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Abstract

Platelet microbicidal proteins (PMPs) are hypothesized to
exert microbicidal effects via cytoplasmic membrane dis-
ruption. Transmission electron microscopy demonstrated a
temporal association between PMP exposure, damage of the
Staphylococcus aureus cytoplasmic membrane ultrastruc-
ture, and subsequent cell death. To investigate the mecha-
nisms of action of PMPs leading to membrane damage, we
used flow cytometry to compare the effects of two distinct
PMPs (thrombin-induced PMP-1 [tPMP-1] or PMP-2) with
human neutrophil defensin-1 (hNP-1) on transmembrane
potential (Ay)), membrane permeabilization, and killing of
S. aureus. Related strains 6850 (Ay —150 mV) and JB-1
(A¢y —100 mV; a respiration-deficient menadione auxotroph
of 6850) were used to assess the influence of Ays on peptide
microbicidal effects. Propidium iodide (PI) uptake was used
to detect membrane permeabilization, retention of 3,3'-dipen-
tyloxacarbocyanine (DiOCs) was used to monitor mem-
brane depolarization (A{s), and quantitative culture or acri-
dine orange accumulation was used to measure viability.
PMP-2 rapidly depolarized and permeabilized strain 6850,
with the extent of permeabilization inversely related to pH.
tPMP-1 failed to depolarize strain 6850, but did permeabi-
lize this strain in a manner directly related to pH. Depolar-
ization, permeabilization, and Killing of strain JB-1 due to
PMPs were significantly less than in strain 6850. Growth in
menadione reconstituted Ays of JB-1 to a level equivalent to
6850, and was associated with greater depolarization due to
PMP-2, but not tPMP-1. Reconstitution of Ay also en-
hanced permeabilization and killing of JB-1 due to tPMP-1
or PMP-2. Both PMP-2 and tPMP-1 caused significant re-
ductions in viability of strain 6850. In contrast to tPMP-1 or
PMP-2, defensin hNP-1 depolarized, permeabilized, and
killed both strains 6850 and JB-1 equally, and in a manner
directly related to pH. Collectively, these data indicate that
membrane dysfunction and cell death due to tPMP-1, PMP-2,
or hNP-1 likely involve different mechanisms. These find-
ings may also reveal new insights into the microbicidal ac-
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Introduction

Recent evidence from our laboratory and others supports the
concept that platelets are integral to antimicrobial host de-
fense. A group of small, cationic, proteins with potent microbi-
cidal activity has been isolated recently from rabbit platelets
(1, 2). These platelet components have been termed platelet
microbicidal proteins (PMPs)! (1, 2). Similar microbicidal pro-
teins have also been isolated from human platelets (3, 4).

A body of data now exists to suggest that PMPs contribute
to the antimicrobial host defense properties of platelets. For
example, PMPs have been shown to exert rapid and potent in
vitro microbicidal effects against a broad spectrum of micro-
bial pathogens that commonly invade the bloodstream (1, 5,
6). In addition, thrombin-induced PMP-1 (tPMP-1) is released
by rabbit platelets exposed to thrombin under physiological
conditions in vitro (1, 2). Thrombin is generated after tissue
factor release by endothelial cells or monocytes at sites of en-
dovascular damage or microbial colonization (7-9). Further-
more, we have demonstrated recently that PMPs 1-3 are re-
leased from platelets aggregated by staphylococcal cells or
stimulated with purified Staphylococcus aureus a-toxin (10,
11). Thus, PMPs are likely released at sites of endovascular
colonization either by direct platelet activation by microbes or
via thrombin production stemming from endothelial cell in-
jury, where they may act to limit infection.

Relevant to these findings are recent studies which have
shown that the staphylocidal action of tPMP-1 is retained in se-
rum, and under conditions of temperature, pH, and tonicity
which likely exist at sites of endovascular infection (12, 13).
We have also found that in vitro susceptibility of viridans
streptococci, staphylococci, and Candida albicans to tPMP-1 is
inversely correlated with virulence in experimental animal
models of endovascular infection as compared with genetically
related, tPMP-1-resistant counterpart strains (14-16). These
recent observations further substantiate the hypothesis that
PMPs are likely key components of initial antimicrobial host
defense.

Several lines of evidence suggest that the mechanisms of

1. Abbreviations used in this paper: Ay, transmembrane potential;
AO, acridine orange; AU-PAGE, acid-urea PAGE; DiOCs, 3,3'-dipen-
tyloxacarbocyanine; GENT, gentamicin sulfate; hNP-1, human neu-
trophil defensin-1; MCF, mean channel fluorescence; MVAB,
Michaelis veronal-acetate buffer; PI, propidium iodide; PMP, platelet
microbicidal protein; PRO, protamine sulfate; TEM, transmission
electron microscopy; tPMP-1, thrombin-induced PMP-1.



PMP antimicrobial action involve targeting and disruption of
the microbial cell membrane. For instance, preliminary ultra-
structural data indicated that tPMP-1 causes rapid and exten-
sive damage of the staphylococcal membrane, generally fol-
lowed by nonlytic cell death (17). In addition, recent studies
indicate that membrane-stabilizing agents such as dextrans di-
minish the bactericidal effects of PMPs on staphylococci in
vitro (13). Moreover, protoplasts derived from tPMP-1-resis-
tant staphylococci are less sensitive to disruption by tPMP-1
than those from tPMP-1-susceptible counterparts (18). Addi-
tionally, tPMP-1 permeabilizes artificial planar lipid bilayers in
a voltage-dependent manner (18). Finally, we have demon-
strated that the staphylocidal activity of tPMP-1 is influenced
by, but not solely dependent on, transmembrane electrical po-
tential (Ays) in S. aureus (12). Despite these advances, direct
evidence of membrane damage, depolarization, or permeabili-
zation by PMPs has not been demonstrated previously. Thus,
our present investigation was designed to examine and com-
pare the consequences of tPMP-1 or PMP-2 exposure with
those of other cationic antimicrobial agents on the cytoplasmic
membranes of related staphylococcal strains which differ in
baseline Ays.

