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Thrombin-induced platelet microbicidal protein (tPMP-1) is a small, cationic peptide released from rabbit
platelets exposed to thrombin in vitro. tPMP-1 is microbicidal against a broad spectrum of bloodstream
pathogens, including Staphylococcus aureus. Preliminary evidence suggests that tPMP-1 targets and disrupts
the staphylococcal cytoplasmic membrane. However, it is not clear if the cytoplasmic membrane is a direct or
indirect target of tPMP-1. Therefore, we assessed the in vitro activity of tPMP-1 versus protoplasts prepared
from logarithmic-phase (LOG) or stationary-phase (STAT) cells of the genetically related S. aureus strains 19S
and 19R (tPMP-1 susceptible and resistant, respectively). Protoplasts exposed to tPMP-1 (2 mg/ml) for 2 h at
37°C were monitored for lysis (decrease in optical density at 420 nm) and ultrastructural alterations (by
transmission electron microscopy [TEM]). Exposure to tPMP-1 resulted in substantial lysis of LOG but not
STAT protoplasts of 19S, coinciding with protoplast membrane disruption observed by TEM. Thus, it appears
that tPMP-1-induced membrane damage is influenced by the bacterial growth phase but is independent of the
staphylococcal cell wall. In contrast to 19S, neither LOG nor STAT protoplasts of 19R were lysed by tPMP-1.
tPMP-1-induced membrane damage was further characterized with anionic planar lipid bilayers subjected to
various trans-negative voltages. tPMP-1 increased conductance across bilayers at 290 mV but not at 230 mV.
Once initiated, a reduction in voltage from 290 to 230 mV diminished conductance magnitude but did not
eliminate tPMP-1-mediated membrane permeabilization. Therefore, tPMP-1 appears to directly target the
staphylococcal cytoplasmic membrane as a primary event in its mechanism of action. Specifically, tPMP-1
likely leads to staphylococcal death, at least in part by permeabilizing the bacterial membrane in a voltage-
dependent manner.

Mammalian platelets are believed to be integral components
of the host defense against hematogenous pathogens, in part
through the release of endogenous antimicrobial peptides at
sites of endovascular damage (29, 34, 36, 39, 40). In rabbits,
these antimicrobial peptides have been termed platelet micro-
bicidal proteins (PMPs) (36). One such protein, thrombin-
induced PMP-1 (tPMP-1), is released from rabbit platelets
following thrombin stimulation in vitro (40). tPMP-1 exhibits
potent antimicrobial activity against common bloodstream
pathogens, including Staphylococcus aureus, Staphylococcus
epidermidis, viridans streptococci, and Candida albicans (29,
34, 36, 37).

A number of other endogenous microbicidal peptides, such
as neutrophil defensins, are believed to kill bacteria by perme-
abilizing the cytoplasmic membrane in a voltage-dependent
manner (10, 15, 19). tPMP-1 is similar to such peptides in that
it is also small (8.5 kDa) and cationic and exhibits maximum
activity at neutral pH and low ionicity (17, 26, 36). In addition,
the transmembrane potential (DC) across the staphylococcal
membrane appears to influence tPMP-1 microbicidal activity,

with a DC more negative than 2100 mV associated with in-
creased activity (16).

Recent transmission electron microscopy (TEM) and flow
cytometry studies indicate that tPMP-1 causes staphylococcal
membrane damage and permeabilization, respectively (35, 41).
These data implicate the staphylococcal membrane as a likely
primary target of tPMP-1 activity. Logarithmic-phase (LOG)
cells of tPMP-1-susceptible staphylococcal strains were previ-
ously found to be more susceptible to tPMP-1 than stationary-
phase (STAT) cells, indicating that the cellular growth phase
influences the susceptibility of these strains to tPMP-1 (17).
However, LOG and STAT cells of tPMP-1-resistant strains
remained equally resistant to tPMP-1 (data not published).
Thus, we hypothesize that (i) the staphylococcal cytoplasmic
membrane is a direct target of tPMP-1 and (ii) LOG and
STAT protoplasts of tPMP-1-susceptible versus -resistant S.
aureus strains would differ substantially in their response to
tPMP-1 exposure. To address these hypotheses, we studied the
effect of tPMP-1 on LOG and STAT protoplasts and, in vitro,
on planar lipid bilayers.

