgtcatcggacaagataacgcg-3'; Lon Fwd 5'-ccttgecttctttate-
gccaagt-3; Lon Rev 5'-gtacgcttegtgtecttgtagaagg-3'; FusA Fwd
5'-aagctggtggtgctgaageac-3'; FusA Rev 5'-ttcccaatcagettetecttg-
aag-3"; LEF Fwd 5'-atatccagcataatcatccacagcat-3'; LEF Rev 5'-atg-
gagaatccaattatcaccagatactc-3"; CYA Fwd 5'-taagcgatgatagtgatag-
tagcgacctt-3; CYA Rev 5'-ttcatcgctaattctaaattcatatacctgat-3'.

Spore Isolation and Purification

Spores were grown on solid New Sporulation medium (3 g
Tryptone, 6 g bacteriological peptone, 3 g yeast extract, 1.5 g Lab
Lemco powder, 1 ml 0.1% MnCl,*4H,0, 25 g Bacto agar in 11
H,O0) at 37°C until cultures contained >95% free spores. Spores
were scraped off, filtered to remove debris, harvested by centrifu-
gation at 12,000 g for 20 min and washed in PBS to remove con-
taminating vegetative cells and debris. Microscopic examination
established that spore preparations contained nearly 100% phase-
bright spores.
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Sporulation and Germination Assays

Sporulation was assessed in 2 ways. First, spores were visual-
ized using phase-contrast microscopy after induction of sporula-
tion for up to 7 days. Second, spore formation was quantified by
inoculating B. anthracis Sterne into phage assay medium [16] for
24 h before heat-killing vegetative bacteria at 68°C for 40 min and
then serially diluting and plating remaining heat-resistant spores.
Germination was measured as a loss of heat resistance. Spores
were heat activated to synchronize germination and the number
of viable spores was determined by serial dilution. Spores were
germinated for 20 min in BHI before heat-killing germinated bac-
teria and determining remaining heat-resistant spores. Percent
germination was calculated as [1 - (number of survivors at T,)/
(number of survivors at Ty)] X 100 [17].

Antimicrobial Peptide and Lysozyme Assays

Cultures were grown to early log phase, washed in PBS and
resuspended in PBS to an optical density of 0.4 at wavelength 600
nm. Bacteria were diluted 1:10 in RPMI 1640 tissue culture me-
dium (Gibco) plus 5% Luria-Bertani (LB) broth (Acumedia) con-
taining either 16 wM of CRAMP or 0.5 pM of LL-37 and incu-
bated at 37°C with nutation. For the EDTA assay, B. anthracis
Sterne was incubated with 0.5 mM EDTA in addition to 0.5 wM
LL-37. For the 1,10-phenanthroline assay, B. anthracis Sterne was
incubated with 0.5 mM 1,10-phenanthroline (Sigma) in addition
t00.25 wM LL-37 or 0.25 wM LL-37 plus the vehicle control (meth-
anol). Samples were incubated at 37°C with nutation and serial
dilutions were plated at indicated time points to enumerate sur-
viving cfu. For the HNP-2 and lysozyme assay, 10 pl of bacteria
either diluted 1:100 in RPMI plus 5% LB (HNP-2 assay) or undi-
luted (lysozyme assay) was added to a 96-well plate containing 90
wlof 1.6 or 0.8 wM HNP-2 (Sigma) or 90 pl of 10 mg/ml or 5 mg/
ml of lysozyme (Sigma) and allowed to grow for 18 h. Growth was
assessed by visual inspection and quantified by reading the ODyy.
No difference was seen in growth or survival in RPMI + 5% LB
without antimicrobial peptides (AMPs) or lysozyme (data not
shown). Assays were repeated in triplicate at least twice. Results
from 1 representative experiment are shown.