Methods

Microorganisms. S. aureus ATCC 27217 (502Ai (American Type
Culture Collection, Rockville, MD)) is a well-characterized labora-
tory strain used in previous studies examining antimicrobial peptide
activities (2). S. aureus strains 6850 and JB-1 have also been charac-
terized previously (12, 19). This latter genetically related strain pair
was obtained from Dr. Richard Proctor (University of Wisconsin,
Madison, WI). In brief, strain 6850 is a prototrophic and virulent clin-
ical isolate. JB-1 is a stable, respiration-deficient menadione aux-
otroph derived from parental strain 6850. As compared with strain
6850, JB-1 exhibits a significantly lower Ay (—100 mV vs. —150 mV
of 6850), a reduced growth rate, and resistance to aminoglycoside an-
tibiotics (12, 19). In addition, 6850 and JB-1 have been shown previ-
ously to exhibit differential susceptibility to the bactericidal action of
tPMP-1 (6850, susceptible; JB-1, resistant) (12). Bacillus subtilis strain
ATCC 6633, highly susceptible to tPMP-1, was used to standardize
bioactivity of purified tPMP-1 preparations (1). All test organisms
were cultured to logarithmic phase at 37°C in brain-heart infusion
broth (Difco Laboratories, Detroit, MI), harvested by centrifugation,
washed twice in PBS (pH 7.2), and quantified by spectrophotometry
(N = 600 nm). In some studies, S. aureus strains 6850 and JB-1 were
cultured to logarithmic phase in medium containing menadione (1
wg/ml, in darkness; Sigma Chemical Co., St. Louis, MO), which re-
stores JB-1 Ay to a level equivalent to parental strain 6850 (12, 18, 19).

Acid-urea PAGE (AU-PAGE). Gel filtration fractions and RP-
HPLC-purified peptides (as described below) were analyzed by AU-
PAGE using previously described methods (20, 21).

PMPs. tPMP-1 and PMP-2 were purified as previously described
(2,20, 21). tPMP-1 and PMP-2 represent different types of PMPs re-
coverable from thrombin-stimulated or acid-extracted rabbit plate-
lets, respectively. For tPMP-1, platelets were isolated from the whole
blood of New Zealand White rabbits, washed in Tyrode’s solution
(pH 7.2; Sigma Chemical Co.), enumerated by spectrophotometry
(A = 600 nm), and resuspended in Eagle’s MEM (pH 7.2; Irvine Sci-
entific, Santa Ana, CA) to a concentration of 5 X 10%ml. Prepara-
tions enriched in tPMP-1 were subsequently produced from washed
platelet suspensions by stimulation with bovine-derived thrombin
(1 U/ml, 37°C, 30 min; Sigma Chemical Co.) in the presence of 0.2 M
CaCl,. Platelets were removed by centrifugation, and the supernatant
containing tPMP-1 was recovered and lyophilized. For PMP-2, rabbit
platelets were isolated, washed, and enumerated as above. Aliquots

containing 5 X 10% platelets were sedimented (1,200 g, 10 min at
20°C), suspended in 6 vol of ice cold 30% (vol/vol) acetic acid, and
stirred on melting ice for 18 h. The resulting suspension was centri-
fuged at 18,000 g for 30 min at 4°C, and the supernatant was lyoph-
ilized.

Lyophylates of either the tPMP-1 or PMP-2 crude preparations
were dissolved in 15 ml 30% acetic acid, clarified by centrifugation at
18,000 g for 10 min at 4°C, and fractionated by gel filtration (Bio-Gel
P-60; BioRad Laboratories, Hercules, CA). The column was devel-
oped at 20°C with 30% acetic acid at 30 ml/h, and the eluent was
monitored continuously at 280 nm. Fractions containing antimicro-
bial activity and protein bands consistent with tPMP-1 or PMP-2 (on
AU-PAGE, above) were pooled, concentrated by centrifugal vacuum
evaporation (Speed Vac; Savant Instruments, Farmingdale, NY), and
diluted in 2 ml of 5% acetic acid. Peptides (tPMP-1 or PMP-2) were
purified from respective fractions by RP-HPLC performed using a
0.46 X 25 cm C-18 column (Vydac; The Separations Group, Hesperia,
CA) and developed with water/acetonitrile gradients containing 0.1%
TFA (2, 20, 21). Homogeneities of purified PMPs were determined
by analytical RP-HPLC, and confirmed by AU-PAGE. Purified
PMPs were lyophilized, resuspended in sterile 0.01% acetic acid, and
stored until use at —70°C.

Bioactivity of PMP preparations. Antimicrobial bioactivities of
purified PMPs were confirmed using previously described methods
(1, 6). Bioassays were performed using B. subtilis ATCC 6633 (1) or
S. aureus ATCC 27217 (2), indicator organisms sensitive to the bacte-
ricidal action of tPMP-1 or PMP-2, respectively. B. subtilis or S. aureus
was added to microtiter wells containing either tPMP-1 or PMP-2 to
achieve final inocula of 10° CFU/ml per well and peptide dilutions
ranging from 1:1 to 1:1024 (final well volume = 200 pl). After 30 min
of incubation at 37°C, 20-pl aliquots were removed, diluted into PBS
containing 0.01% (wt/vol) sodium polyanethol sulfonate (to inhibit
further PMP-induced killing; Sigma Chemical Co.), and quantita-
tively cultured on 6.6% sheep blood agar. PMP bioactivity (U/ml) was
defined as the inverse of the highest dilution that exhibited = 95% le-
thality versus the respective organisms within 30 min (1). Purified
tPMP-1 or PMP-2 preparations routinely contained ~ 15 or 25 pg/ml
of protein, and specific activities of > 512 or > 1,024 U per pg, re-
spectively (2).

