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Abstract
Antimicrobial peptides (AMPs) form a crucial part of human innate host defense, especially in
neutrophil phagosomes and on epithelial surfaces. Bacteria have a variety of efficient resistance
mechanisms to human AMPs, such as efflux pumps, secreted proteases, and alterations of the
bacterial cell surface that are aimed to minimize attraction of the typically cationic AMPs. In addition,
bacteria have specific sensors that activate AMP resistance mechanisms when AMPs are present.
AMP resistance mechanisms and AMP sensors may differ significantly between Gram-positive and
Gram-negative bacteria. The prototypical Gram-negative PhoP/PhoQ and the Gram-positive Aps
AMP sensing systems have been first described and investigated in Salmonella typhimurium and
Staphylococcus epidermidis, respectively. Both include a classical bacterial two-component sensor/
regulator system, but show many significant structural, mechanistic, and functional differences. At
least the staphylococcal Aps prototype contains a third essential component of unknown function
termed ApsX. Furthermore, the extracellular loop that interacts with AMPs is extremely short (9
amino acids) in the ApsS sensor in Staphylococcus, while it contains 145 amino acids in PhoQ of
Salmonella. Moreover, while the PhoP/PhoQ regulon controls a variety of genes not necessarily
limited to AMP resistance mechanisms, but apparently aimed to combat innate host defense on a
broad scale, the staphylococcal Aps system predominantly up-regulates AMP resistance
mechanisms, namely the D-alanylation of teichoic acids, inclusion of lysyl-phosphatidylglycerol in
the cytoplasmic membrane, and expression of the putative VraFG AMP efflux pump. Notably, both
systems are crucial for virulence and represent possible targets for antimicrobial therapy.

Introduction: Role of antimicrobial peptides in innate host defense
The first line of defense against invading microorganisms is formed by the human innate
immune system. This system reacts swiftly long before the acquired host defense, which is
dependent on the production of antibodies, becomes effective. It comprises phagocytes such
as neutrophils that recognize invariant structures on the microorganism’s surface (pathogen-
associated molecular patterns, PAMPs) and kill microorganisms by the combined activities of
reactive oxygen species and antimicrobial proteins and peptides (12,25). Additionally,
antimicrobial peptides (AMPs) are secreted by epithelial cells and other cell types (22). They
form an especially important part of host defense on epithelial and mucosal surfaces such as
in the gut and on the skin, and contribute significantly to balancing the composition of the
colonizing microflora. While AMPs are evolutionarily ancient and in lower organisms often
represent the only available mechanism of immune defense, their important role in higher
organisms, including humans, has been recognized more recently. In addition to their
microbicidal activities, they may also function as signaling molecules, connecting the innate
and acquired immune systems by the activation of immune cell types such as T cells (8).

There are three major AMP classes in humans: the defensins, cathelicidins, and thrombocidins.
Defensins have a β-sheet structure and 3 disulfide bridges. They are further classified by their
disulfide bridging pattern, distinguishing α and β defensins. The only cathelicidin produced in
humans is the α-helical LL-37. Finally, while defensins and cathelicidins are produced by a
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variety of cell types that include neutrophils, the thrombocidins are released from platelets. All
these AMPs are cationic (CAMPs), which is a typical feature of most AMPs and believed to
have evolved to interact with the negatively charged bacterial surface (48). However, there are
also anionic AMPs. For example, the anionic peptide DCD-1L, a proteolytic product of
dermcidin, is found in human sweat (52).

Mechanisms of bacterial resistance to cationic antimicrobial peptides
As a consequence of the long interplay between bacteria and other microorganisms with host
AMPs during evolution, bacteria have invented a series of mechanisms to combat AMPs
(48). These mechanisms can be classified in mechanisms aimed at (1) destruction of AMPs,
(2) change of the AMP target to make it less susceptible to AMPs, and (3) removal of AMPs
from their site of action.