Cathelicidin LL-37 Degradation

B. anthracis Sterne were grown for 18 h in 5 ml of BHI. Culture
supernatants were divided into tubes and incubated with LL-37 at
a final concentration of 2 pM for 6 h at room temperature. As an
activity control, some supernatants were boiled for 10 min prior
to assay. At the assay endpoint, all samples were boiled for 5 min
to stop the reaction, and subjected to 10% Bis-Tris electrophoresis
in MES running buffer (Invitrogen) followed by Western blot
analysis using an anti-LL-37 antibody.

Mouse Infection Studies

For the subcutaneous challenge, bacteria were grown to early
log phase, washed in PBS and resuspended in PBS to an optical
density of 0.4 at wavelength 600 nm. Vegetative bacteria were di-
luted in PBSto 1 X 106 cfu/mland 0.1 ml was injected subcutane-
ously into the shaved hindflank of 8-week-old female C57Bl/6
mice (Charles River) or CRAMP~~ mice [18]. Mice were moni-
tored for survival for 14 days after infection. In a separate exper-
iment, mice were euthanized at day 3, and the site of subcutaneous
injection was excised, homogenized and serially diluted to deter-
mine the number of surviving cfu. Histology studies were per-
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formed at the University of California San Diego Histopathology
Core Facility (by N. Varki, Director). For inhalation challenge
studies, spores were prepared as above, viable spore count deter-
mined by dilution plating, and AclpX mutant spores concentrated
to normalize viable counts with parent strain spores. Spores were
heat-activated at 65°C for 30 min and approximately 5 X 10°
spores in 20 pl volume were administered i.n. to 8-week-old A/J
mice (Jackson; n = 15, 9 with wild-type bacteria, 6 with mutant
bacteria), under ketamine anesthesia. Survival was monitored for
12 days after infection.

Guinea Pig Infection Studies

For i.p. challenge, B. anthracis Ames or its isogenic AclpX mu-
tant were grown overnight at 37°C in a media consisting of 50%
FBS, 40% BHI and 0.8% sodium bicarbonate, which allowed
equivalent growth of each strain but prevented sporulation and
long-chain formation. Cells were then washed 3 times in PBS and
suspended to approximately 1 X 10° cfu/ml. For single-strain
challenges, cells of each strain were diluted to the appropriate
concentration in PBS and doses of 102, 10* or 10* cfu were inject-
ed into the i.p. cavity of groups of 5 female Hartley guinea pigs
(approx. 450 g each). Guinea pigs were monitored for survival up
to 14 days after infection. For calculation of a competitive index
for the AclpX mutant compared to the Ames parental strain, the
parental and AclpX strains were mixed in a 1:1 ratio after washing
and 200 pl (containing 1 X 10° cfu of each strain) was injected
into the i.p. cavity of 3 female Hartley guinea pigs (approx. 450 g
each). All 3 guinea pigs became moribund between 24 and 28 h
after infection. The spleens of all 3 guinea pigs were removed and
homogenized and the numbers of B. anthracis Ames and AclpX
colonies were enumerated by differential plating. Competitive in-
dex was calculated as AclpX:Ames parent cfu recovered from the
spleen divided by AclpX:Ames parent cfu in the inoculum. Com-
petitive index of the AclpX mutant during growth in vitro was
calculated similarly after growing each strain overnight and mix-
ing mutant and parental cells in a 1:1 ratio, inoculating the mix-
ture into BHI broth, incubating overnight at 37°C, and determin-
ing AclpX and parental cfu by differential plating.

Statistical Analysis

Kaplan-Meier survival plots were evaluated with the log-rank
test. CRAMP, LL-37, HNP-2 and lysozyme assays were evaluated
with a 1-way ANOVA followed by Tukey’s post hoc test using
GraphPad Prism software. All other statistics were evaluated by
2-tailed Student’s t test using the Microsoft Excel statistical pack-
age.

Assurances

All animal experiments were approved by the committee on
the use and care of animals, University of California San Diego,
and performed using accepted veterinary standards. Experimen-
tal protocols were approved by the University of California San
Diego biosafety committee. B. anthracis Ames experiments were
conducted at the US Army Medical Research Institute of Infec-
tious Diseases, which is fully accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care Inter-
national, in compliance with the Animal Welfare Act and other
federal statutes and regulations relating to animals and experi-
ments involving animals.