(Presented in part at the 34th Annual Meeting of the Infec-
tious Diseases Society of America, New Orleans, La., Septem-
ber 1996; and at the 97th General Meeting of the American
Society for Microbiology, Miami, Fla., May 1997.)

MATERIALS AND METHODS

Staphylococcal protoplasts. Stable staphylococcal protoplasts were prepared
from LOG or STAT whole cells of S. aureus 19S or 19R (tPMP-1 susceptible and
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resistant, respectively) (38). Strains 19S and 19R are genetically related and have
been well characterized previously (38). In brief, 19R is a stable tPMP-1-resistant
variant of 19S (a clinical isolate), derived by serial in vitro passage in tPMP-1
(38). tPMP-1 susceptibility testing of 19S and 19R previously revealed that the
percent survival of a 103-CFU/ml inoculum following 2 h of exposure to tPMP-1
(2 mg/ml) at 37°C was #10 and $90%, respectively (38). These strains are
indistinguishable by biotyping, antibiotic susceptibility profiles, genomic DNA
pulse-field gel electrophoresis patterns, and surface protein immunoblotting
(38). Unlike strain JB-1, which is a small-colony variant used in our previous
experiment, 19R exhibits normal colony morphology, is gentamicin susceptible
(MIC 5 1 mg/ml versus 6 mg/ml for JB-1), and exhibits only a modest lowering
of transmembrane DC from the parental level (230 mV less than parental versus
250 mV for JB-1) (3, 16).

LOG or STAT cells were grown in brain heart infusion medium (Difco Lab-
oratories, Detroit, Mich.) at 37°C for 4 or 16 h, respectively, washed, and then
resuspended to an optical density at 600 nm (OD600) of ;1.0 in phosphate-
buffered saline (8.1 mM Na2HPO4, 1.5 mM KH2PO4, 0.14 M NaCl, 3 mM KCl
[pH 7.2]). A 25-ml volume of this suspension was pelleted by centrifugation
(5,000 3 g for 15 min) and resuspended in 600 ml of digestion buffer (20%
[wt/vol] sucrose, 0.05 M Tris-HCl, 0.145 M NaCl [pH 7.6]). The staphylococcal
cell wall was then digested with lysostaphin (34 mg/ml; Applied Microbiology) in
the presence of DNase I (16 mg/ml; Boehringer Mannheim) for 1 h at 37°C. The
sucrose-stabilized protoplasts were collected by centrifugation (10,000 rpm for 15
min), and resuspended in fresh digestion buffer. The adequacy of cell wall
digestion was confirmed by (i) Gram staining to ensure that the preparation
consisted of negatively stained round protoplasts rather than gram-positive cocci
and (ii) hypoosmotic shock in ice-cold 0.05 M Tris-HCl to induce protoplast lysis,
as detected by a rapid decrease in the OD420 (Milton Roy Spectronic 401
spectrophotometer) (24). All protoplast preparations were kept at room tem-
perature and used within 24 h of preparation.

Thrombin-induced platelet microbicidal protein. Preparations containing
tPMP-1 were prepared by stimulating fresh rabbit platelets with bovine thrombin
in glutamine-free Eagle’s minimal essential medium (MEM [pH 7.4]; Irvine
Scientific) as described elsewhere (36). Previous sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis of such tPMP-1 preparations indicated that a
predominant staphylocidal cationic peptide with an apparent molecular mass of
;8.5 kDa is released from the platelets following thrombin stimulation (36). The
staphylocidal activity of such preparations is neutralized with concomitant re-
moval of the 8.5-kDa band on sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis by anionic filters and resins. Bioactivity can be restored by elution of
the same band from the anionic materials (36). Furthermore, reversed-phase
high pressure-liquid chromatography (RP-HPLC) of the tPMP-1 preparations
has demonstrated that tPMP-1 is the predominant antimicrobial component in
such preparations (40).

