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Antimicrobial peptides (AMPs) are among the leading candidates to replace antibiotics which have been
rendered ineffective by the evolution of resistant bacterial strains. Concerns do exist, however, that the
therapeutic administration of AMPs may also select for resistant strains but with much more dire conse-
quences, as these peptides represent an endogenous and essential component of host immune defense. The
recent demonstration that AMPs function as ligands for the bacterial sensory kinase PhoQ for the initiation
of virulence and adaptive responses lends credence to these concerns. While the ability to serve as PhoQ
ligands suggests that the therapeutic administration of AMPs could (i) exacerbate infections by promoting
bacterial virulence and (ii) select resistant mutants by encouraging adaptive behaviors, it also provides a
rational basis for AMP selection and optimization. Here, we demonstrate that derivatives of a representative
AMP have differential abilities to serve as PhoQ ligands and that this correlates with the ability to induce
bacterial adaptive responses. We propose that PhoQ-activating potential is a logical parameter for AMP
optimization and introduce a novel strategy for the treatment of minimal bactericidal concentration data that
permits the discrimination and quantification of the contributions of PhoQ-activating potential and direct
antimicrobial activity to net antimicrobial efficiency.

The ability to treat bacterial infections with antibiotics has
been a cornerstone of human medicine for over 60 years.
However, the extensive application of antibiotics has served as
a selection pressure to drive the evolution of human bacterial
pathogens which are resistant to these treatments (41). The
implications of this trend are socially and economically severe,
as drug-resistant nosocomial bacterial infections cost an esti-
mated 5 billion dollars a year and are responsible for more
than 63,000 annual deaths in North America alone. Research
efforts to develop novel antibiotics have not been in proportion
to the magnitude of this growing problem, and there is a
growing sense of urgency for the discovery or creation of novel
antimicrobial compounds that are active against a broad range
of pathogens, have minimal host toxicity, and perhaps most
importantly, do not readily select for resistant mutants. Cat-
ionic antimicrobial peptides (AMPs) appear to meet all of
these criteria (22, 27).

AMPs are a component of innate immune defense that is
conserved in virtually all forms of life. While a diverse range of
AMPs of various lengths and sequences have been identified,
in general, these molecules tend to be small, of less than 50
amino acids in length, with a high percentage of cationic and
hydrophobic residues (21). These peptides are either constitu-

tively expressed or induced in response to infection, tissue
damage, or other inflammatory stimuli (13, 42, 44). Genetic
knockout of AMPs renders the host more susceptible to bac-
terial infections (32, 43), as does AMP deficiency through
genetic disorders such as specific granule deficiency syndrome
(15), atopic dermatitis (33), and morbus Kostmann syndrome
(36). Conversely, overexpression (4, 38) or therapeutic admin-
istration (11, 16) of AMPs strengthens an animal’s ability to
counter infections and sepsis.

While the specific details of direct antimicrobial action have
yet to be determined, it is hypothesized that the majority of
AMPs, although not all (8, 39), kill bacteria by compromising
the integrity of their membranes, which ultimately leads to cell
lysis (29). That AMPs of such diverse sequences, as well as
derivatives of individual AMPs, possess antimicrobial activity
against a broad spectrum of bacteria suggests that the mecha-
nism of action involves general characteristics of these peptides
and their bacterial targets. Specifically, the positive charge of
AMPs is hypothesized to be an essential feature in ensuring
specificity for bacterial membranes, whose outer leaflet is rich
in negatively charged phospholipids, as opposed to plant and
animal membranes, which favor neutral lipids (29). This ver-
satility of their structure-antimicrobial activity relationship
highlights the potential for AMPs to serve as flexible templates
for the construction of novel antibiotics.

Appropriate concerns have been raised that the therapeutic
administration of AMPs could serve as a stimulus for the
development of bacterial resistance, not unlike what has been
observed for many conventional antibiotics. Since these mole-
cules, unlike current antibiotics, are a part of our natural de-
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fensive arsenal, widespread resistance could be associated with
much more dire consequences. Indeed, it has been speculated
that bacterial resistance to AMPs could permanently compro-
mise our ability to counter infections (5). This certainly repre-
sents a worst-case scenario, and it should be noted that com-
pelling arguments against the likelihood and severity of this
outcome have been presented. The most notable are (i) that
these peptides have remained effective antimicrobials over the
course of evolution; (ii) that the mechanism of AMP action
involves conserved and relatively nonadaptable microbial tar-
gets, thus reducing the potential for developmental resistance;
(iii) that direct antimicrobial activity (DAA) is only one facet
of their antimicrobial action; and (iv) that resistant strains are
very difficult to select (20).

While the evolutionary success of AMPs illustrates the ap-
parent inability of bacteria to develop effective resistance
mechanisms, it is also important to consider that the adminis-
tration of these molecules outside of the physiological context
might represent a unique milieu for the development of such
strains. While many of the AMPs being designed for therapeu-
tic application are for the modulation of innate immune re-
sponses rather than DAA, it is not the intent of the application
that will determine the ability of bacteria to establish adaptive
responses. Indeed, as the doses employed for immunomodu-
lation may be sublethal for many bacterial strains, this may
present an effective breeding ground for resistant strains.