Many AMPs can be efficiently inactivated via proteolytic digestion by secreted bacterial
proteases. However, during evolution hosts have learned to produce AMPs that are less
susceptible to this relatively non-specific bacterial mechanism of evading AMP activity. The
frequent presence of multiple disulfide bridges in AMPs is believed to be due to providing
resistance to proteolytic digestion by bacterial proteases (48).

Most AMPs function by forming pores in the cytoplasmic membrane of bacteria. As membrane
integration of the AMP is dependent on the physico-chemical properties of the membrane,
resistance can be achieved by altering those properties, for example by altering fluidity of the
phospholipid bilayer via introduction of fatty acids with different chain lengths (30).

Mechanisms of AMP removal from the site of action are the most frequently found mechanisms
of AMP resistance. They comprise 2 major mechanisms, efflux pumps and alteration of the
bacterial cell surface composition. Further, the streptococcal SIC proteins (streptococcal
inhibitors of complement) and the Staphylococcus aureus staphylokinase interact specifically
with AMPs to prevent them from reaching the cytoplasmic membrane (2,29).

Efflux pumps such as the MtrCE system of Neisseria gonorrhoeae and QacA of S. aureus work
by energy-dependent constant export of toxic substances out of the cell and away from the
membrane (21,51). Although they primarily export hydrophobic drugs, they have relatively
low specificity and may also accept a subset of AMPs as substrates (34,55). However, in the
case of S. aureus QacA, it has been shown that resistance to the platelet AMP, tPMP-1 is not
mediated by efflux pump activity, exemplifying that real transport phenomena should always
be shown by biochemical studies to rule out that low-level resistance is mediated by mere
binding effects (6).

Mechanisms based on alteration of the bacterial surface are often differ between Gram-positive
and Gram-negative bacteria owing to the different composition of the Gram-positive and Gram-
negative cell surface. In the Gram-negative Salmonella typhimurium, AMP resistance is
achieved by modification of lipid A either by acylation (PagP) (20) or addition of an
aminoarabinose moiety (Pmr system) (18). In the Gram-positive S. aureus, substitution of
teichoic acids with D-alanine confers AMP resistance by decreasing the negative net charge
of teichoic acids, which leads to diminished attraction of CAMPs (47). This mechanism is
catalyzed by enzymes encoded in the dlt locus and contributes to CAMP resistance in many
Gram-positive bacteria, for example Streptococcus pneumonia and Listeria monocytogenes
(1,32). Further, formation and integration into the membrane of lysyl-phosphatidylglycerol (L-
PG), a phospholipid that is distinguished by a positive net charge not found in other common
bacterial membrane phospholipids, equally leads to reduced attraction of CAMPs to the
cytoplasmic membrane (46) and inhibits killing by neutrophils (33). The transmembrane
enzyme that catalyzes formation and likely integration of L-PG into the membrane, MprF, is
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present in many bacteria and thus represents a widespread mechanism of AMP resistance. It
is important to stress that these latter mechanisms are specific for CAMPs. The presence of
anionic AMPs in human sweat likely represents a response of the human innate immune system
to circumvent those mechanisms.

Resistance mechanisms against anionic AMPs have only been investigated more recently.
Interestingly, in Staphylococcus epidermidis the cationic exopolymer polysaccharide
intercellular adhesin (PIA) and the anionic poly-γ-glutamic acid (PGA) have been shown to
protect from cationic and anionic AMPs (31,57,59). These results indicate that charged
bacterial exoploymers do not work exclusively by electrostatic repulsion such as in the cases
of teichoic acid D-alanylation. Alternative mechanisms that may explain the findings with PIA
and PGA include charge-independent mechanical exclusion and charge-dependent
sequestration of AMPs, a mechanism also proposed for example for the cationic antibiotic
tobramycin that is sequestered by the anionic Pseudomonas aeruginosa exopolymer alginate
(40). Alginate and PIA are typical components of the extracellular matrix in bacterial biofilms,
and possibly main contributors to the observed high resistance of biofilms to AMPs.

Finally, some yet poorly understood mechanisms of AMP resistance may be unique to some
bacteria. For example, Shigella species appear to inhibit production of LL-37 and human β-
defensin 1 in human rectal epithelial cells (28).