ClpX and Anthrax Virulence

Results

Nonhemolytic B. anthracis Mutant Identified through

Mariner-Based Transposon Mutagenesis

Although not hemolytic on sheep blood, B. anthracis
exhibits strong hemolytic activity on human blood agar
plates under anaerobic conditions [19]. A candidate agent
of this phenotype is the pore-forming cholesterol-depen-
dent cytolysin anthrolysin O (ALO), which is known to
lyse human blood cells in solution [15]. We created a pre-
cise allelic replacement of the alo gene in B. anthracis
Sterne. While the resultant Aalo mutant indeed lost he-
molytic activity in 1% human blood solution (fig. 1a), it
retained parental levels of hemolytic activity on human
blood agar plates grown under anaerobic conditions
(fig. 1b). Since ALO was not responsible for the hemo-
lytic phenotype of B. anthracis on blood agar, we sought
other candidate genes involved in B. anthracis hemolysis
by construction and screening of a random transposon
mutant library.

We generated a transposon system using the Himarl
transposase gene that is part of the Mariner family of
transposable elements. The Himarl element does not
need host factors for transposition and the only sequence-
specific insertion requirement is the dinucleotide TA
[20]. This makes it ideal for transposon mutagenesis in
the AT-rich genome of B. anthracis [21, 22]. Southern blot
analysis and DNA sequencing of several individual clones
indicated the library to consist of highly random single
insertions of the transposon dispersed throughout the B.
anthracis chromosome (data not shown).

We screened approximately 5,000 transposon mutants
for loss of hemolytic activity on human blood agar plates
under anaerobic conditions and identified a nonhemo-
lytic mutant (fig. 1c). We used single-primer PCR ampli-
fication to identify the B. anthracis chromosomal DNA
sequences immediately flanking the transposon. With
NCBI Blast and the National Microbial Pathogen Data
Resource, we mapped the transposon insertion to a site
immediately upstream of an open reading frame predict-
ed to encode ClpX, the regulatory ATPase subunit of the
ClpXP protease (fig. 1d).

B. anthracis ClpX Is Required for Hemolytic and

Proteolytic Activities

To determine whether the loss of hemolytic activity in
our transposon mutant was specifically attributable to
ClpX, we performed precise, in-frame allelic replacement
of clpX in B. anthracis Sterne, generating the isogenic mu-
tant AclpX. In this procedure, the chloramphenicol acet-
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mutant. f Human blood agar plate show-
ing hemolytic activity of parent B. anthra-
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yltransferase (cat) replacement cassette replaced clpX
from the ATG start codon to stop codon without disrupt-
ing any flanking regulatory sequences and positioned in
the same 5" =3’ orientation to allow read through.

To confirm that deletion of c/pX and replacement with
cat resulted in loss of clpX expression, but did not affect
expression of the other downstream genes in the operon,
we performed semi-quantitative RT-PCR for c[pX and the
lon protease transcripts; fusA, encoding a translation
elongation factor, served as a control gene. As expected,
in the AclpX mutant, clpX transcript cannot be detected;
however, genes for both Lon proteases are expressed
(fig. le, Lon protease gene furthest downstreamis shown).
To further confirm that deletion of c/pX, and not a polar
effect on downstream genes, was responsible for these
phenotypes, we performed single-gene complementation
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analysis by inserting the clpX gene in the pUTE29 plas-
mid [14] to generate the plasmid pClpX. Parental Sterne
and the AclpX isogenic mutant were also transformed
with pUTE29 to control for any effects of the vector itself
and are designated as Sterne + pUTE29 and AclpX +
pUTE29. In contrast to the phenotypes of the Aalo mu-
tant, deletion of cIpX resulted in a loss of hemolytic activ-
ity on blood agar grown anaerobically (fig. 1f) but not in
the liquid culture assay (fig. 1a). Moreover, a clear zone of
proteolytic activity surrounding B. anthracis Sterne colo-
nies grown on casein agar was absent in the isogenic
AclpX mutant (fig. 1g). Complementation of the AclpX
mutant with pClpX (AclpX + pClpX) restored hemolytic
and proteolytic activities to those of the parent strain
(fig. 1f, g). It is most likely that ClpX contributes indi-
rectly to hemolytic or proteolytic activities through regu-
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lation of an extracellular hemolysin or protease, either
through its role as the regulatory component of the intra-
cellular ClpXP protease [5] or through its role as a mo-
lecular chaperone [8].