The bactericidal activity of the tPMP-1 preparations was determined as de-
scribed previously with Bacillus subtilis ATCC 6633, a highly tPMP-1-susceptible
indicator organism (36). In brief, B. subtilis was grown on 6.6% (vol/vol) sheep
blood agar (Clinical Laboratories, Detroit, Mich.) for 14 h at 37°C. The cells
were collected and washed twice in phosphate-buffered saline (pH 7.2). A final
inoculum of 103 CFU of B. subtilis per ml was added to microtiter plate con-
taining serially diluted tPMP-1 in MEM buffer (range, 1:1 to 1:1,024). The
percentage of the initial bacterial inoculum surviving 30 min of tPMP-1 exposure
at 37°C was determined by quantitative culture. tPMP-1 bioactivity (Units per
milliliter) was then quantified as the reciprocal of the highest tPMP-1 dilution
retaining $95% killing of the B. subtilis inoculum. Specific tPMP-1 bioactivity
was then estimated as units per milligram of protein, and the value was converted
to tPMP-1 concentration expressed as micrograms per milliliter (2.0 mg/ml 5 100
U/ml).

Purified tPMP-1 was used in planar lipid bilayer studies. The tPMP-1 prepa-
ration above was homogeneously purified by gel filtration and RP-HPLC, as
recently described (40). The purity of tPMP-1 was then confirmed by analytical
RP-HPLC and acid-urea polyacrylamide gel electrophoresis (40).

Protoplast and cell lysis assays. The ultrastructural effect of tPMP-1 on pro-
toplasts was assessed by exposing LOG or STAT protoplasts of 19S or 19R (final
OD420, 0.5 to 0.6) to semipurified tPMP-1 (2.0 mg/ml) for 3 h at 37°C. All
protoplasts were stabilized in medium containing 20% (wt/vol) sucrose during
the assays. Protoplast lysis was determined spectrophotometrically by measuring
the OD420 over time. Data obtained were then normalized against their respec-
tive MEM controls, and changes in the absorbance over time were determined.
A decrease in OD420 was interpreted to represent protoplast lysis. A minimum
of three separate experiments were performed for each LOG or STAT proto-
plast lysis assay.

TEM. TEM was used to visually assess the ultrastructural effects of tPMP-1 on
staphylococcal protoplasts in vitro. Staphylococcal protoplasts were exposed to
tPMP-1 (2.0 mg/ml) at 37°C as described above. The resulting protoplasts or
protoplast lysates were then collected in Eppendorf tubes from 1.0-ml samples by
centrifugation (7,000 3 g for 15 min) and fixed for 12 h at 24°C (in darkness) with
0.5% (wt/vol) osmium tetroxide (Sigma Chemical Co., St. Louis, Mo.) prepared
in Michaelis Veronal-acetate buffer (MVAB; 0.24 M sodium acetate, 0.14 M
sodium Veronal, 0.58 M NaCl [pH 6.1]) containing 0.05% (wt/vol) tryptone
broth (Difco Laboratories). The fixative was replenished at 15 and 30 min.
Following fixation, protoplasts were collected (10,000 rpm for 15 min) and

stabilized in 0.5 ml of 2% (wt/vol) molecular biology grade agarose prepared in
MVAB (43°C). Upon solidifying, the agarose forms were macroscopically sec-
tioned into cubes of 1 mm3 and stained in 1% (wt/vol) uranyl acetate (Aldrich
Chemical Co., Allentown, Pa.) in MVAB for 2 h at 24°C. Stained macrosections
were then washed for 30 min with two fresh changes of MVAB buffer and
prepared for TEM by the following standard method. The samples were post-
fixed for 90 min in 1% (wt/vol) osmium tetroxide prepared in cacodylate buffer
and then washed in cacodylate buffer and in distilled water. The agar blocks were
serially dehydrated in increasing concentrations of HPLC-grade acetone (range,
40 to 100% [vol/vol]) before being embedded in Eponate resin. The resin blocks
were polymerized overnight at 70°C, thinly sectioned, and mounted on 400-mesh
copper grids before being poststained with uranyl acetate and lead citrate (1%
[wt/vol] in MVAB). The thin sections were examined under a JEOL 100B
transmission electron microscope with an accelerating voltage of 80 kV.