Comparative cationic antimicrobial agents. For comparison with
tPMP-1 or PMP-2, several other cationic antimicrobial agents were
assessed for their effects on the cytoplasmic membranes of staphylo-
cocci. Human neutrophil defensin-1 (hNP-1; Sigma Chemical Co.) is
a small (3.8 kD), cationic microbicidal peptide that has been shown to
both depolarize and permeabilize microbial cell membranes (22).
Protamine sulfate (PRO; Sigma Chemical Co.) is a cationic protein
known to exert antimicrobial activities against staphylococci via Ays-
dependent membrane perturbation (13, 16, 23). Additionally, suscep-
tibility of S. aureus strains to PRO parallels that of tPMP-1 (12). Gen-
tamicin sulfate (GENT; Sigma Chemical Co.) is a cationic, bactericidal
aminoglycoside antibiotic with a mechanism of action that requires
an intact Ay, but does not cause membrane permeabilization (24). S.
aureus strains 6850 or JB-1 have been demonstrated previously to ex-
hibit susceptibility or resistance to PRO and GENT, respectively, in
vitro (12). For studies of staphylococcal Ay, the ionophore valinomy-
cin (Sigma Chemical Co.) was used as a positive control for depolar-
ization (25). Cells were exposed to ethanol (70% HPLC grade; Sigma
Chemical Co.) as a positive control for membrane permeabilization
(25, 26).

Transmission electron microscopy (TEM). TEM was used to ex-
amine the ultrastructural effects of PMPs on staphylococcal cells in
vitro. The ultrastructural effects of hNP-1 were not studied presently,
as these data have been reported recently in detail (27). S. aureus
strains were cultured to midlogarithmic phase and exposed to PMPs
as above. Cells were then pelleted, washed, and fixed for 8 h at 24°C
in 0.5% (wt/vol) osmium tetroxide (Sigma Chemical Co.) prepared in
Michaelis veronal-acetate buffer (MVAB; 0.24 M sodium acetate,
0.14 M sodium veronal-barbital, and 0.58 M sodium chloride, pH 6.1,
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containing 0.05% [wt/vol] tryptone broth; Difco Laboratories). The
fixative was refreshed at 15, 30, and 90 min. Fixed cells were washed
and embedded in 0.5 ml of 2% (wt/vol) molecular-grade agarose
(Fisher Scientific Co., Fair Lawn, NJ) prepared in MVAB warmed to
43°C. Agarose blocks were sectioned (1-mm? cubes) and stained with
1% wuranyl acetate (Aldrich Chemical Co., Allentown, PA; in
MVAB). Stained sections were washed twice in MVAB and postfixed
in 1% osmium tetroxide (90 min in MVAB), followed by two washes
in MVAB. Serial dehydration, resin embedding, thin sectioning, grid-
mounting (400 mesh, copper), and poststaining with uranyl acetate
and lead citrate (each 1% in MVAB) were performed using routine
TEM techniques. Thin sections prepared as above were examined
with a JEOL 100B transmission electron microscope using an acceler-
ating voltage of 80 kV.

Spectrophotometry. Assessment of staphylococcal cell lysis was
performed using visible light spectrophotometry (Spectronic 401;
Spectronic Instruments, Rochester, NY). Optical densities (wave-
length, 420 nm [ODy,]) of S. aureus suspensions exposed to PMPs as
above were determined at selected times ranging from 0 to 120 min,
and compared with control cells. Decreases in optical density were in-
terpreted to represent cell lysis.

Flow cytometry. Effects of the various cationic agents above on
staphylococcal membranes were assessed by flow cytometry using a
FACScan® instrument (Becton Dickinson, San Jose, CA). Propidium
iodide (PI; Molecular Probes, Eugene, OR) and acridine orange (AO;
Molecular Probes) were excited at 488 nm with an argon laser, and the
resulting fluorescence emission was collected through a = 620 nm long
pass filter. The cyanine dye 3,3'-dipentyloxacarbocyanine (DiOCs;
Molecular Probes) was excited at 488 nm and the emitted light was
collected through a 525+25 nm band pass filter. Flow cytometry stud-
ies were performed at 20°C in potassium-containing MEM (K*MEM;
no phenol red, pH 7.2; Sigma Chemical Co.) (25). Forward light scat-
ter data were collected for each sample to assess cell size and to ensure
that changes in fluorescence were not artifacts of cell clumping. For
each analysis, the fluorescence of 10,000 cells was acquired and plotted
against forward light scatter (flow rate, 200 cells/s).

Exposure of S. aureus to cationic agents before flow cytometry.
After growth in the presence or absence of menadione, logarithmic
phase staphylococcal cells were exposed to different cationic antimi-
crobials before flow cytometric analysis. Organisms were indepen-
dently exposed to the following agents in K"MEM adjusted to pH 5.5
(with HCI) or 7.2 for predetermined times (range 0-120 min) at 37°C
before analysis of Ay, membrane permeability, or cell viability:
tPMP-1 (20 pg/ml); PMP-2 (10 pg/ml); hNP-1 (10 pg/ml); GENT (10
wg/ml); or PRO (150 wg/ml). These levels represent staphylocidal
concentrations for each agent. Control cells were exposed in parallel
to either K*MEM alone, valinomycin alone (5 pg/ml), or ethanol
alone (70% vol/vol).