Effects of clpX Deletion on B. anthracis Growth,

Morphology and Sporulation

No differences were observed for growth kinetics of
any of the strains in the enriched media brain heart infu-
sion (BHI) broth (fig. 2a), although we cannot exclude
that more extensive testing to induce specific stresses (al-
tered temperature, salt or nutrient deprivation) could re-
veal altered growth kinetics, as has been seen in other
bacterial species [5]. Neither gross changes in vegetative
morphology nor alterations in chain length were seen

ClpX and Anthrax Virulence

among the parent Sterne, the AclpX mutant (fig. 2b) or
the complemented mutant (data not shown). Elimination
of ClpX reduced sporulation efficiency, as substantially
fewer spores were observed in the Ac/pX mutant using
phase-bright microscopy even after the bacteria were al-
lowed to sporulate for 7 days (data not shown). The num-
ber of heat-resistant spores formed by either the parent
Sterne or AclpX mutant after 24 h were also quantified
and loss of clpX resulted in approximately 100-fold reduc-
tion in B. anthracis sporulation efficiency (fig. 2c). Ger-
mination efficiency was also affected: after 20 min, near-
ly 90% of parental Sterne spores had germinated in BHI,
as measured by a loss of heat resistance, versus only 60%
of AclpX spores (fig. 2d). Complementation with pClpX
restored both phenotypes.
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ClpXP is known to degrade transcriptional regulators
such as SigmaH [5], which controls the AtxA expression
that in turn regulates toxin gene expression in B. anthra-
cis [23]. We tested whether toxin gene expression is af-
fected in the AclpX mutant using semi-quantitative RT-
PCR. These studies reveal that the atxA, lef (lethal factor)
and cya (edema factor) genes are all expressed in the
AclpX mutant at levels similar to the parent strain Sterne
(fig. 2e).

ClpX Promotes Resistance to Cathelicidin

Antimicrobial Peptide Killing

In systemic B. anthracis infection, replication in the
host demonstrates the organism’s capacity to avoid clear-
ance by host innate immune defenses. These defenses in-
clude cationic AMPs that disrupt the bacterial mem-
brane. However, many pathogenic bacteria display their
own set of defenses against AMPs, including degradation
of AMPs with bacterial proteases [24]. Since the AclpX
mutant lacked proteolytic activity present in the parent
strain, we hypothesized that this could make the mutant
more susceptible to killing by host AMP-based de-
fenses.

Cathelicidins are a family of mammalian AMPs ex-
pressed by epithelial cells and neutrophils that play a crit-
ical role in defense against invasive infection by the lead-
ing Gram-positive human pathogen, Streptococcus pyo-
genes [18], and exhibit activity against B. anthracis [25,
26]. Within 15 min of incubation with murine cathelici-
din CRAMP, a 100-fold reduction in survival of the AclpX
mutant compared to the wild-type parent strain was ob-
served, and by 30 min all AclpX mutant B. anthracis were
killed by the host defense peptide (fig. 3a), although no
difference was seen in control media alone (data not
shown). Complementation of the AclpX mutant with the
wild-type clpX gene partially restored cathelicidin resis-
tance (fig. 3a). The AclpX mutant also exhibited 50% in-
creased susceptibility to killing with the human catheli-
cidin LL-37 (p < 0.01); once again complementation
partially restored resistance (fig. 3b). Although the unen-
capsulated Sterne strain was used in these experiments,
recent studies have demonstrated that encapsulation does
not prevent the antimicrobial activity of cathelicidins [25,
26].