Planar bilayer experiments. Membrane permeabilization studies were per-
formed by planar lipid bilayer techniques. Previous studies of many cationic
peptides (e.g., defensins) have revealed that they readily permeabilize negatively
charged lipid bilayers (10). Since tPMP-1 is cationic under the physiological
range of pH, we hypothesized that this peptide may also directly permeabilize
anionic membranes. The apparatus for the analysis of bilayer conductance con-
sisted of a Teflon chamber with two separate compartments, which contained
1 M KCl (pH 7.0) and were connected by a conduit (0.2 mm2). Black lipid bilayer
membranes were formed across this space by using 1.5% (wt/vol) of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphoglycerol (POPG) (7:3) (Avanti Polar Lipids Inc., Birmingham,
Ala.) in n-decane. This ratio of lipid constituents was used because it reproduc-
ibly yields stable, net anionic bilayers. A voltage potential was generated across
the membrane with a pair of calomel electrodes (Metrohm). One of the elec-
trodes was linked to a direct-current voltage source (Omnical 2000; W. P. In-
struments), and the complementary electrode was connected to the measuring
circuit, consisting of a current amplifier and chart recorder. Voltage orientation
was defined by the addition of HPLC-purified tPMP-1 (40 ng/ml) to one side of
the membrane (designated the cis side). A trans-negative potential (indicated by
a minus sign) was generated by applying a negative potential to the compartment
opposite to the cis side (i.e., the trans side). All experiments were performed at
room temperature (;23°C), and conductance across the membrane recorded in
nanosiemens. Gramicidin A (4 mg/ml), a voltage-independent channel-forming
ionophore, was used as a positive control for membrane permeabilization at a
transmembrane voltage of 260 mV (13).

RESULTS

tPMP-1 induction of staphylococcal protoplast lysis. The
ability of tPMP-1 to induce lysis of staphylococcal protoplasts
was determined spectrophotometrically (by measuring the
OD420) over time. A decrease in protoplast OD420 was inter-
preted as protoplast lysis. Untreated LOG or STAT proto-
plasts of 19S or 19R in MEM buffer exhibited minor degrees of
spontaneous lysis (change in OD420 5 0.02 to 0.05) over the
3-h study period (data not shown). No substantial differences
were observed among these controls. tPMP-1 induced the
greatest extent of lysis in 19S LOG protoplasts, with a mean
decrease of ;0.2 absorbance unit (Fig. 1A). Lysis of the pro-
toplasts was observed after 30 min of exposure to tPMP-1, and
the decline in absorbance thereafter was rapid and progressive
(Fig. 1B). 19S STAT protoplasts were significantly less suscep-
tible to lysis by tPMP-1 than were 19S LOG protoplasts (Fig.
1), exhibiting only a slight decrease in absorbance over 3 h of
exposure to tPMP-1. 19R LOG and STAT protoplasts were
also significantly less susceptible to lysis than were 19S LOG
protoplasts. Both were relatively resistant to lysis compared to
19S LOG protoplasts (Fig. 1A).

tPMP-1 disruption of staphylococcal protoplast mem-
branes. The ultrastructural consequences of exposing staphy-
lococcal protoplasts to tPMP-1 were visualized by TEM. Con-
trol protoplasts of 19S LOG (Fig. 2A), 19S STAT, 19R LOG,
and 19R STAT (data not shown) in MEM buffer alone re-
mained relatively intact during the 3-h experiment. No signif-
icant differences in the ultrastructural appearance between 19S
and 19R control protoplasts were observed. At 0 min, LOG
and STAT protoplasts of 19S and 19R in tPMP-1 appeared
intact and comparable to controls in MEM buffer (data not
shown). Damage to 19S LOG protoplast membranes was ob-
served after a 15-min exposure to tPMP-1, with staphylococcal
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membranes disrupted at single or multiple sites (Fig. 2B and
C). 19S LOG protoplast membranes exhibited the most exten-
sive damage compared with either 19S STAT, 19R LOG, or
19R STAT protoplasts (Fig. 2). Of note, minor degrees of
membrane damage were observed in 19S STAT protoplasts
(Fig. 2D), whereas 19R LOG and STAT protoplasts remained
essentially intact during tPMP-1 exposure (Fig. 2E and F).