Analysis of membrane depolarization. DiOCs is a charged lipo-
philic dye which partitions into the cytoplasm, and is dependent on
intact Ay for intracellular retention (25). Organisms cultured in the
presence or absence of menadione were pelleted by centrifugation,
washed in PBS, resuspended to a concentration of 5 X 108 CFU/ml in
K*MEM containing an individual cationic agent, and incubated for
predetermined times at 37°C. For analysis of Ay, staphylococci were
incubated in darkness for 30 min at 20°C in PBS containing 0.05 pM
DiOC; to prelabel the organisms (25). Organisms were pelleted by
centrifugation, washed, resuspended, briefly sonicated to ensure sin-
glet cells (60 Hz for 5 s at 4°C; sonifier model 350; Branson, Danbury,
CT), counted using a hemacytometer, and resuspended in K"MEM.
Flow cytometric analysis of Ay was performed immediately as de-
scribed above. Positive control cells exposed to valinomycin, as well
as control cells not exposed to any experimental agents, were ana-
lyzed for DiOC; fluorescence in parallel. Reductions in mean DiOCs
fluorescence were interpreted to represent loss of DiOCs, indicating
depolarization of the staphylococcal membrane. A minimum of two
experiments was performed for each cationic agent to assess depolar-
ization.
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Analysis of membrane permeabilization. P1is excluded from cells
with normal membrane integrity (25). However, PI enters cells which
have increased membrane permeabilization to molecules = 2 nm in
diameter, binds to double-stranded nucleic acids, and can be stimu-
lated to emit intense fluorescence at > 620 nm (26). S. aureus strains
6850 or JB-1 (cultured with or without menadione) were exposed to
the same cationic agents used above for the depolarization assays be-
fore assessment of membrane permeability by flow cytometry. Or-
ganisms were prepared as above, resuspended to concentrations of
5 X 10® CFU/ml in K"MEM containing a single cationic agent, and
incubated for preselected times (range 0 to 120 min) at 37°C. After
exposure, cells were pelleted, washed in fresh K"MEM, sonicated as
above, counted, and resuspended in K*YMEM containing 20 uM PI
(26). PI uptake was quantified at preselected times by flow cytometry
as described above. Control cells exposed to no agents or ethanol (a
positive control for membrane permeabilization) were analyzed for
PI uptake in parallel. Increases in mean PI fluorescence were inter-
preted to indicate increases in staphylococcal membrane permeabil-
ity. A minimum of two experiments was performed for each cationic
agent to assess permeabilization.

Analysis of S. aureus viability. Viability of staphylococcal cells af-
ter exposure to cationic agents was determined by quantitative cul-
ture and uptake of AO. Aliquots of cells exposed to various cationic
agents or controls were removed, serially diluted in PBS containing
0.01% sodium polyanethol sulfonate as above, plated onto 6.6%
sheep blood agar, and incubated for 24 h at 37°C. Colonies were then
enumerated and compared with control samples. Results represent
mean CFU/ml=*standard error from two or more independent assays,
each performed in replicates.

AQ is accumulated within viable bacteria, whereas it is excluded
from dead cells (28). In parallel with assays for membrane permeabil-
ity or Ay, selected cell samples exposed to cationic agents were resus-
pended in KYMEM containing 10 pM AO. Flow cytometry (excita-
tion 488 nm, emission 640 nm) was then performed to determine the
mean AO fluorescence of cells. Viability was determined from mean
AO fluorescence as the proportion of 5 X 10% cells which emitted
fluorescence. Viability determinations by quantitative culture were
used to confirm quantification of viability determined by AO uptake
(above).

Statistical analyses. Each analysis was performed independently a
minimum of two times. Differences in mean (*standard error) chan-
nel fluorescence between control and experimental cells, or among
cells exposed to distinct agents or under varying conditions of pH,
were compared using Kruskall-Wallis rank-sum analysis for nonpara-
metric data. Regression analyses were performed using Spearman
rank correlation. P < 0.05 and > = 0.5 were considered significant.

Results

PMPs caused ultrastructural changes in the S. aureus cytoplas-
mic membrane. S. aureus strains exhibited significant ultra-
structural damage as assessed by TEM (Fig. 1). Cell damage
was principally manifested as a progressive deterioration of
the cytoplasmic membrane (Fig. 1, A-D). Changes in mem-
brane ultrastructure were observed as early as 30 min of PMP
exposure, with substantial damage evident by 90 min of expo-
sure (Fig. 1). It is particularly notable that the staphylococcal
cell wall was not significantly affected; correspondingly, PMPs
did not typically cause lysis of staphylococcal cells (Fig. 1, D).
Similar effects were observed with either tPMP-1 (Fig. 1) or
PMP-2 (data not shown), and increased with greater PMP ex-
posure time ranging from 30 to 120 min (Fig. 1, A-D). Ultra-
structural consequences of hNP-1 upon S. aureus paralleling
those presently observed due to PMPs have been demon-
strated previously (27).



Figure I. Summary of the effects
of tPMP-1 on S. aureus ultra-
structure. Strain 502A (10° CFU/
ml) was exposed to tPMP-1

(5 pg/ml) in MEM as described
in Methods. At selected time
points, suspensions were as-
sessed for optical density, and
samples were removed for quan-

titative culture and TEM as de-
scribed in Methods. Histograms
or closed circles represent mean
optical densities or viabilities
from a minimum of two indepen-
dent experiments. Hatched his-
tograms denote time points cor-
responding to TEM micrographs
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Flow cytometry quantified S. aureus depolarization, perme-
abilization, and viability. DiOCs emission corresponded with
transmembrane potential (AY) in S. aureus strains 6850 and
JB-1. 6850 and JB-1 strains exposed to buffer alone emitted
DiOC; fluorescence reflecting their difference in baseline Ays
(mean channel fluorescence [MCF] 215.9%21.9 or 204.7+17.2
[6850], vs. 163.9+16.1 or 162.4+14.6 [JB-1], at pH 5.5 or 7.2,
respectively). As anticipated, exposure to valinomycin caused
significant decreases in DiOC;s fluorescence in both strains at
both pH 5.5 and 7.2, indicating membrane depolarization had
occurred (P < 0.001 vs. control; Table I).

S. aureus strains 6850 or JB-1 exposed to MEM alone at ei-
ther pH 5.5 or 7.2 failed to accumulate PI (MCF, 4.8+2.9 or
4.2+2.1 [6850], respectively, or 5.8+3.3 or 8.2+4.0 [JB-1], re-
spectively). As expected, exposure of either strain to ethanol
caused significant uptake of PI at both pH 5.5 and 7.5, indicat-
ing membrane permeabilization had occurred (P < 0.001 vs.
controls; Table I). Likewise, AO fluorescence at pH 5.5 or 7.2
corresponded with viability of strains as determined by quanti-
tative culture (Table I).