While AMP resistance is difficult to select, such strains are
observed in nature (34). Resistance is often achieved through
modifications of the bacterial outer membrane to prevent
AMP binding. The bacterial membrane is a dynamic structure
whose composition can be modulated in response to various
stressors, including AMPs. In particular, the lipid A moiety of
lipopolysaccharide (LPS) has the potential to undergo modi-
fications that result in AMP resistance (30). In Salmonella,
modifications of lipid A are also associated with macrophage
invasion (17), signifying their role in virulence, and modifica-
tions of lipid A have been shown to be equally important to the
virulence of other bacteria (35). The PhoPQ two-component
system has a central role in the regulation of LPS modifications
(14, 19).

The PhoPQ two-component system consists of a transmem-
brane sensory kinase, PhoQ, and a cytosolic response regula-
tor, PhoP. The activation of PhoQ results in its autophosphor-
ylation, with subsequent phosphotransfer to PhoP (18). Once
activated through phosphorylation, PhoP functions as a tran-
scription factor to regulate the expression of a wide range of
genes, including those associated with AMP resistance and
virulence. The PhoPQ system is essential for the virulence of
Salmonella in mice and humans (31) and has proven to be
equally important for the virulence of a number of other gram-
negative bacteria (12). From the perspective of this work, the
significance of the PhoPQ system is that, in response to a single
trigger, pathogenic bacteria initiate responses required for vir-
ulence and intracellular survival within host macrophages,
leading to the establishment of chronic infections and decima-
tion throughout the body.

There has been extensive research demonstrating that PhoQ
is activated in vitro by cation-deficient environments and, spe-
cifically, that micromolar concentrations of magnesium acti-
vate PhoQ while millimolar levels repress the system (18).

However, the physiological significance of PhoPQ activation by
divalent cations has been called into question (1, 10). An al-
ternative, and elegant, regulatory mechanism has recently been
proposed with the demonstration that PhoQ can be directly
activated by AMPs (3). In this hypothesis, bacteria utilize
AMPs as indicators of the host environment to simultaneously
initiate offensive and defensive maneuvers that adapt the bac-
teria to the host cell assault, including bestowing resistance to
AMPs (2, 6). It has been demonstrated that the exposure of
bacteria to either Mg2�-deficient environments or sublethal
concentrations of AMPs induces adaptive patterns of expres-
sion that result in AMP-resistant phenotypes (2).

The ability to serve as PhoQ ligands and initiate adaptations
that result in AMP resistance is in opposition to the antimi-
crobial objective of AMPs. As such, AMP optimization will
benefit from consideration of AMP behavior from the two
distinct perspectives of antimicrobial activity and PhoQ-acti-
vating potential (PAP). These two characteristics may function
independently such that more-effective peptides can be gener-
ated through the optimization of either parameter. That all
peptides do not share equal ability to activate PhoQ indicates
that specific sequence and/or structural characteristics are as-
sociated with PhoQ activation potential (3). It may, therefore,
be possible to design peptides with a reduced ability to activate
PhoQ while maintaining or improving DAA. Peptides with
reduced PAP would be anticipated to have improved thera-
peutic potential as they are less likely to induce bacterial re-
sponses that are deleterious to the host.

Here, we examine the hypothesis that AMPs have differen-
tial abilities to serve as PhoQ ligands and that this is predictive
of their likelihood of inducing bacterial virulence and adaptive
responses. Through two independent assay systems, we con-
firm that AMP derivatives have differential abilities to serve as
PhoQ ligands and that this correlates with the induction of
adaptive responses as determined by the development of AMP
resistance. Based on these observations, we propose that PAP
is a logical parameter for the selection and optimization of
therapeutic AMPs and, toward this objective, introduce a novel
strategy for the treatment of minimal bactericidal concentra-
tion (MBC) data, obtained against wild-type and PhoPQ mu-
tant strains, that permits the discrimination and quantification
of the contributions of PAP and DAA to net peptide antimi-
crobial efficiency. Understanding the relative contributions of
each of these behaviors to antimicrobial efficiency will facilitate
greater understanding of the structure-activity relationship of
these multifunctional molecules and should facilitate the de-
sign of more-effective, and safer, therapeutic peptides.

MATERIALS AND METHODS

Peptide selection. Bactenecin, also known as bovine dodecapeptide, is a small
AMP cathelicidin discovered in bovine neutrophils (37). At 12 amino acids in
length, bactenecin is one of the smallest active AMPs. Its small size and extensive
characterization make it an ideal peptide model for the examination of the
consequences of amino acid substitutions on antimicrobial efficiency and PAP.
While the natural peptide is stabilized by an internal disulfide bridge, a linear
variant, Bac2A (RLARIVVIRVAR-NH2), shows activity similar to that of the
natural peptide against gram-negative bacteria and higher activity against gram-
positive bacteria (45). Others have reported on the antimicrobial properties of a
complete substitution library of Bac2A against Pseudomonas aeruginosa, as well
as a partial screen against Salmonella enterica serovar Typhimurium (23). Based
on the reported antimicrobial efficiencies against S. enterica serovar Typhi-
murium, we selected a series of Bac2A derivatives to represent peptides with
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improved, maintained, or compromised antimicrobial activity with respect to that
of the parent peptide. The nomenclature for the peptide derivatives is main-
tained from the original publication (23). We also include a negative control
peptide, NC, with the irrelevant sequence GATPEDLNQKLS-NH2.