tPMP-1 permeabilization of planar lipid bilayers. Mem-
brane permeabilization due to gramicidin A was consistent
with that reported previously, confirming the utility of our lipid
bilayer model system (data not shown) (13). Membranes in
buffer alone remained stable and exhibited minimal conduc-
tance for up to 40 min when maintained at a transmembrane
potential of either 230 or 290 mV (data not shown). No
change in membrane conductance was observed for 40 min at
either 230 or 290 mV when 0.01% (vol/vol) acetic acid buffer
(pH 5.5) was added in an excess volume to the cis side of the
membrane (Fig. 3A). Subsequent addition of purified tPMP-1
(final concentration of 40 ng/ml in 0.01% [vol/vol] acetic acid
buffer [pH 5.5]) to the same compartment at a transmembrane
potential of 230 mV produced no change in conductance over
the ensuing 40 min (Fig. 3B). However, as the transmembrane
voltage was increased from 230 to 290 mV, conductance due
to tPMP-1 was observed to increase within 20 min (Fig. 3C).
Fluctuations in conductance ranging from 0.21 to 1.61 nS
(mean, ;1 nS), typically lasting for millisecond durations, were
noted. Once initiated, decreasing the voltage from 290 to 230
mV diminished but did not abolish membrane conductance
(mean, ;0.2 nS) (Fig. 3D). Likewise, further reduction of the
voltage to 0 mV for 5 min and then back to 230 mV did not
eliminate conductance (data not shown).

DISCUSSION

tPMP-1 is believed to play an important role in host defense
against the induction and progression of endovascular infec-
tions. Endothelial cells damaged or colonized by microorgan-
isms release tissue factor, which in turn generates thrombin
from prothrombin (8, 9). We and others have recently shown
that thrombin prompts the release of tPMPs and analogous

peptides from rabbit and human platelets in vitro, respectively
(30, 31, 40). Furthermore, recent evidence indicates that mi-
croorganisms themselves may also stimulate the release of
PMPs or tPMPs from platelets during platelet aggregation (1).
Thus, we have hypothesized that tPMPs are released from
platelets at sites of endovascular damage as a component of
host defense to locally kill or limit the proliferation of colo-
nizing pathogens (39).

Many cationic peptides appear to target the bacterial mem-
brane in a voltage-dependent manner. However, their precise
mechanisms of action appear to vary considerably. For exam-
ple, several different membrane permeabilization models have
been proposed for the mechanism of action of cationic pep-
tides, including the barrel-stave and the generalized “carpet”
models (4, 5, 21). Furthermore, the lantibiotic nisin (a lanthi-
onine-containing antimicrobial peptide) forms pores in target
membranes only when the voltage across the membrane is in a
trans-negative orientation (23). In contrast, a structurally re-
lated lantibiotic, subtilin, induces membrane permeabilization
with both trans-positive and trans-negative voltages (25). Inter-
estingly, cationic bacteriocins, such as pediocin JD, appear to
destabilize target membranes in a voltage-independent man-
ner (7). Recent work in our group indicates that tPMP-1 may
permeabilize target staphylococcal membranes without depo-
larizing them, unlike other cationic peptides (41). The present
studies therefore provide important insights into the mecha-
nism of action of this new family of cationic peptides, which
may translate to other antimicrobial peptides.

tPMP-1 is similar to other membrane-targeting cationic an-
timicrobial peptides in structure and microbicidal activity (10,
15, 19). Therefore, we postulated that tPMP-1, like these other
peptides, would also permeabilize the bacterial cytoplasmic
membrane in its mechanism of action. Our past investigations,
with S. aureus whole cells as the model organism, supported
this hypothesis. First, a staphylococcal mutant defective in the
generation of an intact transmembrane potential (DC) exhib-
ited reduced susceptibility to the microbicidal actions of
tPMP-1, compared to its parent strain with an intact DC (16).
Second, in vitro conditions which reduced bacterial energetics
(e.g., low temperature and stationary-phase growth) also sub-

