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To survive during colonization or infection of the human body,
microorganisms must circumvent mechanisms of innate host de-
fense. Antimicrobial peptides represent a key component of innate
host defense, especially in phagocytes and on epithelial surfaces.
However, it is not known how the clinically important group of
Gram-positive bacteria sense antimicrobial peptides to coordinate
a directed defensive response. By determining the genome-wide
gene regulatory response to human �-defensin 3 in the nosocomial
pathogen Staphylococcus epidermidis, we discovered an antimi-
crobial peptide sensor system that controls major specific resis-
tance mechanisms of Gram-positive bacteria and is unrelated to the
Gram-negative PhoP/PhoQ system. It contains a classical two-
component signal transducer and an unusual third protein, all of
which are indispensable for signal transduction and antimicrobial
peptide resistance. Furthermore, our data indicate that a very
short, extracellular loop with a high density of negative charges in
the sensor protein is responsible for antimicrobial peptide binding
and the observed specificity for cationic antimicrobial peptides.
Our study shows that Gram-positive bacteria have developed an
efficient and unique way of controlling resistance mechanisms to
antimicrobial peptides, which may provide a promising target for
antimicrobial drug development.

innate host defense � Staphylococcus epidermidis

Mechanisms of innate host defense play a crucial role in
preventing bacterial infection and colonization. The produc-

tion of antimicrobial peptides (AMPs) is an evolutionarily con-
served mechanism of innate host defense and found in virtually all
groups of organisms, including amphibians, insects, and other
invertebrates. Notably, recent research has demonstrated that
AMPs also have a key function in human immune defenses by
contributing to the microbicidal activity of neutrophils, platelets,
and epithelial cells. Therefore, bacteria need specific mechanisms
of resistance to AMPs to colonize or invade the human body (1).

Bacterial resistance mechanisms to AMPs differ with regard to
efficiency, specificity, and distribution among species (2). AMPs
may be actively extruded from the cytoplasmic membrane, their
main target, or inactivated by secreted bacterial proteases. Further,
many bacteria make use of the fact that most AMPs are cationic and
sequester or repel cationic AMPs by electrostatic interaction on the
cell surface. As a sign of the long interplay with bacteria during
evolution, the host has invented tricks to circumvent bacterial AMP
resistance mechanisms (3). This may occur, for example, by stabi-
lizing AMPs against proteolytic inactivation, such as by the intro-
duction of disulfide bridges or other posttranslational modifica-
tions. In addition, many human tissues produce anionic AMPs, such
as the dermcidins (4), that are not subject to the bacterial resistance
mechanisms based on the repulsion of positively charged molecules.
However, anionic AMPs are rare and not as microbicidal as their
cationic counterparts, which suggests that evasion of bacterial
resistance mechanisms needs to be carefully weighed against effi-
ciency during evolution.

Notably, whereas the principles of resistance may be similar
among bacterial species, the detailed mechanisms are often very

specific for a bacterial strain or group. For example, because of the
different molecular composition of their cell surface, the alteration
of surface charge as a resistance mechanism is accomplished by
largely unrelated molecular procedures among Gram-positive and
Gram-negative bacteria. A prominent mechanism of resistance in
Gram-negative bacteria is the incorporation of positively charged
aminoarabinose in lipid A, which reduces the anionic character of
the cell surface and thus the attraction of cationic AMPs (5). In
contrast, Gram-positive bacteria, which do not have lipid A, achieve
the same goal by modifying teichoic acids with D-alanyl groups or
by including positively charged phospholipids in the cellular mem-
brane (6–10).

Probably because they represent a significant energetic burden to
the bacteria, many mechanisms of resistance are subject to gene
regulation, ascertaining that they are only active when needed. To
this end, bacteria must have sensors for AMPs and corresponding
gene regulatory mechanisms. However, we know only one such
example, the regulation of lipid A modification by the Salmonella
typhimurium PhoP/PhoQ two-component regulator (11, 12), ho-
mologues of which are widespread among Gram-negative bacteria.
The PhoQ membrane histidine kinase part is activated when
cationic AMPs displace divalent cations from an extracellular
negatively charged loop of the protein. After phosphorylation by
activated PhoQ, the PhoP response regulator protein regulates
target gene expression. In contrast, although Gram-positive bacte-
ria comprise a series of the most significant pathogens, it is not
known whether there are sensors for AMPs in Gram-positive
bacteria that trigger a gene regulatory response aimed to combat
the activity of AMPs.