Peptide synthesis. All peptides were chemically synthesized on a Pioneer
solid-phase peptide synthesizer (PerSeptive Biosystems, Foster City, CA) using
Fmoc (9-fluorenylmethoxy carbonyl) chemistry. The peptide chains were synthe-
sized from the carboxyl terminus to the amino terminus on [5-(4-Fmoc-amino-
methyl-3,5-dimethyloxyphenoxy) valeric acid]–polyethylene glycol–polystyrene
(PAL-PEG-PS) resin. Fmoc-protecting groups at the amino terminus were
deprotected with piperidine. The peptides were cleaved from the resin with
concurrent deprotection of the side chain-protecting groups by treating the
resin-bound peptide with trifluoroacetic acid (TFA) (9.3 parts) in the presence of
scavengers (anisole–ethyl–methyl sulfide-1,2-ethanedithiol [3:3:1]) for 7 h. The
crude peptides were filtered from the resin, and the TFA was evaporated.
Diethyl ether was added to the residues to precipitate the crude peptide. The
peptides were isolated and purified by high-performance liquid chromatography
on Vydac protein C4 columns (1.0 by 25 cm), being eluted with a linear gradient
of 5% buffer A (H2O–0.1% TFA)–90% buffer B [acetonitrile–H2O (90/10)–
0.01% TFA] for 40 min at a flow rate of 3 ml/minute. The purities and molecular
weights of the respective peptides were confirmed by matrix-assisted laser de-
sorption ionization–time of flight mass spectrometry on a PE Biosystems Voy-
ager system 4068 (National Research Council, Plant Biotechnology Institute,
Saskatoon, Canada) and by amino acid analysis.

Bacterial strains. S. enterica serovar Typhimurium was selected as our model
pathogen as the majority of investigations of the PhoPQ two-component system,
as well as the initial characterization of the abilities of AMPs to serve as PhoQ
ligands, have been performed with this bacterium. As an intracellular pathogen,
S. enterica serovar Typhimurium is also physiologically relevant for AMP inves-
tigations as pathogenic strains of Salmonella encounter AMPs, including bacte-
necin, during the natural course of the infective cycle, in particular within the
phagolysomes of neutrophils.

The strains used in this study were American Type Culture Collection strain
ATCC 14028, a smooth virulent strain of S. enterica serovar Typhimurium;
PhoQ� strain CS009 (phoQ101::MudJ); and PhoP� strain CS053 (phoP103::
MudJ). The ATCC 14028 strain represents the wild type and was used for the
creation of each of the PhoP� and PhoQ� strains. We also employed a Salmo-
nella PhoPQ reporter strain, CS102, which was a kind gift from Samuel Miller of
the University of Washington.

Cloning and expression of the PhoPQ operon. Plasmid pBBR1MCS-4-phoPQ
was constructed through PCR amplification of the chromosomal phoPQ operon,
including the promoter region, from wild-type S. enterica serovar Typhimurium
with primers A, AAAGTCGGGCCAGTTAAG, and B, CGCCGGCAAATTA
TATCG, using S. enterica serovar Typhimurium chromosomal DNA as template.
The resulting PCR product was cloned directly into the EcoRV site of
pBBR1MCS-4 (24) to generate plasmid pBBR1MCS-4-phoPQ.

Functional reconstitution of PhoP� and PhoQ�. The vector containing the
Salmonella PhoPQ operon, pBBR1MCS-4-PhoPQ, was transformed into S.
enterica serovar Typhimurium PhoP� and PhoQ� strains to create strains
PhoPrecon and PhoQrecon, respectively.

Determination of MBC. The MBCs of the peptides were determined by using
a modified broth microdilution method (45). Assays were performed in sterile,
96-well, round-bottomed polypropylene microtiter plates with an inoculum of 5 �
105 bacteria per ml in Luria-Bertani (LB) medium in the presence of various
concentrations of the peptides. The plates were incubated at 37°C for 16 h, and
the mixtures spotted onto LB agar plates. The MBC was taken as the concen-
tration at which no growth was observed. The MBCs reported represent the
averages of the results of at least three trials performed with a linear gradient of
peptide concentrations.

Peptide stocks were made in distilled water at a concentration of 2 mg/ml and
stored at �20°C. Appropriate dilutions of the peptides were made fresh prior to
each MIC trial in 0.2% bovine serum albumin, 0.01% acetic acid and added to
the culture following the addition of the bacterial inoculum.