PMP-2 and tPMP-1 caused differential membrane depolar-
ization of strain 6850. Exposure of strain 6850 to PMP-2 at ei-
ther pH 5.5 or 7.2 resulted in significant depolarization as com-
pared with control cells (Table I). For example, strain 6850
exhibited a decrease in DiOCs emission of —122.7+6.4 MCF
(a 43% loss) as compared with control after exposure for 120
min to PMP-2 at pH 5.5 (P < 0.05; Table I). Exposure of 6850
to PMP-2 at pH 7.2 caused depolarization that was not signifi-
cantly different from that seen at pH 5.5 (P > 0.05; Fig. 2). In
addition, there were no significant differences in the effects of
the different concentrations of PMP-2 studied on depolariza-
tion in strain 6850 (Fig. 2). Depolarization associated with 30
min of PMP-2 exposure was not significantly different from
that seen after 60 min of exposure (P > 0.05; Fig. 2). Thus,
PMP-2 depolarization of 6850 was relatively independent of
exposure pH, time, or peptide concentration. Similar to PMP-2,
exposures to the comparative agents hNP-1, GENT, or PRO
(pH 7.2) resulted in significant depolarization of strain 6850
(Table I). In contrast, tPMP-1 failed to depolarize strain 6850
at pH 5.5 (data not shown) or pH 7.2 (Table I).

Table I. Relationship among Deplorization, Permeabilization, and Viability in S. aureus*

SA 6850 SA JB-1
A DiOC;5 A PI uptake* A Log CFU/ml® A DiOC;s A PI uptake A Log CFU/ml

Exposure retention® (Aiy) (permeability) (viability) retention (Ays) (permeability) (viability)
EtOH —77.0+9.2! 151.2+12.8l —4.0%0.9! —65.9+4.4! 168.3x22.2! —4.1+1.0
PMP-2 —122.7x6.4l 198.6+16.3! —2.9x04l —83.5+10.3I1 89.4+12.6l1 —1.8+0.6!1
tPMP-1 18.5+7.3 164.8+11.6l —1.4%0.6 15.0%7.1 80.6+16.111 —-0.8+0.3I
NP-1 -122.5+174! 128.2+8.6l -2.3%0.5l —108.2+5.2l 102.9+3 4l -2.1+0.7!
Gentamicin —108.3+9.1! 0.5+5.4 —0.6+0.2 —42.2+10.8l1 22+2.0 —0.6+0.4
Protamine —141.8+11.0! 17377 -1.3x0.4l —17.1+9.91 3.9+75 —0.3+0.20
Valinomycin —144.1+16.5 ND#** -1.2+03l —98.5+16.3/ ND —0.5+0.31

*MCF, minimum n = 2; PMP-2 exposure performed at pH 5.5; all others performed at pH 7.2 (see text for concentrations). *Change in MCF versus
control as determined by flow cytometry. ¥ Logarithm;, CFU/ml determined at 60 min of exposure by quantitative culture; selected data corroborated
by AO fluorescence. **Not determined. Significantly different (P < 0.05) from: lcontrol; Ystrain 6850.
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Figure 2. Depolarization of staphylococcal cytoplasmic membranes due to PMP-2. Strain 6850 was exposed to 10 wg PMP-2/ml for times and
concentrations indicated at either pH 5.5 (A) or pH 7.2 (B). Similarly, strain JB-1 (without prior menadione culture) was exposed to PMP-2 as
indicated at either pH 5.5 (C) or pH 7.2 (D). Histograms represent DiOCs MCF (fluorescence units)*=standard error of the mean (bars) of two
or more independent experiments. White bars, control; black bars, 1 pg/ml; horizontally striped bars, 5 ng/ml; vertically striped bars, 10 pg/ml;

hatched bars, 20 pg/ml.

PMP-2 and tPMP-1 caused membrane permeabilization of
strain 6850. PMP-2 produced rapid and significant permeabili-
zation of strain 6850. For example, PMP-2 caused a significant
increase in permeability of 6850 at pH 5.5 as compared with
control cells (Fig. 3 and Table I). Permeabilization due to
PMP-2 at pH 7.2 occurred, but was less extensive, and pro-
duced a notable bimodal distribution in strain 6850 (Figs. 3 and
4, and Table I). Thus, PMP-2 permeabilization of 6850 was in-
versely correlated with pH. Furthermore, permeabilization of
6850 by PMP-2 was dependent on exposure time and peptide
concentration at either pH 5.5 or 7.2 (Fig. 5).
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tPMP-1 caused membrane permeabilization of strain 6850
which was less than PMP-2, and correlated directly with pH.
Thus, exposure of strain 6850 to tPMP-1 at pH 7.2 produced a
greater increase in permeabilization (P < 0.05 vs. controls; Fig.
3 and Table I) than occurred at pH 5.5 (P > 0.05; Fig. 3). Simi-
lar to PMP-2 at pH 7.2, tPMP-1 exposure at pH 5.5 caused a bi-
modal distribution in PI uptake, corresponding with overall re-
duced permeabilization (Fig. 4).

Like tPMP-1, hNP-1 caused membrane permeabilization of
strain 6850 which was significantly greater at pH 7.2 as com-
pared with pH 5.5 (P < 0.01; Fig. 3), and produced a bimodal
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Figure 3. Influence of pH on staphylococcal membrane permeabili-
zation by various cationic antimicrobial agents. Strains 6850 (A) or
JB-1 (B) were exposed to agents at pH 5.5 or 7.2 as indicated for 60
min at the following concentrations as described in the text: PMP-2
(10 pg/ml); tPMP-1 (20 wg/ml); hNP-1 (10 pg/ml); GENT (10 pg/ml);
or PRO (150 pg/ml). Histograms represent PI MCF (fluorescence
units) £standard error of the mean (bars) of two or more indepen-
dent experiments.

profile at pH 5.5 (Fig. 4). Neither PRO nor GENT produced
significant permeabilization of strain 6850 as compared with
controls (P > 0.05; Table I).