Results
The Staphylococcus epidermidis Gene Regulatory Response to Human
�-Defensin 3 (hBD3) Is Defined by Up-Regulation of Specific Resistance
Mechanisms to Cationic Antimicrobial Peptides. To investigate the
gene regulatory response of Gram-positive pathogens to human
AMPs, we developed a model system based on the interaction of S.
epidermidis and the cationic human AMP hBD3. S. epidermidis is
the most prominent commensal organism on the human skin and
the most frequent cause of medical device-associated infections
(13). It is therefore vital to this organism to have countermeasures
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against AMPs both in its natural habitat, the human skin, and
during infection of the human body. hBD3 is a main component of
innate immune defense especially on epithelia and represents the
only beta defensin with considerable activity against microorgan-
isms at physiological salt concentrations (14, 15).

We used whole-genome microarrays of S. epidermidis to detect
genes specifically activated (or repressed) by hBD3. We established
(16) an appropriate subinhibitory concentration of hBD3 (10
�g/ml) to be used in gene expression experiments, which was also
used in the present study. First, there was a significant increase in
the expression of three genetic loci: (i) the dlt operon, which is
responsible for the D-alanylation of teichoic acids (genes
SERP0518–SERP0521) (17); (ii) the mprF gene, which is respon-
sible for the biosynthesis of lysyl-phosphatidylglycerol (gene
SERP0930) (10); and (iii) a putative transporter system of unknown
function (genes SERP0314 and SERP0315) with homology to the
Staphylococcus aureus vraF and vraG genes (Table 1). The function
of the former two loci is to increase the concentration of positive
charges on the bacterial surface, thereby causing AMP resistance by
repulsion of cationic AMPs (9, 10). Increased transcription of all 3
systems with hBD3 was confirmed by quantitative RT-PCR (Fig.
1A). A small number of other genes showed differential expression
at low levels. However, this was usually not accompanied by
differential expression in genes belonging to the same locus, except
for two ABC transporters, which were slightly down-regulated
(genes SERP1394, SERP1395, SERP1951, SERP1952). Thus, the

gene regulatory response to hBD3 is highly specific and appropriate
for the defense against AMPs, inasmuch as it almost exclusively
comprises increased expression of loci described to confer specific
resistance to cationic AMPs in Staphylococcus (9, 10). In addition,
the regulated transporter system may be involved in AMP resis-
tance. This hypothesis, which remains to be tested, is supported by
the specificity of the regulatory response, the reported involvement
of the S. aureus homologue in resistance to the cationic antibiotic
vancomycin (18), and the fact that transporters represent common
resistance factors to AMPs (2).

A Three-Component Sensor/Regulator System Transfers the AMP
Signal. We discovered that a regulatory system with a yet-unknown
function is encoded in the genome of S. epidermidis next to the
hBD3-regulated vraFG-homologous transporter genes (Fig. 1B).
Because regulatory systems in bacteria are often encoded next to
the genes they regulate, we hypothesized that this regulatory system
is involved in sensing cationic peptides and controlling target gene
expression. To investigate this hypothesis, we constructed gene
deletion mutants in all of the three putative components of the
system, which based on gene similarity comprises the typical
components of a bacterial two-component regulatory system (19),
a histidine kinase and a response regulator, and as an unusual
feature, a third component of unknown function. Gene deletion
mutants were constructed by using the method of Bae et al. (20)
without insertion of an antibiotic resistance cassette. Importantly,
we ascertained by quantitative RT-PCR measurements that ex-
pression levels of the genes downstream of the respective deletion
site within the putative operon were not altered compared with the
WT strain. Furthermore, these experiments demonstrated that the
system is not autoregulatory.