Susceptibilities to conventional antibiotics. For nonpeptide antibiotics, the
MICs were determined by using the same modified broth microdilution method,
and the MICs were taken as the concentration at which no growth was observed
in the 96-well plate (45). The antibiotics were evaluated through a series of
twofold dilutions, and the most frequently observed value from experiments
performed in triplicate was reported as the MIC.

Quantification of adaptive responses. The abilities of peptide derivatives to
activate rapid adaptive responses were determined through a modification of the
MBC assays. Bacterial cultures were preincubated in the 96-well plate for 4 h in
LB medium supplemented with 5 mM MgCl2 in the presence of increasing but

sublethal concentrations of AMPs (1 �g/ml at time zero, 1 �g/ml at 1 h, 2 �g/ml
at 2 h, and a final addition of 4 �g/ml at 3 h). Following this adaptation period,
the bacteria were examined through standard MBC assays to quantify shifts in
AMP susceptibility. These results were compared to those for growth in LB
medium with the inclusion of 5 mM MgCl2.

PhoPQ reporter assays. S. enterica serovar Typhimurium strain CS102, which
expresses a PhoQ-regulated fusion to Salmonella acid phosphatase (PhoN), was
utilized for analysis of PhoPQ activation. The activity of this fusion protein was
measured in LB medium containing various concentrations of the peptides
and/or magnesium. For growth under PhoPQ-activating conditions, the growth
medium was supplemented with 50 �M MgCl2. Growth under PhoPQ-repressive
conditions was performed in the presence of 5 mM MgCl2, as were all of the
assays of peptide responses. The assay conditions utilized are based on previously
described protocols (7).

Calculation of DAA. DAA is defined here as antimicrobial activity in the
absence of PhoPQ-mediated protection, essentially, the sensitivity of a naı̈ve
bacteria to peptide killing. This is quantified by the MBCs against either the
PhoQ� (MBCQ�) or PhoP� (MBCP�) strains. The PhoP and PhoQ mutants were
found to be functionally equivalent with respect to their AMP sensitivities, such
that either can be used to define DAA. In this work, we chose to use the MBC
against PhoQ� Salmonella (MBCQ�) bacteria as the measure of DAA, although
the MBC data against PhoP� would have been equally appropriate.

For any peptide derivative (PD), the relative change in DAA with respect
to the parent peptide (PP) can be quantified by the formula �DAA �
MBCQ�(PD) � MBCQ�(PP). The �DAA score provides a measure of how alter-
ations to peptide sequence influence the ability to kill nonadapted bacteria.
While this is anticipated to reflect the ability to disrupt bacterial membranes,
the approach is valid regardless of the mechanism of peptide biological
action. Negative DAA scores indicate peptide derivatives which are more-
effective antimicrobials than the parent peptide.

Calculation of PAP. The PAP is the extent to which AMPs prompt bacteria to
initiate phenotypic changes that decrease AMP sensitivity. In the context of this
investigation, it more specifically refers to alterations mediated through the
PhoPQ system. These adaptations reflect a bacterial response, as well as repre-
senting an intrinsic property of the peptide in its ability to initiate these adap-
tations by serving as a PhoQ ligand. For any given peptide, the PAP is calculated
as the difference in MBCs between the wild type (wt) and the PhoQ� mutant
such that PAP � MBCwt � MBCQ�.

Changes in the ability of a peptide derivative to activate bacterial defense
mechanisms compared to the ability of the parent peptide are calculated by the
formula �PAP � [MBCwt(PD) � MBCQ�(PD)] � [MBCwt(PP) � MBCQ�(PP)]. A neg-
ative score indicates that the peptide derivative is a more-effective antimicrobial
as a result of minimized induction of PhoQ-mediated adaptations.

The equations for the calculation of changes in DAA and PAP are designed
such that negative scores indicate improved antimicrobials. This is to conceptu-
ally reflect that improved AMPs have lower MBCs.

Contributions of DAA and PAP to peptide efficiency. Through our approach,
changes in peptide efficiency (PE) can be more specifically defined in terms of
the changes to DAA and PAP whereby �PE � �DAA � �PAP. Negative scores
of peptide efficiency indicate more-effective antimicrobials, with the magnitude
of the score reflecting the degree of improvement. Notably, the �PE score is
numerically equivalent to the difference in MBCs between a parent peptide and
its derivative against wild-type bacteria. The advantage of this approach is that it
permits the discrimination and quantification of the relative contributions of
each of these peptide behaviors toward net changes in peptide efficiency.

RESULTS

Disruption of PhoPQ does not increase sensitivity to non-
AMP antibiotics. Genetic disruption of PhoPQ may increase
its sensitivity to antibiotics independent of their direct associ-
ation or involvement with this two-component system. First,
genetic manipulations, independent of the biological function
of the targeted gene, have the potential to increase antibiotic
susceptibility as a result of a general reduction in bacterial
viability. Alternatively, as the PhoPQ system is a central mech-
anism for the regulation of bacterial membrane modifications,
disruption of this system may affect membrane permeability in
a manner that renders the bacterium more sensitive to antibi-
otics.
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To verify that the mutant strains do not have a nonspecific
increase in antibiotic sensitivity, we determined the MICs for
six conventional antibiotics against the PhoQ� mutant strain.
No significant differences in susceptibilities were observed for
these nonpeptide antibiotics, which confirms that the alter-
ations to peptide susceptibility result specifically from the loss
of the PhoPQ system (Table 1).