The Gram-negative PhoP/PhoQ antimicrobial peptide sensor
The PhoP/PhoQ system is a virulence regulator originally described in S. typhimurium (16,
42). It regulates a series of genes and cellular activities (15), such as Mg2+ transport (mgtA and
mgtCB genes) (54), survival in macrophages (mgtCB genes) (53), modification of
lipopolysaccharide (LPS, pagP gene)(7,20), and also activates a further two-component
regulatory system, pmrA/pmrB, by activation of pmrD transcription (19). The pmrA/pmrB
system also up-regulates genes involved in LPS modification and resistance to polymyxin B
(pbgP, pbgE, ugd) (19).

PhoP/PhoQ is a classical and one of the most intensively studied bacterial two-component
signal transduction systems (16,42). PhoQ is the histidine kinase sensor part that is present as
a dimer in the bacterial cytoplasmic membrane. It has two transmembrane helices, one
extracellular (periplasmic) loop of 145 amino acid length, and a cytoplasmic domain that
contains a conserved autophosphorylation and an ATP binding site. Upon stimulation, PhoQ
trans-autophosphorylates within the dimer, and a phosphate is transferred to a conserved
aspartate residue on PhoP. PhoP is the response regulator DNA-binding protein of the system
that interacts with target gene promoters (Fig. 1).

Three stimulants of the PhoQ sensor have been described: low concentration of divalent cations
(13), low pH (3), and CAMPs (5). Recent studies have shown that PhoQ is repressed in the
presence of divalent cations such as Mg2+ or Ca2+ (5). By solving the crystal structure of PhoQ
in the presence of Ca2+, it was found that these divalent cations bind to a set of acidic residues
termed the acidic patch that is adjacent to two α-helices (10). Binding of Ca2+ ions alleviates
some of the charge repulsion between the acidic patch and the membrane that can be predicted
from the crystal structure and which is believed to be important during the activation process.
NMR studies have shown that apparently, there is no difference in the structure of PhoQ with
Mg2+ versus Ca2+, indicating that the type of divalent ion is not critical for keeping the PhoQ
dimer in a repressed state (10).

Removing repression of PhoQ by lowering the concentration of divalent cations in principle
would lead to activation of the system. However, this is unlikely to represent a signal that
occurs in vivo, because metal ions are abundant in host tissues and fluids. Rather, activation
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of the PhoP/PhoQ system is believed to be triggered in vivo by low pH and CAMPs. Bader et
al. reconstituted PhoQ in membrane vesicles and showed that CAMPs lead to increased levels
of phosphorylated PhoP and target gene activation in that system (5). Activation by CAMPs
can be competed out by increasing concentrations of Mg2+, indicating that CAMPs and divalent
cations bind to the same site in PhoQ. Based on these studies, a model was developed in which
CAMPs substitute divalent cations at the acidic patch and owing to their larger size, thereby
force two α-helices of the PhoQ protein away from the membrane, ultimately leading to PhoQ
activation (5,49).

Similarly to CAMPs, PhoQ can be activated by low pH. This was also shown using
reconstituted PhoQ in membrane vesicles (5). It is important to stress that the effects of pH
and CAMPs on PhoQ phosphorylation are additive, suggesting a different mechanism for the
interaction of these two signals with the sensor protein. Interestingly, activation by low pH
does not involve loss of capacity to bind divalent cations, which would represent a hypothetical
mechanism for pH-dependent activation of PhoQ, but leads to increased flexibility of the PhoQ
protein. This increased flexibility would allow the two α-helices to move in a model similar to
the one proposed for PhoQ activation by CAMPs.

Activation by CAMPs and pH occurs in the presence of ~ 1 mM Mg2+, which is about the
divalent cation concentration in a neutrophil phagosome (5). Thus, these two signals are good
candidates for stimuli that activate PhoQ in vivo. Further, the additive effects of pH and CAMPs
on PhoQ indicate that for maximal activation, both signals need to be present, limiting the
expression of PhoQ-regulated CAMP resistance mechanisms to situations that are relevant for
pathogen survival in vivo, notably in the phagosome and the acidic intestinal microenvironment
around Paneth cells, which secrete the CAMP HD-5 (human α-defensin 5).