PMP-induced membrane perturbation in JB-1 was reduced
as compared with 6850. At pH 5.5, depolarization due to PMP-2
was significantly less in strain JB-1 as compared with strain
6850 (P < 0.01; Fig. 2). Exposure of JB-1 to PMP-2 at pH 7.2
led to a further reduction in depolarization as compared with
pH 5.5 (Fig. 2). Thus, the effects of PMP-2 on depolarization in
JB-1 were influenced by pH, but were independent of expo-
sure time or peptide concentration (Fig. 2). As seen in strain

6850, tPMP-1 failed to depolarize strain JB-1 at pH 5.5 (data not
shown) or pH 7.2 (Table I). In contrast, hNP-1 (pH 7.2) caused
depolarization which was not significantly different in strain
JB-1 as compared with 6850 (P > 0.05; Table I).

Membrane permeabilization of JB-1 due to PMP-2 was sig-
nificantly greater at pH 5.5 than at pH 7.2 (P < 0.01; Fig. 3 and
Table I). JB-1 permeabilization due to PMP-2 was significantly
less than strain 6850 at pH 5.5 (P < 0.01), but not significantly
different at pH 7.2 (P > 0.05). In contrast, tPMP-1 at pH 7.2
caused a significant increase in permeabilization of strain JB-1
as compared with controls (P < 0.05; Fig. 3 and Table I), but
no significant increase at pH 5.5 (P > 0.05; Table I). tPMP-1
yielded permeabilization in strain JB-1 which was significantly
less than that of 6850 at pH 7.2 (P < 0.05; Table I), but not dif-
ferent at pH 5.5 (P > 0.05). Thus, tPMP-1 caused permeabili-
zation which corresponded directly with pH. Like 6850, per-
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Figure 4. Fluorescence profiles of strain 6850 cytoplasmic membrane
permeabilization due to various agents at pH 5.5 (A) or pH 7.2 (B).
Cationic agent exposure conditions were identical to those listed in
Fig. 3. Profile distribution represents a total of 10,000 individual PI
fluorescence events captured within 1 min. Note bimodal distribu-
tions for tPMP-1 and hNP-1 at pH 5.5, and PMP-2 at pH 7.2.
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Figure 5. Relationship among PMP-2 exposure time, concentration,
and pH on membrane permeabilization of strain 6850. Organisms
were exposed to purified PMP-2 for times and at concentrations indi-
cated at either pH 5.5 (A) or pH 7.2 (B). Histograms represent PI
MCEF (fluorescence units)*+standard error of the mean (bars) of two
or more independent experiments.

meabilization of JB-1 due to tPMP-1 or PMP-2 was exposure
time and concentration dependent (data not shown).

Defensin hNP-1 caused permeabilization of strain JB-1
which was significantly greater at pH 7.2 than at pH 5.5 (P <
0.01; Figs. 3 and 4). However, permeabilization of strain JB-1
due to hNP-1 at pH 7.2 was not significantly different from
that observed in strain 6850 (P > 0.05). At the concentrations
tested, neither PRO nor GENT produced significant increases
in membrane permeability of strain JB-1 as compared with
controls (P > 0.05; Figs. 3 and 4, and Table I).

Reconstitution of Ay enhanced depolarization, permeabili-
zation, and killing of JB-1. In parallel to the above studies, de-
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polarization, permeabilization, and viability were studied in
strain JB-1 after growth in the presence of menadione to re-
constitute Ays to levels equivalent to those in strain 6850. Con-
sistent with previous findings (12, 18), menadione restored Ays
of strain JB-1 such that there was no significant difference be-
tween Ay of JB-1 and 6850 as determined by DiOGC; fluores-
cence (MCF, 208.6x=17.6 vs. 196.7+10.1, respectively, pH 7.2;
P > 0.05). As a control, growth in menadione did not enhance
depolarization, permeabilization, or reduce cell viability in
strain 6850 exposed to tPMP-1, PMP-2, or hNP-1 as compared
with organisms grown without menadione (P > 0.05; Table II).

Culture in menadione resulted in significantly greater de-
polarization, permeabilization, and cell killing of JB-1 due to
PMP-2 as compared with cells grown without menadione (P <
0.01; Table II). For example, permeabilization (PI uptake) in-
creased by 96.6£8.2 MCF in JB-1 cultured without menadi-
one, and 171.6+17.1 MCF after growth in menadione (10 pg/
ml PMP-2 exposure for 120 min, pH 5.5; P < 0.05 vs. control
5.8+3.3; Table II). PMP-2 staphylocidal activity was also en-
hanced in JB-1 grown in menadione as compared with controls
(P > 0.05; Table II).

Despite reconstitution of Ay, tPMP-1 did not cause signifi-
cant depolarization in JB-1 cells cultured in menadione (P >
0.05; Table II). However, menadione-cultured JB-1 cells ex-
hibited a significant increase in permeabilization as compared
with cells grown without menadione (P < 0.01; Table II). Ad-
ditionally, culture in menadione caused significantly greater
reduction in viability of JB-1 exposed to tPMP-1 as compared
with cells grown in the absence of menadione (P < 0.01; Table
IT). In contrast to the effects observed due to tPMP-1 or PMP-2,
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Figure 6. Correlation analysis of the relationship between membrane
permeabilization (PI uptake) and cell death (reduction in log CFU/
ml). First-order regressions were determined and correlation coeffi-
cients (r?) were calculated from mean results of at least two indepen-
dent experiments. 95% confidence intervals were intentionally ex-
cluded to improve clarity.