PhoP� and PhoQ� strains are sensitized to AMPs. Peptides
were selected for this investigation based upon a previous
report in which a substitution library of Bac2A derivatives was
quantified with respect to antimicrobial activity (23). Specific
peptides were selected from this library to represent deriva-
tives with either improved (R3 and Sub3), maintained (G12),
or compromised (P7 and K7) antimicrobial activity. MBCs
were determined for all of these peptides against wild-type,
PhoQ�, and PhoP� Salmonella strains.

The PhoPQ mutant strains were considerably sensitized to
the antimicrobial effects of all of the peptides. This emphasizes
the importance of this system in facilitating protection against
AMPs (Table 2). The MBCs for individual peptides against the
PhoQ� and PhoP� strains are comparable, indicating that
these mutants are functionally equivalent in their inability to
initiate protective responses to AMPs. This is not unexpected,
as the inability to detect or respond to a stimulus as a result of
the loss of the histidine kinase or response regulator, respec-
tively, would be anticipated to result in an equivalent pheno-
type.

Functional reconstitution of the PhoP� or PhoQ� strains
with a plasmid expressing the PhoPQ operon, creating the
PhoPrecon and PhoQrecon strains, returns the MBCs to levels
comparable to those in the wild-type bacterium (Table 2).
However, a consistent result for all of the peptides is that the

MBCs against the PhoQrecon strain were slightly higher than
for the wild-type bacterium, indicating a lower AMP suscepti-
bility. This may be a consequence of higher levels of expression
of PhoP and PhoQ from the plasmid than from the endoge-
nous operon.

Contributions of DAA to antimicrobial efficiency. Among
the derivatives, we observed examples with improved (Sub3
and R3), maintained (G12), or compromised (K7 and P7)
direct antimicrobial efficiencies. Relative to the Bac2A parent
peptide, the �DAA scores for the derivatives ranged from
�2.4 to �40.5 �g/ml (Table 3). Quantitatively, the most sig-
nificant alterations were associated with derivatives that had
reduced efficiencies. It is not unexpected that the alteration of
the sequence of an evolutionarily selected peptide or protein
would be more likely to result in a loss of, rather than improve-
ment of, biological activity. That the magnitudes of the changes
to DAA are insufficient to account for the range of antimicro-
bial efficacies observed against wild-type bacteria indicates that
alterations to other aspects of peptide behavior also contribute
to the changes in efficiency.

While the changes in DAA for most of the derivatives were
relatively minor, the P7 derivative offers an example of a pep-
tide in which a single amino acid substitution results in dra-
matic alteration to antimicrobial activity. This peptide is inac-
tive against the wild-type bacterium and has only minimal
DAA against the sensitized PhoPQ mutant strains. As the
formation of helical structure is thought to be a prerequisite
for the antimicrobial activity of many AMPs, the fact that the
introduction of a proline in the central region of Bac2A abol-
ishes this function is consistent with this hypothesis.

Contribution of PAP to antimicrobial efficiency. Among the
derivatives, there were examples of peptides with both in-

TABLE 1. MICs of nonpeptide antibiotics against wild-type and
PhoQ mutants of Salmonellaa

Antibiotic
MIC (�g/ml) for:

Wild type PhoQ�

Ampicillin 10.0 8.0
Carbenicillin 10.0 8.0
Gentamicin 16.0 16.0
Tetracycline 3.0 3.0
Nalidixic acid 3.0 3.0
Trimethoprim 1.0 1.0

a A series of nonpeptide antibiotics were screened against wild-type, PhoQ�,
and PhoP� strains of Salmonella enterica serovar Typhimurium. The most fre-
quently observed MIC value from triplicate experiments is reported.

TABLE 2. MBCs of select Bac2A peptide derivativesa

Sequence Peptide
MBC (�g/ml) for:

Wild type PhoQ� PhoP� PhoQrecon

GATPEDLNQKLS-NH2 NC �500 �500 �500 �500
RLARIVVIRVAR-NH2 Bac2a 32.8 � 4.1 6.2 � 1.6 6.5 � 1.5 42.5 � 3.5
RLRRIVVIRVAR-NH2 R3 11.5 � 3.2 4.2 � 1.3 3.8 � 0.9 30.0 � 5.0
RLARIVKIRVAR-NH2 K7 68.8 � 3.7 13.1 � 2.0 13.3 � 2.1 69.0 � 1.4
RLARIVPIRVAR-NH2 P7 �500 46.7 � 4.1 45.4 � 3.2 �500
RLARIVVIRVAG-NH2 G12 31.4 � 3.5 8.6 � 1.3 10.1 � 1.9 34.0 � 4.2
RRWRIVVIRVRR-NH2 Sub3 10.0 � 2.0 5.7 � 1.0 6.4 � 0.9 19.0 � 3.8

a A series of peptides were screened against wild-type, PhoQ�, and PhoP� strains of Salmonella enterica serovar Typhimurium, as well as the functionally
reconstituted PhoQrecon strain. The MBCs represent the averages � standard deviations of the results of triplicate experiments.