While only investigated in detail in Salmonella, PhoQ homologues have been found in a variety
of Gram-negative pathogens. In some of those such as Shigella flexneri, Yersinia pestis, the
insect pathogen Photorhabdus luminescens, and the plant pathogen Erwinia chrysanthemi,
there are results that suggest that PhoQ is also involved in sensing CAMPs and low pH and
affects virulence (11,39,43,45,50). In contrast to these eukaryote-associated bacteria, the acidic
patch crucial for CAMP recognition is missing in Pseudomonas aeruginosa, which may cause
infection, but is primarily a bacterium found in soil and water. Sensing CAMPs with strongly
varying structure is much more essential for eukaryote-associated pathogens, indicating that
either the acidic patch in PhoQ has evolved during the interaction with the host, or has been
lost in organisms in which CAMP sensing is not as crucial for survival (49).

Despite the evidence outlined so far, the role of the PhoP/PhoQ system in CAMP and pH
sensing is debatable. It has been stressed that the PhoP regulon comprises many more genes
than those activated by the CAMP polymyxin B (17). Furthermore, PmrA/PmrB appears to
interact with PhoP/PhoQ post-translationally via PmrD and is primarily involved in low pH
sensing. Finally, it has been argued that most CAMPs are larger than porins in the outer
membrane of Gram-negative bacteria and thus, would cause perturbation that may be sensed
by other systems before PhoQ can be reached. For example, polymyxin B promoted the
expression of genes regulated by RcsB and the alternative sigma factor RpoS. Taken together,
it appears that while the interaction of CAMPs with PhoQ has been studied on a very detailed
molecular level, there may be more systems involved in CAMP sensing in a complicated
regulatory network.

The Gram-positive Aps antimicrobial peptide sensor
While the Gram-negative PhoP/PhoQ system as a regulator of virulence and CAMP resistance
has been known for a while and its role in CAMP sensing has been described about 2 years
ago (5), a Gram-positive sensor with an equivalent function in CAMP sensing and regulation
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of Gram-positive CAMP resistance mechanisms has remained elusive. (The PhoR/PhoP
system described in some Gram-positive bacteria to respond to inorganic phosphate and control
virulence (27) must not be confused with the Gram-negative PhoP/PhoQ sensor.) Recently,
during studies aimed to determine genome-wide responses to the human AMP human β-
defensin 3 (hBD3) in the nosocomial pathogen and skin colonizer S. epidermidis, using
transcriptional profiling with microarrays, my group identified a Gram-positive CAMP sensor/
gene regulator (38). The AMP human β-defensin 3 (hBD3), the only β-defensin that maintains
anti-staphylococcal activity at physiological salt concentration as found in the natural habitat
of skin-colonizing staphylococci (24), induced expression of the major staphylococcal
mechanisms involved in CAMP resistance: the dlt operon for D-alanylation of teichoic acids
and the mprF gene for formation of L-PG. In addition, several transporters were up-regulated
that may function to remove CAMP from the cytoplasmic membrane. Exceptionally strong
up-regulation was detected for the VraFG transporter, previously described to confer resistance
to the glycopeptide antibiotic vancomycin (35). The vraFG genes are located in the S.
epidermidis and S. aureus genome adjacent to an apparent operon consisting of genes coding
for a two-component system and a third gene without striking similarity to genes with known
function. Based on the fact that in bacteria, regulatory systems are often involved in the
regulation of adjacent genes, we constructed deletion mutants in each of the three genes and
characterized genome-wide changes in gene expression compared to the wild-type strain. The
results showed that this system, which we termed aps for antimicrobial peptide sensor,
regulates the major CAMP resistance mechanisms, dlt and mprF, in addition to vraFG.
Notably, all three aps components were essential for gene regulation, indicating that this system
represents an unusual three-component regulatory system consisting of a classical two-
component system with a sensor histidine kinase and a DNA-binding response regulator,
whereas the third component has a yet undefined role in signal transduction. The apsS and
apsR genes have also been called graS and graR due to their involvement in resistance to
glycopeptide antibiotics (41,44). We suggest using the aps name, because it is based on the
presumably natural role of this system and publications on graRS have failed to recognize the
three-component nature of the regulatory system.