To determine whether this system is involved in the regu-
lation of the identified target genes under the inf luence of
cationic AMPs, we analyzed the genome-wide gene regulatory
response in the S. epidermidis WT strain in comparison with
the three deletion strains with and without addition of hBD3

Table 1. Genome-wide regulatory response of S. epidermidis WT
strain 1457 to hBD3

Gene number Gene product name
Factor of

regulation

AMP resistance mechanisms

SERP0518 D-alanine-activating enzyme (DltA, EC
6.3.2.-)

2.09*

SERP0519 Protein DltB 3.33*
SERP0520 D-alanyl carrier protein DltC 3.22*
SERP0521 Protein DltD precursor 4.26*
SERP0930 Lysyltransferase (MprF, EC 2.3.2.3) 2.81*

Putative AMP resistance mechanism

SERP0314 ABC transporter ATP-binding protein 3.23*
SERP0315 ABC transporter permease protein 3.93*

Further up-regulated genes

SE0106 Arginine deiminase (EC 3.5.3.6) 2*
SERP0020 ABC transporter permease protein 2.29*
SERP0336 EMG2 protein 2.02*
SERP0387 Histidinol-phosphate aminotransferase (EC

2.6.1.9)
2.05*

SERP0573 Oligopeptide transport ATP-binding
protein OppF

2.05*

SERP0712 Hypothetical cytosolic protein 2.07*
SERP1470 Hypothetical protein 2.05*
SERP1772 Hypothetical cytosolic protein 2.15*
SERP2170 Pyruvate,phosphate dikinase (EC 2.7.9.1) 2.07*
SERP2442 Hypothetical protein 2.3*

Down-regulated genes

SERP0971 Hypothetical protein 0.49†

SERP1394 Amino acid transport ATP-binding protein 0.42†

SERP1395 Arginine transport system permease
protein ArtQ

0.45†

SERP1951 Hypothetical protein 0.33†

SERP1952 ABC transporter permease protein 0.41†

Displays is a complete list of statistically significant changes of gene expression
(factor of �2) in an experiment with whole-genome S. epidermidis microarrays.
SERP, strain RP62A; SE, strain ATCC12228. *, up-regulation; †, down-regulation.

Fig. 1. Gene regulatory responses of S. epidermidis to the antimicrobial
peptide hBD3. (A) Quantitative RT-PCR of selected genes from Table 1. (B)
Arrangement of aps and vraFG-homologous genes in the S. epidermidis
genome. (C) Quantitative RT-PCR of the two hBD3-regulated target genes dltB
and mprF in WT, apsS deletion, genetically complemented apsS deletion, and
respective control strains. (D) Quantitative RT-PCR of the two hBD3-regulated
target genes dltB and mprF in WT, apsS, apsR, and apsX deletion strains. hBD3
was used at the subinhibitory concentration of 10 �g/ml in all experiments. *,
P � 0.05; **, P � 0.01; ***, P � 0.001, vs. corresponding data without hBD3.
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[Table 2 and supporting information (SI) Table 4]. Expression
of the aps system did not change significantly during growth,
and thus, we used bacterial cultures grown to midlog phase.
Notably, in contrast to the results obtained in the WT strain,
addition of hBD3 did not lead to altered transcription of the
target genes in any of the three deletion mutants, indicating
that the system is responsible for transferring the AMP signal
to the activation of the target genes, and demonstrating that all
three components are essential parts of the sensor/regulator
system. Results from quantitative RT-PCR experiments, in-
cluding genetically complemented deletion strains, corre-
sponded with those achieved in the microarray experiments
(Fig. 1C). We therefore named the system aps for antimicrobial
peptide sensor with the three components apsS for AMP
sensor, apsR for AMP regulator, and apsX for the third
component of unknown function. Furthermore, deletion of
any of the three components of the system led to a significant
down-regulation of the dlt and mprF target genes (Fig. 1D and
Table 2). This effect was more pronounced with than without
addition of hBD3. Expression of the ABC transporter system
genes in the apsS deletion mutant did not follow this general
observation, suggesting that regulation of this locus adjacent to
the aps genes might be under slightly different regulation.