TABLE 3. Calculation of changes in DAA and activation of PAPsa

Peptide DAA �DAA PAP �PAP �PE

Bac2a 6.2 � 1.6 �26.6 � 4.4
R3 4.2 � 1.3 �2.0 � 2.1 7.3 � 3.5 �19.3 � 5.4 �21.3 � 5.8
K7 13.1 � 2.0 6.9 � 26 55.7 � 4.2 29.1 � 5.8 33.4 � 6.4
P7 46.7 � 3.1 40.5 � 3.5
G12 8.6 � 1.3 2.4 � 2.1 22.8 � 3.7 �3.8 � 5.5 �1.4 � 5.9
Sub3 5.7 � 1.0 �0.5 � 1.9 34.3 � 2.2 �22.3 � 4.7 �22.8 � 5.1

a The peptides R3 and Sub3 are improved antimicrobials as indicated by the
decreased MBC against wild-type Salmonella. This effect is largely mediated
through the decreased tendency to activate PhoQ-dependent PAPs, as indicated
by the �PAP scores. The scores are the averages � standard deviations of the
results.
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creases and decreases to the calculated �PAPs. For example,
the �PAP scores for the R3 and Sub3 peptides were �19.3
�g/ml and �22.3 �g/ml, respectively, implying that these pep-
tides are more-effective antimicrobials than the parent peptide
as a consequence of their decreased ability to serve as PhoQ
ligands. In contrast, the K7 peptide appears to be a less-effec-
tive antimicrobial as a consequence of being a more-potent
PhoQ ligand, with a �PAP score of 29.1 �g/ml. The G12
substitution does not appear to affect the ability to serve as a
PhoQ ligand as the PAP score is comparable to that of Bac2A
(Table 3).

Contribution of DAA and PAP to antimicrobial efficiency.
Two of the peptides, R3 and Sub3, are significantly improved
as antimicrobials, with decreases in their MBCs relative to
those of the parent peptide of �21.3 and �22.8 �g/ml, respec-
tively, against wild-type Salmonella. The magnitudes of these
improvements closely correspond with their calculated �PAP
scores of �19.3 and �22.3 �g/ml, indicating that, for these
peptides, the change in the PAP is the principal, although not
exclusive, determinant of the improved antimicrobial efficiency
(Fig. 1). Presumably, for these derivatives, the ability to avoid
detection by the PhoPQ system allows them to act more effec-
tively against membranes that have not been adapted for AMP
resistance.

In contrast, as demonstrated by the results for the K7 pep-
tide, alterations to PAP also have the ability to compromise
antimicrobial efficiency. K7 has compromised antimicrobial ac-
tivity, as demonstrated by an MBC of 68.8 �g/ml against wild-
type Salmonella compared to 32.8 �g/ml for the parent pep-
tide. This reduced antimicrobial activity appears to result
predominantly from an increased ability to act as a PhoQ
ligand, as indicated by the �PAP score of 29.1 �g/ml. This
suggests that effective recognition of K7 by PhoQ permits the
bacteria the opportunity to initiate adaptations that protect
against AMPs, thereby increasing the MBC.

While theoretically possible, we did not observe any exam-
ples where changes to DAA and PAP were in functional op-
position to each other. While the G12 derivative appears to
show both a modest improvement with respect to PAP and an
equally small loss of DAA, the magnitudes of these alterations
are not statistically significant.

Verification of differential PhoPQ activation by peptide
derivatives. The underlying assumption of the mathematical
model is that the PAP score reflects differential abilities to

activate PhoPQ-dependent responses. However, the PhoPQ
regulon is complex, with the ability to modulate a wide variety
of bacterial behaviors, as well as to influence other two-com-
ponent systems, such as pmrAB, which has also been implicated
in resistance to certain AMPs (2, 28, 40). We therefore sought
to validate through an independent methodology that the cal-
culated �PAP scores accurately predict the ability of specific
AMPs to activate PhoQ.

Salmonella strain CS102, in which the expression of an acid
phosphatase reporter enzyme is driven by activated PhoP, per-
mits the quantification of PhoPQ activity. This system has
demonstrated utility in measuring PhoQ activation by various
ligands and conditions, including AMPs (3). Employing this
system, we confirmed the differential abilities of the peptides to
activate PhoQ. In general, Bac2A derivatives are potent PhoQ
ligands, as low levels (1 �g/ml) of these peptides achieve de-
grees of activation comparable to what is observed under mi-
cromolar concentrations of magnesium (Fig. 2). This is consis-
tent with previous reports of other AMPs that are similarly
effective in stimulating PhoPQ (3).