To determine whether the resistance mediated by
ClpX was restricted to cathelicidins, sensitivity to anoth-
er class of mammalian antimicrobial peptides, the defen-
sins, was assessed. Like cathelicidins, defensins are small
cationic peptides produced by leukocytes and epithelial
cells [27]. Growth of the AclpX mutant was inhibited by
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human a-defensin-2 (HNP-2) compared to the parental
Sterne strain (p < 0.01), and the wild-type growth level
was restored by complementation with c/pX on a plasmid
vector (fig. 3c); growth in media alone was comparable
for all strains (data not shown). Doses for all 3 AMPs
tested were within the physiological levels generated by
induction through infection or inflammation [28, 29].
The AclpX mutant did not differ from the parent strain
in susceptibility to a cationic AMP of bacterial origin,
polymyxin B (data not shown). Lastly, we tested another
host antimicrobial factor, lysozyme, a muramidase that
degrades bacterial cell walls. The AclpX mutant was again
inhibited in comparison to the parent Sterne or the com-
plemented strain (fig. 3d) demonstrating that several ar-
eas of bacterial resistance against innate immune factors
are affected by the loss of clpX.

It is unlikely that ClpX directly degrades AMPs. Rath-
er, ClpX probably indirectly affects AMP resistance by
mediating expression of an extracellular protease that is
directly acting on AMPs. To ascertain if bacterial extra-
cellular proteolytic activity per se was responsible for
inactivation of the cathelicidin peptide, we performed
Western blot analysis of human LL-37 exposed to fresh
culture supernatants prepared from the parent or isogen-
ic AclpX mutant strains. Degradation of the LL-37 pep-
tide was observed following exposure to the parent B. an-
thracis supernatant, but this activity was absent in culture
supernatant of the AclpX mutant (fig. 3e). Extracellular
metalloproteases are known to contribute to the caseino-
lytic and collagenolytic activities of B. anthracis [30] and
there is evidence that metalloproteases may protect B. an-
thracis from killing by LL-37 [25]. Therefore, we hypoth-
esized that metalloprotease inhibitors would increase
sensitivity of the bacterium to AMP killing. When bacte-
ria were incubated with 5 mM of the metalloprotease in-
hibitor 1,10-phenanthroline (also known as o-phenan-
throline), they became much more sensitive to LL-37
killing (fig. 3g); no differences were seen between the
vehicle control and o-phenanthroline or LL-37 alone at
the time points and concentrations used (data not shown).
A similar effect to increase B. anthracis sensitivity to LL-
37 killing was seen upon addition of EDTA to chelate
metal ions required for metalloprotease activity (data not
shown)

ClpX is Required for B. anthracis Virulence

As ClpX was found to be important for B. anthracis
hemolytic activity and antimicrobial peptide resistance
in vitro, we hypothesized ClpX could promote anthrax
disease progression in vivo through membrane injury to
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Fig. 3. ClpX function protects B. anthracis
Sterne against antimicrobial peptide kill-
ing. a Killing kinetics of parent Sterne, the
AclpX mutant, and AclpX + pClpX incu-
bated with 16 wM of murine cathelicidin
CRAMP. b Survival of parent Sterne +
pUTE29, the isogenic AclpX mutant +
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host cells and/or innate immune resistance. Beginning
with a subcutaneous infection model, we injected 1 X 10°
cfu from an early log-phase culture of the parent strain,
the AclpX mutant, or the complemented mutant into the
flank of 8-week-old female C57Bl6 mice. Between days 3
and 5 after challenge, all mice injected with the parent
strain became moribund, whereas all mice injected with
the AclpX mutant survived (fig. 4a). Complementation of
the mutant with the cIpX gene in trans partially restored
virulence with 40% of mice succumbing to infection
(fig. 4a). The lack of full complementation in this as well