Interestingly, the gene expression profiling data obtained with
the aps deletion strains indicate that the aps system has further
regulatory tasks (SI Table 4). Most notably, this includes the
extreme down-regulation of a regulatory locus that comprises two
homologs of the SarA family of transcriptional regulators (21), an
AraC-type transcriptional regulator, and a gene of unknown func-
tion (genes SERP1876–SERP1079). Furthermore, all aps deletion
strains showed cessation of growth, or even lysis, when entering
stationary phase (Fig. 2A). This is presumably due to the dramat-
ically increased production of extracellular lytic enzymes that we
observed in those strains (Fig. 2B). Normal growth patterns could
be restored by genetic complementation (Fig. 2A). As we did not
detect up-regulation of known autolysin genes in the aps deletion
mutant strains in the microarray experiments or of the major
autolysin gene atlE by quantitative RT-PCR (Fig. 2C and SI Table
4), the reason for this effect is unclear at this point. It may be related
to the strongly increased expression of a putative proteoglycan-
binding protein, also called immunodominant protein A of S.
epidermidis, in the aps deletion strains (SI Table 4). Although the
deletion of an aps component might provoke a nonphysiological
situation, these findings imply that the aps system has a function in
bacterial metabolism that goes beyond the control of AMP resis-
tance mechanisms.

Cationic AMPs Activate the aps System by Binding to a Short,
Negatively Charged Loop of the aps Histidine Kinase Component ApsS.

The ApsS protein represents the sensor part of the aps system that
is supposed to interact with AMPs. According to computer sec-
ondary structure and transmembrane protein model predictions, it
is integrated in the cytoplasmic membrane with two transmem-
brane segments and contains only one extremely short extracellular
loop of 9 aa residues (Fig. 3A). This loop has a high density of
negatively charged amino acid side chains, suggesting that it inter-
acts with cationic AMPs. To confirm this hypothesis, we produced
antiserum directed against this extracellular epitope. After blocking
with extracts from the apsS deletion strain, we obtained purified
antiserum that reacted specifically with the ApsS protein (Fig. 3B).
Confirming the computer predictions on subcellular location, the
ApsS protein was detected exclusively in the membrane protein
fraction (Fig. 3C). The ApsS-specific antiserum prevented up-
regulation of dltB target gene expression under the influence of
hBD3, strongly suggesting that the extracellular ApsS loop binds
cationic AMPs (Fig. 3D).

In addition, we tested a series of cationic AMPs in comparison

Table 2. Genome-wide regulatory responses in aps gene deletion strains with and without addition of hBD3, selected genes from
experiments with whole-genome S. epidermidis microarrays.

Gene product WT�/WT�

apsX�/
apsX�

apsR�/
apsR�

apsS�/
apsS�

apsX�/
WT�

apsX�/
WT�

apsR�/
WT�

apsR�/
WT�

apsS�/
WT�

apsS�/
WT�

DltA 2.09* 1.00† 1.24† 1.05† 0.38‡ 0.19‡ 0.22‡ 0.13‡ 0.33‡ 0.17‡

DltB 3.33* 1.01† 1.16† 0.98† 0.40‡ 0.11‡ 0.18‡ 0.06‡ 0.35‡ 0.10‡

DltC 3.22* 1.00† 1.54† 1.26† 0.31‡ 0.10‡ 0.13‡ 0.06‡ 0.24‡ 0.09‡

DltD 4.26* 0.88† 1.29† 1.09† 0.38‡ 0.11‡ 0.16‡ 0.05‡ 0.38‡ 0.10‡

MprF 2.81* 1.10† 0.72† 0.81† 0.70† 0.28‡ 1.12† 0.29‡ 1.14† 0.33‡

ABC transporter
ATP-binding protein

3.23* 1.17† 1.46† 1.03† 0.91† 0.23‡ 0.56† 0.25‡ 2.72* 0.86†

ABC transporter
permease protein

3.93* 1.06† 1.24† 1.09† 0.73† 0.19‡ 0.54† 0.17‡ 2.43* 0.68†

The entire list is shown in SI Table 4. *, up-regulation; †, no significant change; ‡, down-regulation; �, with hBD3; �, without hBD3.