Importantly, a strong correlation was observed between the
calculated PAP scores and the degree of PhoPQ activation
observed in the live bacterial reporter strain. Peptides such as
K7 which had a higher PAP score than the parent peptide were
more-effective ligands for the reporter strain, while peptides
such as Sub3 and R3, whose PAP scores are lower than the
score for Bac2A, were less-effective PhoPQ activators. A linear
regression plot confirms the relationship between the calcu-
lated PAP scores and the directly measured PhoQ activation,
verifying the validity of our mathematical approach (Fig. 3).

PhoQ ligand potential predicts induction of AMP resis-
tance. It has been observed that exposure to sublethal concen-
trations of AMPs promotes adaptive responses that include
resistance to a broad spectrum of AMPs (2). These adaptations
may be of physiological significance, as it has been demon-
strated that bacteria taken from the lungs of cystic fibrosis
patients have MICs which are orders of magnitude higher than
those observed for nonadapted strains (28). While it has yet to
be definitively proven that the resistance of these bacteria to

FIG. 1. Relative contributions of changes in DAA and tendencies
to activate PAPs toward the change in net peptide efficiency of a
peptide derivative compared to that of the parent peptide. Peptides
with negative scores indicate more effective antimicrobials. Error bars
show standard deviations.

FIG. 2. Activation of PhoPQ by AMPs. The abilities of Bac2A
peptide derivatives to initiate the activation of a PhoPQ-dependent
reporter were examined by the incubation of bacteria in the presence
of sublethal (1 �g/ml) concentrations of the indicated peptides, as well
as 1 mM magnesium. The values reported represent the averages of
the results for three replicate experiments. The activation and repres-
sion of PhoPQ by low (50 �M) and high (5 mM) magnesium concen-
trations, respectively, are also reported. Error bars show standard
deviations.

4378 KINDRACHUK ET AL. ANTIMICROB. AGENTS CHEMOTHER.



AMPs represents an adaptive response, the lung surface does
present a suitable location for ongoing exposure to AMPs.

To verify that exposure to sublethal concentrations of AMPs
initiates bacterial defensive responses and that the magnitude
of these responses is predicted by the PAP scores, bacteria
were preincubated with increasing sublethal concentrations of
either the K7 or R3 peptides over a 4-h time period. These
derivatives were selected as they represent the extremes of
PhoQ ligand efficiencies, K7 with the greatest and R3 with the
least PAP, as determined through both the calculated PAP
scores and direct measurement of PhoPQ activation. Following
this preadaptive period, the bacteria were subjected to a stan-
dard MBC assay to quantify the extent of any protective effect.
Consistent with the hypothesis that PhoQ ligand potential pre-
dicts the ability to induce bacterial adaptations, K7 had the
most dramatic shift in MBC scores, corresponding to up-to-
10-fold increases over the values observed for naı̈ve bacteria.
In contrast, bacteria preincubated with the R3 peptide, which
is a poor PhoQ ligand, had limited protection against AMPs, as
the associated MBCs were comparable to those for the naı̈ve,
unadapted bacteria (Fig. 4).

DISCUSSION

Given the potential for AMPs to function as novel antibiot-
ics, there is considerable value in elucidating their structure-
activity relationship so that more-effective molecules can be
rationally designed. Such efforts typically involve screening a
panel of AMP derivatives for antimicrobial activity and subse-
quently rationalizing changes in efficacy with respect to
changes in sequence/structure. However, the recent demon-
strations that AMPs activate PhoQ-dependent responses, be-
stowing AMP resistance, and that individual AMPs have
unique abilities to initiate these responses, limit the ability to
interpret antimicrobial data in such a linear fashion, as AMP
sequence alterations may influence the net antimicrobial effi-
ciency through alterations of either DAA or PAP. As changes
to the abilities of AMP derivatives to activate PhoQ will also
determine their propensities to induce undesired bacterial re-
sponses, the mechanisms underlying changes to antimicrobial
efficiency may be as significant as the magnitudes and direction
of these changes.

To facilitate a more-descriptive analysis of the structure-
function relationship of AMPs, we have established a method-
ology based upon a novel treatment of MBC data for wild-type
and PhoPQ mutant strains that permits the discrimination and

quantification of alterations in DAA and PAP. This method-
ology offers numerous advantages over traditional approaches.
First, our strategy allows the simultaneous evaluation of both
DAA and PhoQ ligand potential within a single experiment.
Second, as the input for the equations is derived from live
bacteria, the information obtained is more likely than that
obtained from traditional phosphotransfer assays, which em-
ploy semipurified proteins and are also further disadvantaged
by their dependence on radioactive materials, to accurately
reflect physiological ligand binding by PhoQ. Our system can
be utilized for any bacteria for which either a PhoP or PhoQ
mutant strain exists, and while we have utilized MBC data,
MIC data would be equally appropriate, as the mechanism of
AMPs is bacteriocidal such that MICs and MBCs usually co-
incide (27).