ClpX and Anthrax Virulence

as the antimicrobial peptide assays may have several
causes. It is possible that inappropriately high levels of
ClpX, as may be seen using a multi-copy complementa-
tion plasmid, are detrimental to overall bacterial surviv-
al function, although less so than complete loss of ClpX.
Another possibility is that loss of the plasmid during the
course of infection may have contributed to the delayed
time to death in the mice injected with the complement-
ed strain. Increased mouse survival was associated with
decreased survival of the B. anthracis AclpX mutant in
vivo, since at day 3 after challenge 100-fold fewer bacte-
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Fig. 4. ClpX is required for B. anthracis Sterne virulence. a Ka-
plan-Meyer survival curve of C57Bl/6 mice after s.c. injection
with parent Sterne (11 mice), AclpX (11 mice) or AclpX + pClpX
(10 mice). b Enumeration of surviving cfu of parent or AclpX mu-
tant at the site of inoculation 3 days after s.c. challenge. ¢ Histo-
pathologic analysis of lesional biopsies by Gram stain (left) and

rial cfu were recovered from the injection site of mice in-
oculated with the mutant than those inoculated with the
parent strain (fig. 4b). Similarly, many fewer bacteria
were observed on Gram stain of the inoculation site le-
sions of animals challenged with the AclpX mutant com-
pared to the parent strain (fig. 4c, left). As seen in hema-
toxylin and eosin (HE) stain of the skin lesions (fig. 4c,
right), an inflammatory response was elicited in both
parent- and AclpX-infected mice, but the amount and
magnitude of tissue necrosis found at the injection site
was greatly diminished in those mice infected with the
mutant strain (fig. 4c).

The spore is the infectious agent of B. anthracis and
spore inhalation triggers the most lethal form of disease
produced by the pathogen. To determine the contribu-
tion of ClpX to B. anthracis virulence upon inhalational
challenge, we delivered parent or AclpX spores to A/]
mice by intranasal inoculation. Once again, while 90% of
B. anthracis Sterne-infected mice succumbed to the spore
inhalation challenge, 100% of mice infected with the iso-
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hematoxylin-eosin (HE) stain (right) from mice challenged s.c.
with parent B. anthracis Sterne or AclpX mutant 3 days after chal-
lenge. d Kaplan-Meyer survival curve of A/] mice following inha-
lation of parent B. anthracis Sterne (9 mice) or AclpX mutant (6
mice); B. anthracis spores administered intranasally.

genic AclpX mutant survived (fig. 4d), illustrating a sec-
ond infection model in which no mortality resulted fol-
lowing loss of clpX expression.

Cathelicidin Contributes to Innate Immune Defense

against B. anthracis

Our in vitro data (fig. 3a, b, e, f) suggested that en-
hanced resistance to cathelicidin antimicrobial peptide
killing could be 1 of several underlying mechanisms by
which ClpX promotes B. anthracis virulence in vivo,
along with the observed proteolytic/hemolytic injury to
host cells and defensin resistance. This hypothesis re-
quires that cathelicidin indeed serves a critical innate im-
mune defense function limiting B. anthracis pathogenic-
ity. To examine this concept directly, we s.c. injected a
lower dose (8 X 10° cfu) of B. anthracis Sterne from an
early log-phase culture into the flank of male CRAMP/-
knockout mice or age-matched C57Bl6 wild-type con-
trols. In this challenge experiment, 75% of knock-out
mice (3 of 4) died versus only 10% of wild-type controls
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(1 of 10; p = 0.01; fig. 5a). Erythematous and swollen skin
lesions developed at the injection site in all 4 CRAMP~/~
mice, even the 1 that survived (fig. 5b, ¢). In contrast, 9 of
10 survivors among the wild-type mice developed no le-
sions, swelling or erythema at the injection site; this find-
ing was only present to a reduced degree in the single
wild-type mouse that died following low-dose challenge
(fig. 5b, ). This study confirms a role for the murine cat-
helicidin in defense against B. anthracis.