Table II. Influence of Ay on the Relationship among Depolarization, Permeabilization, and Viability in S. aureus*

SA 6850 SA JB-1
A DiOCs A PI uptake A Log CFU/ml A DiOC;s A PI uptake A Log CFU/ml
Exposure retention® (Ais) (permeability) (viability) retention (Ads) (permeability) (viability)
EtOH -92.7+16.3l 165.9+18.8! —3.8x1.2l —79.9+12.5l 173.4x14.10 —4.2x0.7
PMP-2 —129.4+23.1l 212.8+19.2! -3.3=0.8l —84.7+14.0l 96.6:8.211 —1.6+0.6l1
MEN + PMP-2 —114.7+13.9! 196.2+21.6! —2.7+0.5l -102.6+13.2! 171.6+17 11k —2.5+0.3lkx
tPMP-1 24.9+10.5 142.1+9.3l —1.8+0.5l 19.5+8.9 47.9+14.6l1 —0.8+0.71
MEN + tPMP-1 20.7+8.8 76.3+4.7! -1.8+1.0 16.4+11.2 68.2+10.4l#* —1.6+0.30kx
NP-1 —121.8+27.4 117.3+13.6 -2.8+04 -93.6+17.1l 107.1x11.2! —2.5x0.5l
MEN + NP-1 —105.6=18.3 111.6=7.8 —2.6%0.2 —98.6+16.6l 104.4x8.6l —2.3x09!

*MCF, minimum n = 2; PMP-2 exposure performed at pH 5.5; all others performed at pH 7.2 (see text for concentrations). *Change in mean channel
fluorescence versus control as determined by flow cytometry. *Logarithm,, CFU/ml determined at 60 min of exposure by quantitative culture; se-
lected data corroborated by AO fluorescence. Significantly different (P < 0.05) from: lcontrol; **growth in the absence of menadione; Istrain 6850.

menadione reconstitution did not significantly alter the effects
of hNP-1 (at pH 7.2) on depolarization, permeabilization, or
viability of strain JB-1 (P > 0.05; Table II).

PMP-induced membrane permeabilization correlated with
staphylococcal cell death. The relationships among antimicro-
bial agents, depolarization, permeabilization, and cell viability
of strain 6850 or JB-1 are summarized in Tables I and II. For
PMP-2, tPMP-1, and hNP-1, there was a significant and direct
correlation between membrane permeabilization and reduc-
tion in cell viability in both strains 6850 and JB-1 (+* = 0.77 and
0.96, respectively; Fig. 6). The observation that tPMP-1 did not
achieve significant membrane depolarization precluded analy-
sis of correlation between membrane depolarization and cell
death among the antimicrobial peptides studied.

Discussion

tPMP-1 and PMP-2 are small, cationic peptides which origi-
nate from rabbit platelets (2). These peptides are structurally
similar (mass, charge), but appear likely to be distinct gene
products (2). A group of analogous antimicrobial peptides has
been isolated recently from human platelets (3, 4), suggesting
their conservation among mammalian species. Our prior stud-
ies suggested that tPMP-1 and PMP-2 target and disrupt the
microbial cytoplasmic membrane, resulting in cell death, usu-
ally without lysis (6, 17, 18). Koo et al. found that tPMP-1 staph-
ylocidal activity is enhanced by temperature, solute tonicity,
and target cell growth phase associated with increased cell
membrane bioenergetics and Ay (13). Additionally, our previ-
ous data suggested that the in vitro staphylocidal activity of
tPMP-1 is influenced by, but not exclusively dependent on, tar-
get cell Ay (12). Despite these observations, neither the spe-
cific ultrastructural effects of PMPs on bacteria, nor the spe-
cific mechanisms by which PMPs exert microbicidal activity
had been determined previously.

Neutrophil defensins are perhaps the best studied of the
antimicrobial peptides regarding structure and function. Previ-
ous evidence indicates that disruption of microbial cytoplasmic
membrane energetics and integrity is closely linked to defensin
microbicidal action. For instance, human defensins sequen-
tially permeabilize the outer and inner cytoplasmic mem-
branes in Escherichia coli, resulting in cell death (22). Studies
using lipid bilayers have shown that defensins cause the forma-
tion of ion channels that respond to changes in Ays (29). These
effects, which parallel the bactericidal effects of defensins, are
mitigated by proton ionophores (30). In addition, the fungi-
cidal activities of defensins are reduced by inhibitors of mito-
chondrial function (31). Others have demonstrated that small
cationic peptides inhibit cytochrome c activities in bacteria, re-
ducing Ays (32-35). Moreover, defensins antagonize protein ki-
nase C-mediated signal transduction integral to and regulated
by membrane integrity (36). Thus, targeting and perturbation
of the microbial cytoplasmic membrane serves as the current
model for defensin microbicidal action. Our present findings
using flow cytometry similarly show that hNP-1 depolarizes
and permeabilizes the staphylococcal membrane, correspond-
ing to cell death.

The ultrastructural studies reported herein indicate that
the staphylococcal cell membrane is also a principal target of
the microbicidal effects of PMPs. The fact that the cytoplasmic
membrane was disrupted in the absence of detectable changes
in the cell wall further suggests that PMPs are relatively selec-
tive in this regard. Comparable ultrastructural effects have
been reported in staphylococci exposed to hNP-1 (27). Thus,
PMPs and hNP-1 appear to ultimately lead to similar disrup-
tion of staphylococcal cytoplasmic membrane ultrastructure.

However, numerous points of contrast exist between PMPs
and hNP-1 with regard to their specific mechanisms of staphy-
locidal action (Table III). For example, both PMP-2 and
tPMP-1 caused increased membrane permeabilization and

Table I11. Comparative Effects on Membrane Function Caused by tPMP-1, PMP-2, or h(NP-1

Peptide Mass Net depolarization Net permeabilization Lethality Ay effect Optimal pH
tPMP-1 8.0kD No Yes Dependent 7.2
PMP-2 7.7kD Yes Yes Dependent 5.5
hNP-1 3.8kD Yes Yes Independent 72
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killing of strain 6850 as compared with JB-1. This finding sug-
gests that the lower Ay of JB-1 may negatively influence the
microbicidal activity of PMPs. In contrast, hNP-1 caused mem-
brane dysfunction and death equally in both strains 6850 and
JB-1. This observation indicates hNP-1 activity is independent
of Ay in the range of —100 to —150 mV exhibited by these test
strains. Unlike PMP-2 or hNP-1, it is notable that tPMP-1
failed to depolarize the cytoplasmic membrane of either strain.
Recent biophysical evidence further substantiates this hypoth-
esis; in contrast to defensins, tPMP-1 does not appear to form
voltage-gated pores in lipid bilayers (18). Furthermore, the pH
optimum for PMP-2 (pH 5.5) differs from those of tPMP-1 and
hNP-1 (7.2). Collectively, PMP-2, tPMP-1, and hNP-1 appear
to differentially exploit target cell A{s and conditions of pH via
three distinct mechanisms of action leading to microbicidal ef-
fects (Table III).