Most of the bactenecin derivatives within our investigation
fell within a limited range of DAA. This may arise due to the
inability of the sensitized strains to discriminate the efficiencies
of these peptides, but it more likely indicates that the majority
of these substitutions permit sufficient maintenance of struc-
ture and properties to retain antimicrobial action. This is an-
ticipated, as the ability for AMP to serve as flexible templates
for the creation of novel antibiotics is an attractive feature of
this class of molecules for antibiotic design. In contrast to the
limited effect of the derivatives on DAA, more dramatic alter-
ations were observed for the PAP. This would suggest, at least
for these derivatives, that the association of peptides with the
bacterial membranes for the purpose of antimicrobial activity
is more tolerant of sequence alteration than interactions with
PhoQ. While both of these interactions are anticipated to be
driven largely by electrostatic interactions, it is not unexpected
that associations with proteins would have greater structural
stringency than interactions with membranes.

The differential abilities of the various peptides to serve as
PhoQ ligands were confirmed through the use of a Salmonella
PhoPQ reporter strain, and a high degree of correlation was

FIG. 4. Activation of AMP responses following exposure to suble-
thal concentrations of AMPs. The abilities of peptide derivatives to
induce adaptive responses were determined by preincubation of bac-
teria for 4 h in the presence of sublethal concentrations of peptides
prior to standard MBC assays. The values reported represent the
averages of the results of three repeated experiments. Error bars show
standard deviations. All assays were performed in the presence of 1
mM Mg2�.

FIG. 3. Verification that calculated PAPs accurately predict the
ability of a peptide to serve as a PhoQ ligand. The close correlation
between calculated and observed PAPs is demonstrated by a linear
regression plot.
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verified between the observed and calculated PAPs. This val-
idates the utility of the mathematical approach for determining
AMP PhoQ ligand potentials. The physiological significance of
AMP-mediated PhoQ activation is supported by the observa-
tion that peptides with higher PAP scores are more effective in
inducing AMP-resistant phenotypes. AMPs, and in particular
those with high PAP scores, are potent inducers of adaptive
responses, as the incubation of bacteria with sublethal concen-
trations of these peptides increases AMP resistance by up to an
order of magnitude in as short a duration as 4 h.

It might be anticipated that the same sequence and/or struc-
tural characteristics that define effective antimicrobials would
also predict effective PhoQ ligands. That is to say that the
PhoQ sensory system would have evolved to recognize pep-
tides representing the greatest threat to the bacteria. It would
appear, however, that the relationship between antimicrobial
efficiency and PhoQ ligand potential is not that easily defined.
For example, the P7 derivative, which has abolished antimi-
crobial activity, remains equally effective as a PhoQ ligand as
the parent peptide. This indicates that distinct, but undoubt-
edly overlapping, structural features govern antimicrobial effi-
ciency and PhoQ ligand potential. This is not limited to AMPs,
as recent work has demonstrated the ability of cationic poly-
amines, such as spermidine and spermine, also to induce
PhoPQ-dependent bacterial adaptations that result in AMP
resistance (25, 26). Clearly, more information is required to
elucidate the structural features that define effective antimi-
crobials and PhoQ ligands.

The availability of the crystallographic structure of the sen-
sory domain of S. enterica serovar Typhimurium PhoQ permits
some rationalization of the mechanism of activation by AMPs
(9). While structural information is not yet available for com-
plexes of PhoQ with peptide ligands, the peptide binding re-
gion has been predicted and verified through a variety of ex-
perimental approaches (3). In the proposed model, a planar
acidic surface of PhoQ runs parallel to the bacterial mem-
brane. Electrostatic repulsion between the negatively charged
bacterial membrane and the acidic surface of PhoQ is neutral-
ized by the coordination of cations by metal binding sites of
PhoQ. These electrostatic bridges dock the sensory domain to
the membrane in an inactive conformation. In the absence of
these counterions, electrostatic repulsion displaces the sensory
domain from the membrane, resulting in the activation of the
protein. In the crystallographic structure, this region was found
to coordinate calcium ions and is suggested by a variety of
techniques to represent the region of the protein responsible
for binding metal ions and cationic peptides (9).

The abilities of AMPs to activate PhoQ is dependent upon
their ability to provide suitable electrostatic interactions to
replace those provided by bound cations. This ability is likely
conserved to various degrees for all AMPs by virtue of their
shared cationic nature, which offers an explanation for the
ability of this sensor to be activated by a diverse but structurally
related range of molecules. While the interaction is undoubt-
edly influenced by electrostatic interactions, caution must also
be exerted in assuming that peptides with a more-extensive
positive charge will be more-effective PhoQ ligands. We ob-
serve that the extent of the positive charge associated with an
AMP does not predict its ligand potential. For example, the K7
and R3 derivatives, which both have a 1-unit increase in pos-

itive charge relative to that of Bac2A, represent the most- and
least-effective PhoQ ligands, respectively. As such, it is prema-
ture to speculate on the specifics of why various derivatives are
better able to serve as ligands.
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