ClpX Contributes to in vivo Survival of Fully Virulent

B. anthracis Ames

To this point, our studies of B. anthracis ClpX function
were conducted under BSL-2 conditions using the B. an-
thracis Sterne strain, which is attenuated due to the ab-
sence of pXO2 encoding poly-D-glutamate capsule syn-
thesis. To ascertain the requirement of ClpX for the
pathogenicity of encapsulated B. anthracis, we repro-
duced the precise, targeted allelic replacement of the clpX
gene in B. anthracis Ames (pXO1*, pXO2*). Again as with
clpX deletion in B. anthracis Sterne, no differences in
chain length, morphology or growth in BHI media were

ClpX and Anthrax Virulence

observed in the Ames AclpX mutant; however, sporula-
tion of this mutant was completely abrogated compared
to the partial sporulation defect observed with the Sterne
AclpX mutant (data not shown).

Virulence of the AclpX B. anthracis Ames derivative
was assessed in 2 ways. First, the ability of the mutant to
compete with the parental strain during the infection, as
a measure of its relative fitness in the host, was assessed
with a mixed infection of the 2 strains. Secondly, the abil-
ity of the AclpX mutant to cause lethality in the absence
of the parental strain was assayed and subsequent deter-
mination of the mean time to death after challenge. Since
mice are extremely sensitive to the encapsulated strain,
guinea pigs are the standard animal model for work done
with the fully virulent strains and were used in both in
vivo experiments.

To analyze the relative fitness of the AclpX mutant by
competitive index, vegetative cells of wild-type and iso-
genic AclpX B. anthracis Ames were mixed in a 1:1 ratio
(10° cfu of each) and introduced by i.p. injection into
guinea pigs. Spleens were harvested from moribund ani-
mals and the relative ratio of AclpX mutant to wild-type
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Fig. 6. ClpX contributes to in vivo survival of fully virulent B. an-
thracis Ames. a Competitive index of the AclpX mutant compared
to the parental strain, B. anthracis Ames, grown overnight in BHI
or after infection in guinea pigs. Results are the mean * standard
deviation of 3 overnight growth experiments or 3 spleens. b Kap-
lan-Meier survival curves of guinea pigs after i.p. injection with
B. anthracis Ames or the isogenic AclpX mutant. For statistical
analysis, p values are positioned below the curves corresponding
to animals given B. anthracis Ames and indicate the significance
bylog-rank test between the outcomes of that group and the group
given a similar dose of the Ac/pX mutant.

Ames bacilli calculated by differential plating. The com-
petitive index of the AclpX mutant strain was 0.007 (p <
0.0002), indicating a greater than 100-fold decrease in fit-
ness compared to the parental B. anthracis Ames strain
(fig. 6a). This decrease in fitness was specific to the host
environment since the competitive index of the AclpX
mutant grown in BHI was 0.97 (fig. 6a). The capacity of
the AclpX mutant to initiate a productive infection was
then observed directly by single strain challenges using a
dose of 10%, 10° or 10* cfu of either the mutant or parental
strain. 100% of the guinea pigs challenged with 10° or 10*
cfuand 60% of the guinea pigs challenged with 10* cfu of
the parental B. anthracis Ames strain died within 6 days
of inoculation. In contrast, 100% of the guinea pigs chal-
lenged with 10? or 10° cfu and 80% of the guinea pigs
challenged with 10* cfu of the AclpX derivative survived
throughout the course of the experiment (fig. 6b; p <
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0.003 for 10* dose, p < 0.002 for 10* dose, p = 0.05 for 102
dose). These results confirm a significant role for ClpX in
pathogenesis of a fully virulent, encapsulated B. anthracis
strain.