Intact staphylococcal Ay is related to tPMP-1 and PMP-2
activity, but disruption of Ays does not appear to be the specific
target of their staphylocidal mechanisms. For example, mena-
dione generally increased membrane permeabilization and
killing of JB-1 due to PMP-2 and tPMP-1 as compared with
JB-1 cultured in the absence of menadione. However, recon-
stitution of Ay did not normalize JB-1 membrane permeabili-
zation or killing due to either PMP to levels observed for pa-
rental strain 6850. Furthermore, tPMP-1 did not depolarize the
cytoplasmic membrane of either S. aureus strain grown in the
presence of menadione. Therefore, it appears that PMP-2 and
hNP-1 kill staphylococci via mechanisms of action that are
closely linked to membrane depolarization, while tPMP-1 exe-
cutes a mechanism of action which does not directly involve
membrane depolarization.

Hypothetical models of the mechanisms of action of tPMP-1,
PMP-2, and hNP-1 may be formulated based on the current
data, viewed in the context of previous observations. First, the
influence of pH on peptide activity could be attributable to an
alteration in peptide conformation, altered proton gradient
(ApH) influencing net proton motive force and Ay, or both.
Nonetheless, tPMP-1 appears to cause membrane permeabili-
zation in the absence of depolarization. This effect is influ-
enced by the inherent Ay of the target cell and microenvi-
ronmental pH, and is associated with microbicidal activity.
However, membrane depolarization is not the target of the
mechanism of tPMP-1 action, since Ay is unchanged after ex-
posure to this peptide. This mechanism would imply selective
permeabilization of the cell membrane to cation efflux or an-
ion influx, thereby preserving a trans-negative gradient. Alter-
natively, certain microorganisms may be able to compensate
for localized tPMP-1-induced depolarization, concealing a net
depolarization. The observed bimodal distributions in perme-
abilization of 6850 or JB-1 due to tPMP-1, PMP-2, or hNP-1
are suggestive of subpopulations which may differ in mem-
brane energetic status (i.e., cell cycle), or a threshold for per-
meabilization. This latter effect may represent a threshold for
peptide concentration necessary for peptide interaction with
the membrane, or reflect heterogeneity of cells within a popu-
lation which may overcome transient permeabilization.

In contrast to tPMP-1, PMP-2 appears to cause both mem-
brane depolarization and permeabilization leading to staphy-
lococcal death. Furthermore, these effects are influenced by
the baseline Ay of the target cell, as well as exposure pH. Al-
though membrane depolarization due to PMP-2 occurred in
both strains, it was enhanced in 6850 versus JB-1, and at pH 5.5
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versus pH 7.2. In addition, reduced depolarization of JB-1 due
to PMP-2 corresponded with reduced permeabilization in this
strain. These data suggest that the staphylocidal mechanism of
PMP-2 integrates depolarization and permeabilization in a
manner influenced by target cell Ays.

Finally, hNP-1 causes membrane depolarization and per-
meabilization which differs from both tPMP-1 and PMP-2 in
these strains with Ay differing by —50 mV. For example, hNP-1
depolarization was equivalent in both the 6850 and JB-1
strains at either pH 5.5 or 7.2. However, permeabilization and
killing due to hNP-1 was greater at pH 7.2 than pH 5.5, as was
the case for PMP-2. Based on these data, it is reasonable to hy-
pothesize that the threshold Ay for hNP-1 activity is greater
(more positive) than —100 mV. As with tPMP-1, hNP-1 pro-
duced a bimodal distribution in permeabilization, suggestive of
a threshold for peptide concentration or Ay needed for mem-
brane disruption reflected by a heterogeneous population.

Our present data suggest that tPMP-1 and PMP-2 also ex-
hibit similarities and differences in mechanism of action with
cationic microbicidal peptides other than hNP-1. For example,
Pep 5 (37), nisin (38), melittin (39), colicins (e.g., E1, Ia, Ib, A,
K, and V) (40, 41), and tachyplesin I (42) target the bacterial
membrane to form ion-permeable channels which lead to
membrane depolarization. The majority of these peptides re-
quire a threshold Ays, and appear to achieve membrane depo-
larization and eventual permeabilization. Thus, our current
findings suggest that tPMP-1 and PMP-2 exhibit specific mech-
anisms of action which differ from many other antimicrobial
peptides (e.g., tPMP-1 does not depolarize the staphylococcal
membrane). Overall, these differences may reflect diversity in
mechanisms of action of antimicrobial peptides which share
structural similarities.

In light of the growing interest in the potential use of anti-
microbial peptides as therapeutic agents, it is becoming in-
creasingly important to differentiate their mechanisms of mi-
crobicidal activity versus host cell toxicity. PMPs may be
unique among endogenous antimicrobial peptides in their in-
tended release from host cells in response to physiologic ago-
nists. The fact that PMPs are released from platelets stimu-
lated with agonists generated in the setting of infection (1, 2,
10) underscores the likelihood that PMPs possess inherent
structural features which minimize their toxicity to host tis-
sues. In contrast, most antimicrobial peptides in mammals are
either secreted onto epithelial surfaces (e.g., cryptdins, tra-
cheal antimicrobial peptide) or contained within immune ef-
fector cells (e.g., neutrophil defensins). For instance, defensin
release from neutrophil granules has been linked to host cell
toxicity (29-31). Defining the specific mechanisms of action of
antimicrobial peptides such as PMPs will advance our under-
standing of the relationship between their structure and func-
tion. A greater awareness of the diversity and specificity of
these molecules may ultimately prove useful in designing new
agents with novel mechanisms of action or synergistic activities
which circumvent conventional microbial antibiotic resistance,
and exert minimal mammalian cell toxicity.
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