Fig. 2. Phenotypes of aps deletion mutant strains. (A) In vitro growth of aps
deletion, complemented, and respective control strains in TSB media. (B)
Zymographic analysis of bacteriolytic enzymes in cell surface extracts of WT
and aps deletion strains. Equal amount of protein was added to each lane. (C)
Quantitative RT-PCR of major autolysin atlE expression (at 12 h of growth) in
WT and aps deletion strains.
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with an anionic AMP for their capacities to influence target gene
expression and confirmed that the effect is mediated via aps by
using the apsS deletion mutant as control (Fig. 4). In contrast to the
anionic AMP dermcidin, all tested cationic AMPs were active in

this test, confirming the notion that binding occurs to the extracel-
lular anionic loop and the aps system reacts specifically to the
presence of cationic peptides. Moreover, these results show that the
system can be activated by a wide variety of cationic peptides
irrespective of their structure, including peptides with alpha-helical
structure (magainin, LL-37), bridged structure (hBD3, tachyplesin,
brevinin), the histidine-rich histatin, or the rigid lantibiotic nisin.

Binding of cationic AMPs to the Gram-negative AMP sensor
protein PhoQ can be competed by divalent cations, such as Mg2�

(12). To investigate whether the ApsS protein functions in a similar
fashion, we determined the transcription of the aps target genes dltB
and the AraC-type regulator gene at different concentrations of
Mg2�. Whereas addition of Mg2� ions influenced the absolute
expression levels of both genes, a comparable relative effect was
observed in the apsS deletion and WT strains, indicating that the
influence of Mg2� on aps target genes is not primarily mediated via
aps. Thus, it appears that activation of the aps system is not
mediated by competitive binding of cationic AMPs and Mg2�.

The aps System Is Crucial for Antimicrobial Peptide Resistance. To
determine whether the regulatory function of aps is crucial for the
establishment of antimicrobial peptide resistance, we performed
killing assays of WT and apsS, apsR, and apsX deletion strains in
comparison, using hBD3 as standard AMP (Fig. 5). Resistance to
hBD3 was significantly decreased in all three deletion mutants
compared with the WT strain and restored in genetically comple-
mented mutant strains. This was confirmed by determination of
minimal inhibitory concentration values (Table 3). These findings
demonstrate that functionality of the aps system plays a key role in
antimicrobial peptide resistance in S. epidermidis and confirm that
all three components of the system are indispensable for its
function.

Discussion
The importance of AMP sensing mechanisms for the survival of
bacterial pathogens has been frequently emphasized, and the

Fig. 3. Role of the ApsS extracellular loop in antimicrobial peptide binding.
(A) Amino acid sequence of the ApsS sensor showing the locations of trans-
membrane and extracellular loop segments. Negatively charged amino acids
in the extracellular loop are marked. (B) Reaction of antiserum with total cell
extracts of WT and apsS deletion strains. (C) Subcellular location of ApsS. The
membrane fraction was prepared by ultracentrifugation for 90 min at
105,000 � g and resuspending the pellet in buffer containing 1% Triton X-100.
The supernatant yielded the cytoplasmic fraction, whereas still insoluble
material was again centrifuged and directly resuspended in SDS/PAGE loading
buffer. (D) Quantitative RT-PCR of dltB gene expression in S. epidermidis WT
strain. Samples were incubated with different antiserum concentrations in 10
mM PBS/100 mM NaCl for 1 h before hBD3 at 10 �g/ml was added, and samples
were incubated for 3 h more before RNA isolation. In all experiments, cells
were harvested at OD600 nm � 3 after inoculation from a preculture grown
overnight. ***, P � 0.001 vs. sample without antiserum.

Fig. 4. Specificity of the aps response for cationic AMPs. Quantitative RT-PCR
measurements of the dltB target gene under the influence of subinhibitory
concentrations of various AMPs in the WT and apsS deletion strains are shown.

***, P � 0.001; **, P � 0.01 vs. corresponding sample without peptide. For
most peptides, concentrations were the same as for hBD3 (2 �M, which is �10
�g/ml for hBD3). Because of significant killing activity at this concentration,
lower concentrations were used for brevinin (1 �M) and nisin (0.1 �M).

Fig. 5. Antimicrobial resistance conferred by the aps system. Killing assays of
WT, aps deletion, genetically complemented, and respective control strains
with the cloning vector are shown.