Similar to results achieved in Salmonella with the PhoP/PhoQ system (15), analysis of the
aps regulon using deletion mutants revealed genes that were not found to be under regulation
of CAMPs (38). In addition, differential expression of autolysins was observed in all three
aps gene deletion mutants. However, it needs to be stressed that the deletion of a gene represents
an unnatural situation that is not likely to be achieved in this extreme fashion by differential
phosphorylation of the ApsS/ApsR/(ApsX), or the PhoP/PhoQ regulatory cascades. Thus, these
results do not necessarily contradict the notion that the primary tasks of these systems are the
sensing of CAMPs and regulation of CAMP resistance mechanisms.

The ApsS sensor is a transmembrane protein with two predicted transmembrane helices and
an extracellular acidic loop, features that are reminiscent of the PhoQ architecture. However,
there is no significant sequence similarity and most strikingly, the ApsS extracellular loop is
only 9 amino acids long and thus much smaller than the acidic patch of PhoQ (Fig. 1).
Interaction of this 9 amino acid loop with CAMPs has been shown using specific antibodies
developed against the loop epitope that blocked up-regulation of aps target genes (38).

In contrast to the S. epidermidis aps system, which was activated by any CAMP tested, we
found activation of the S. aureus aps system only with specific CAMPs, including indolicidin
and LL-37, for example, but not using hBD3 and several other peptides (37). Using
complementation vectors that expressed heterologous S. epidermidis or hybrid proteins
consisting of the S. aureus apsS gene with an S. epidermidis loop inserted in an apsS deletion
mutant of S. aureus, we could demonstrate that substrate specificity of the system is due to
amino acid sequence differences in the loop between S. aureus and S. epidermidis. The
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biological significance of the fact that S. aureus is more discriminatory in accepting only some
CAMPs as aps stimuli is not known. Further mechanistic details on AMP sensing by ApsS are
not known yet. However, divalent cations do not appear to have a significant AMP-dependent
impact on aps-dependent gene regulation (Li and Otto, unpublished data), suggesting that the
regulators involved in divalent cation-dependent gene expression are different from aps and
the mechanism of ApsS activation differs from that used by PhoQ.

In addition to regulating the dlt, mprF, and vraFG loci (with a somewhat differing relative
emphasis compared to S. epidermidis), the aps regulon in S. aureus comprises genes involved
in the biosynthesis of lysine (37). This is in accordance with the increased need for lysine when
L-PG production via MprF is stimulated. Thus, basic metabolic adaptation supports the specific
up-regulation of CAMP resistance mechanisms during stimulation of the aps regulon by
CAMPs. It needs to be stressed that these results achieved in the hyper-virulent community-
associated MRSA strain strain MW2 (4,56) are contradictory to those achieved by other
authors, who did not find the mprF and lysine biosynthesis genes in the graRS regulon of S.
aureus strain SA113 (26), which is a mutant in the global regulatory system agr (58). Thus,
there might be strain-specific differences in the aps regulon in S. aureus.

Sensing CAMPs and responding with dedicated resistance mechanisms is supposed to be
important for staphylococcal virulence. In a peritoneal mouse infection model, increased cfu
counts of the wild-type strain in comparison to the apsS deletion mutant strain in the kidneys
indicated a role for the aps system in S. aureus infection (37).

Homologues of the aps system are found in a multitude of Gram-positive pathogens, including
Clostridium difficile, Listeria monocytogenes, Bacillus anthracis, S. haemolyticus, and
Streptococcus pneumonia (38). Interestingly, homologues of the ApsX third component are
only found in staphylococcal species. Thus, determining the role of ApsX in the staphylococcal
Aps system and those of the ApsS homologues in other bacteria will be an important task for
future research.