Discussion

We have identified a role for the ClpX, in B. anthracis
B-hemolytic and proteolytic phenotypes, germination
and sporulation, and resistance to cathelicidin and defen-
sin antimicrobial peptides. As a consequence, ClpX pro-
motes B. anthracis virulence in s.c., i.p. and inhalation-
al challenge models. After the manganese transporter
MntA [31], ClpX is only the second chromosome-encod-
ed gene product shown to have a role in virulence in ful-
ly virulent (pXO1*, pXO2*) B. anthracis.

ClpX expression in B. anthracis is present throughout
the life cycle, peaking 1-3 h after sporulation, along with
other proteins associated with rapid growth and response
to toxic environments [32]. ClpX likely regulates a variety
of proteins within B. anthracis. Loss of cIpX does not af-
fect growth in BHI, gross morphological appearance or
toxin gene expression. It does, however, affect a number
of other phenotypes including hemolytic and proteolytic
activity, sporulation and germination, sensitivity to anti-
microbial peptides and lysozyme, and overall virulence
of the pathogen. ClpX has also been demonstrated to be
important for sporulation in B. subtilis [10].

The precise mechanism for the loss of hemolytic and
proteolytic activity in ClpX-deficient B. anthracis is not
known. Distinct from ALO, our observed hemolytic phe-
notype is absent in liquid culture, distinct on solid blood
agar, and accentuated under anaerobic growth. The zone
of hemolysis associated with colonies of parent, AclpX
mutant and complemented B. anthracis strains mirrors
the zone of proteolysis produced on casein agar plates. It
is possible that these are 2 independent activities under
the control of ClpX. However, another possibility is that
the hemolytic activity is a ‘pseudo-hemolysin’ phenotype
attributable to proteolytic action.

Limited prior data are available on mechanisms of B.
anthracis sensitivity or resistance to mammalian AMPs.
A B. anthracis Sterne dlt operon mutant lacking D-alanyl
modification of cell wall teichoic acids is rapidly killed by
certain AMPs including the human defensins HNP-1,
HNP-2 and HBD-2 [33], and it is possible that this sensi-
tivity profile would extend to cathelicidin peptides. Sev-
eral strains of B. anthracis (including Sterne and Ames)
were observed to be more resistant to human cathelicidin
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LL-37 than other Bacillus species [25]. In this study, a
chromosomally-encoded AMP neutralizing activity in B.
anthracis culture supernatants was postulated, since it
was present in the UM23-Cl12 strain lacking both pXO1
and pXO2 [25]. This likely corresponds to the extracel-
lular protease activity lost in our AclpX mutant.

We hypothesize that ClpX increases expression of ex-
tracellular protease(s) and perhaps hemolysin(s) through
regulation of a transcriptional or post-transcriptional
regulator. ClpX could accomplish this either through its
role in protein folding and activation as a molecular chap-
erone or via directed proteolysis in conjunction with
ClpP. Precedent for both these models exists in Staphylo-
coccus aureus, where ClpX has shown to effect transcrip-
tional regulators by itself and as part of the ClpXP prote-
ase. This in turn regulates expression levels of extracel-
lular proteases, a-hemolysins and the important surface
protein, Protein A [34, 35]. Our observation also sheds
light on an interesting finding that animals infected with
B. anthracis and treated with a combination of antibiotics
and metalloprotease inhibitors showed improved surviv-
al compared to those treated with antibiotics alone [30].

Exogenously administered cathelicidins can be used
therapeutically in a B. anthracis spore infection model
[26]. Here we directly demonstrate the critical function
of these defense peptides in innate immunity to anthrax
using cathelicidin-deficient mice. Previous work in the
knockout mouse model has identified roles for cathelici-
din in restricting bacterial infection of the skin [18], con-
junctivae [36], gastrointestinal tract [37], urinary tract
[38] and bloodstream [39]. Ours is the first study to dem-
onstrate that host expression of cathelicidin protects
against mortality in a lethal infectious challenge model.

Our data strongly suggest the marked attenuation of
AclpX mutant in vivo is in significant part due to in-
creased sensitivity to host AMPs. However, given the
pleiotropic effects of ClpX, it is likely that additional sys-
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