9472 � www.pnas.org�cgi�doi�10.1073�pnas.0702159104 Li et al.
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PhoP/PhoQ AMP sensory system of Gram-negative bacteria has
been suggested as a premier target for antimicrobial drug
discovery (12, 22). However, many significant human pathogens
are Gram-positive and do not have homologues of PhoP/PhoQ.
We hypothesized that an AMP-sensing mechanism exists in
Gram-positive bacteria and investigated this hypothesis in the
Gram-positive pathogen S. epidermidis. S. epidermidis is the most
frequent colonizer of the human skin and may cause serious
infections especially on indwelling medical devices (13).

Here, we demonstrate that S. epidermidis senses antimicrobial
peptides by a three-component sensor/regulator system, which we
termed aps for antimicrobial peptide sensor. Cationic, but not
anionic, antimicrobial peptides induce a gene regulatory response
via aps that comprises the up-regulation of the two described main
resistance mechanisms to cationic antimicrobial peptides in Gram-
positive bacteria, i.e., dlt-operon mediated D-alanylation of teichoic
acids and MprF-mediated incorporation of lysyl-phosphatidylglyc-
erol in the cytoplasmic membrane (2). A third aps-regulated gene
locus with similarity to ABC transporter genes may also be involved
in AMP resistance (Fig. 6). In general, transporter systems that
confer resistance to AMPs may function by exporting the AMP
from the target cytoplasmic membrane or, alternatively, by import
of the AMP into the cell to forward it to proteolytic inactivation (23,
24). Notably, deletion of any component of the regulatory system
led to a significant decrease in antimicrobial peptide resistance.
These findings emphasize the importance of controlling AMP
resistance mechanisms. On the other hand, considering the very

specific gene regulatory response, they underline the key role of the
regulated target mechanisms for AMP resistance.

The aps regulatory system is very well conserved among staph-
ylococci. The ApsS and ApsX proteins show identity values of
40–45% among staphylococci, whereas the response regulator
protein ApsR is even more highly conserved. In addition, there are
ApsR- and ApsS-homologous proteins in other Gram-positive
bacteria, including the VirRS regulatory system of Listeria mono-
cytogenes (25), suggesting that these bacteria might be able to
respond to cationic AMPs in the same way as S. epidermidis. Similar
to S. epidermidis, the VirRS regulator of L. monocytogenes controls
expression of the dlt and mprF loci (6, 25). However, the L.
monocytogenes vir system differs from the aps locus of S. epidermidis,
inasmuch as the virS and virR genes are not adjacent and there is no
apsX homologue, which appears to be exclusive for staphylococci.
Of note, the Aps proteins do not share pronounced sequence
similarity with the corresponding proteins of the PhoP (31%
identity)/PhoQ (10% identity) system. In addition, our data indicate
that cationic AMPs activate the aps system by direct binding to an
extracellular loop (Fig. 6). Although this is reminiscent of PhoQ
activation, the extremely short length of the ApsS extracellular loop
represents a dramatic difference. Moreover, our data do not
support that ApsS responds to binding of divalent cations, which is
a key feature of the PhoQ protein (12). This shows that staphylo-
cocci, and likely other Gram-positive bacteria, have found a dif-
ferent way to sense cationic AMPs and control the respective
defensive mechanisms. In addition, our data indicate that the

Table 3. Minimal inhibitory concentration values against hBD3 (�g/ml)

MIC WT apsX apsX (pT181) apsX (pTapsX) apsR apsR (pT181) apsR (pTapsR) apsS apsS (pT181) apsS (pTapsS)

90% inhibition 264 72 80 180 54 64 224 128 136 224
50% inhibition 192 48 48 96 24 32 128 64 64 160

MIC, minimal inhibitory concentration.