Anionic antimicrobial peptides and non-specific sensing
The recently discovered human anionic AMP dermcidin does not activate the aps system due
to its negative net charge and thus represents a valuable means to investigate gene regulatory
responses to an AMP not mediated via that sensor (38). In S. epidermidis, dermcidin (in its
proteolytically processed, active form called DCD-1) led to an up-regulation of the gene coding
for the secreted protease SepA, and increased extracellular proteolytic activity (36). SepA had
a major role in degrading DCD-1, while it only had marginal effects on hBD3 and LL-37,
which may be explained by the secondary and tertiary structures of these AMPs. Global
regulatory systems, namely the agr, saeRS, and sarA regulators were changed in a fashion to
promote increased production of secreted proteases including SepA. Notably, these regulatory
changes were also achieved by incubation with hBD3, indicating that they are independent of
AMP charge. Interestingly, it has been found recently that the saeRS system responds to a series
of phagocyte-derived signals (14) in addition to AMPs, suggesting a key role in the regulation
of immune evasion mechanisms in S. aureus. These results indicate that while anionic AMPs
may be interpreted as an adaptation of human innate host defense to bacterial AMP resistance
mechanisms specific for CAMPs, bacteria still have less specific ways to combat those
peptides, because the respective sensing mechanisms do not discriminate between positively
and negatively charged AMPs. While the detailed mechanism of the staphylococcal adaptive
response to dermcidin and other AMPs in an aps-independent manner needs to be further
analyzed, the involvement of global regulatory systems is reminiscent of the Gram-negative
rpoS-dependent response to polymyxin B and indicates a broad gene-regulatory response most
likely caused by membrane perturbations.
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A potential target for antimicrobial therapeutics?
In a time of desperate search for new antimicrobial agents and targets, it has been frequently
proposed to develop antimicrobial therapeutics based on AMPs (23). While the commonly
bactericidal mode of action of AMPs is a clear advantage, pre-existing bacterial resistance
mechanisms and AMP sensors such as those discussed herein, in addition to the sensitivity of
AMPs to proteolytic digestion, make this approach appear problematic. Nevertheless, due to
the empty pipeline in antibiotic development and strongly increasing antibiotic resistance in
premier pathogens such as S. aureus, a closer look at AMPs as potential therapeutics is certainly
warranted. In that context, targeting AMP sensor mechanisms involved in regulating bacterial
resistance to AMPs may form a valuable part (9). While the therapeutic benefit from targeting
a regulatory system is debatable for many reasons, the fact that AMP sensors are fairly
conserved among Gram-negative or Gram-positive bacteria is encouraging in that regard.
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Fig. 1. The Gram-negative and Gram-positive AMP sensors
A, The Staphylococcus aps system. The Gram-positive cell surface, containing a thick layer
of peptidoglycan and anionic teichoic acids, is shown schematically. Binding of a cationic
AMP leads to activation of the system in a mechanistically yet poorly understood fashion. The
extracellular loop of the ApsS sensor is extremely short, carrying three negative charges that
presumably are crucial for the interaction with the cationic AMP. A phosphorylation cascade
as typical for two-component systems is believed to activate target gene transcription, with the
ApsX protein participating in signal transduction in an unknown way. It is not known whether
the ApsS sensor forms a dimer, but dimer formation of sensor proteins is common. B, The
Salmonella phoP/phoQ system. Activation by CAMPs, which penetrate the Gram-negative
outer membrane in a yet undefined manner, occurs by deplacement of divalent cations in an
acidic patch of the PhoQ sensor. The PhoQ acidic region is much larger than the acidic
extracellular loop of ApsS. This leads to structural rearrangements including notably two α-
helices that move away from the membrane, and ultimately auto-phosphorylation of ApsS and
subsequent phosphorylation of PhoP. Main regulatory targets of the systems are shown at the
bottom. While both systems control many targets, those involved in CAMP resistance are the
dlt, mprF, and vraFG loci in Staphylococcus, and the pagP locus in Salmonella. Further, the
pbgPE operon, which is also involved in CAMP resistance by lipid A modification, is regulated
by pmrAB, which is under control of phoPQ.
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