Fig. 6. The aps system. Model of aps function and regulated target mechanisms. Cationic AMPs that usually function by pore formation in the cytoplasmic
membrane (shown on the right), bind to the anionic loop of ApsS (left) and trigger activation of the aps system (gray), leading to activation of aps-regulated
target mechanisms: (i) D-alanylation of teichoic acids by the dlt system (purple), (ii) lysylination of phospholipids by MprF (yellow), and (iii) putative transport
of AMPs through an ABC transporter (blue). The transporter may work either by expelling the pore-forming peptides from the membrane or by importing them
into the cell for proteolytic inactivation. ApsX does not contain a putative signal peptide sequence (Signal P software, Version 3.0; Technical University of
Denmark, www.cbs.dtu.dk). It contains a possible transmembrane sequence at the very C terminus with most of the protein predicted to be cytoplasmic. It was
therefore drawn as cytoplasmic, but membrane-attached.

Li et al. PNAS � May 29, 2007 � vol. 104 � no. 22 � 9473
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reported influence on cations on dlt gene expression (26) is not
mediated by the aps system.

The aps system exclusively responds to cationic AMPs and
controls mechanisms of resistance that are specific for cationic
AMPs and Gram-positive bacteria. This accounts at least for the
characterized dlt and mprF systems, whereas the role and specificity
of the aps-regulated putative AMP transporter remain to be
elucidated. These findings underpin the importance of cationic
AMPs in innate host defense and the notion that noncationic
AMPs, such as the human dermcidin, represent an evolutionary
response of the host aimed to circumvent bacterial defense mech-
anisms. We have recently found that S. epidermidis can respond to
anionic and cationic AMPs by an up-regulation of proteolytic
defense mechanisms that proved especially effective for the defense
against the anionic dermcidin (16). However, in contrast to aps
control, that response is far less specific and probably represents a
phenomenon more similar to the general stress response.

Data obtained with the aps deletion mutants suggest that the
regulatory task of the aps system exceeds the response to cationic
AMPs and includes regulatory networking and the control of
several vital functions such as autolysis. However, deletion of the
regulator is not likely to be found in nature, and the dramatic
consequences might thus not represent a common physiologic
situation. Interestingly, most genes and loci that were affected
under these conditions were up-regulated in the deletion strains,
suggesting that the changes might be due to derepression and a
possibly different aspect of regulation by aps. The molecular details
of the aps regulatory mechanism, especially the unusual ApsX
protein, certainly warrant further investigation.

We identified a Gram-positive antimicrobial peptide-sensor and
regulator with the same task, but significant difference in its
composition and target resistance mechanisms to the PhoP/PhoQ
system of Gram-negative bacteria, indicating that Gram-positive
bacteria have their own, unique way of controlled defense to
cationic antimicrobial peptides. This mechanism is likely of great
importance for the efficient colonization and infectivity of oppor-
tunistic human pathogens, such as, especially, the staphylococci.

Furthermore, similar to its Gram-negative counterpart (22), the aps
system may represent a promising target for antimicrobial drug
design.

Materials and Methods
Bacterial Strains and Growth Conditions, Construction of Deletion
Mutants, Complementation Plasmids, Killing and Minimal Inhibitory
Concentration Assays, Statistical and Sequence Analyses, and Microar-
ray Experiments and Analyses. Detailed protocols are described in SI
Table 5 and SI Text.

Quantitative RT-PCR. Oligonucleotide primers and probes (SI Table
6) were designed with Primer Express software, Version 2.0 (Ap-
plied Biosystems, Foster City, CA) and synthesized by Applied
Biosystems. The experiments were performed in triplicate as de-
scribed in ref. 27, with 16S rRNA as a control.

Zymographic Analysis. Bacteria were grown for 12 h in TSB, cells
were harvested and resuspended in 1% SDS, and autolysins were
isolated by boiling the cells with 1% SDS for 10 min. Bacteriolytic
enzyme profiles were analyzed as described in ref. 28.

Immunological Procedures. Rabbit antiserum to the extracellular
loop of ApsS was developed by Sigma–Genosys (The Woodlands,
TX) against the conjugated peptide YIDYEISVESVF. This anti-
serum was blocked with cell extract from the apsS deletion mutant
strain obtained by vortexing cell suspension with glass beads from
500 ml of culture grown to OD600 � 3.0. Blocked antiserum stock
was obtained after adding the cell extract to 100 ml of 1:100 diluted
antiserum, incubating for 16 h at 4°C, and final centrifugation for
30 min at 28,000 � g at 4°C.
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