FIG. 1. Effect of tPMP-1 on protoplast absorbance. The OD420 of LOG or STAT protoplasts of 19S or 19R during exposure to crude tPMP-1 for 3 h at 37°C was
determined as described in the text (initial OD420;0.55). A decrease in absorbance was indicated as a negative value of OD420. The data shown represents the mean
(6 standard deviation) of at least three separate experiments. (A) Total change in absorbance after 3 h of exposure to tPMP-1; (B) temporal change in the optical
density of LOG (F) or STAT (E) protoplast suspensions of 19S.
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stantially decreased staphylococcal susceptibility to tPMP-1
(17). Additionally, flow cytometry data indicated that tPMP-1
rapidly permeabilized the staphylococcal membrane to pro-
pidium iodide, which has a molecular diameter of 2 nm (41).
Finally, TEM of whole staphylococcal cells revealed that
tPMP-1 induced membrane disruption within minutes of pep-
tide addition, with the absence of substantial changes in cell
wall ultrastructure (35). Of interest, Shimoda et al. have re-
cently demonstrated by TEM that defensins also selectively
disrupt the staphylococcal membrane (27). Although sugges-
tive, the above observations did not provide direct evidence to
support the notion that tPMP-1 permeabilizes microbial mem-
branes. Thus, the present studies were carried out with cell
wall-free staphylococcal protoplasts and planar lipid bilayers to
specifically study the effect of tPMP-1 on these membrane
targets.

Data obtained from the current investigation strongly sup-
port the hypothesis that tPMP-1 directly targets and perme-
abilizes the staphylococcal cytoplasmic membrane. Staph-
ylococcal protoplasts were lysed by tPMP-1, as detected
spectrophotometrically. TEM analysis of the protoplasts fur-
ther confirmed that tPMP-1 disrupts protoplast membranes at
one or more sites. Of note, these data also support the concept
that an intact staphylococcal cell wall is not required by
tPMP-1 to elicit its membrane effects. Susceptibility of the
protoplasts to lysis by tPMP-1 directly reflects the known

tPMP-1-susceptibility of whole staphylococcal cells from which
the protoplasts were prepared. For example, our previous ob-
servations indicate that LOG cells of tPMP-1-susceptible
strains are more susceptible to tPMP-1 killing than are STAT
cells (17). In this study, protoplasts derived from LOG cells of
19S (tPMP-1 susceptible) were more susceptible to lysis by
tPMP-1 than were those derived from STAT cells of the same
strain, consistent with whole-cell data. Furthermore, proto-
plasts derived from 19R (tPMP-1 resistant) were less suscep-
tible to lysis than were protoplasts derived from 19S, reflecting
the tPMP-1 susceptibilities of strains 19R and 19S, respec-
tively. Thus, it appears that the staphylococcal susceptibility to
tPMP-1 may be influenced, at least in part, by the intrinsic
properties of its cytoplasmic membrane. Differences in mem-
brane lipid composition and DC of LOG and STAT cells have
been reported before, which may explain the differences in
their susceptibilities to tPMP-1 (14, 28, 33). Further, our com-
parison of tPMP-1-susceptible and tPMP-1-resistant staphylo-
coccal strain pairs indicated that their cytoplasmic membranes
are significantly different in bioenergetics, fatty acid and lipid
content, and fluidity (2, 3). Thus, it is possible that membrane
characteristics contribute to alterations in cationic peptide sus-
ceptibility.

Many investigators have used the planar (black) lipid bilayer
to study the peptide-membrane interactions of various endog-
enous antimicrobial peptides, such as cecropins, defensins, and

FIG. 2. TEM of tPMP-1-exposed protoplasts. Protoplasts of 19S (LOG or STAT) were exposed to either crude tPMP-1 or MEM buffer. Samples were then analyzed
by TEM after 15 min of exposure. (A) Intact 19S LOG protoplast membranes in MEM buffer (magnification, 3136,000); (B) damaged 19S LOG protoplast membranes
in tPMP-1 (note the disruption of protoplast membranes at multiple sites); (C) damaged 19S LOG protoplast membrane in tPMP-1 (magnification, 3136,000); (D)
partially damaged 19S STAT protoplast membranes in tPMP-1; (E) intact 19R LOG protoplast membranes in tPMP-1; (F) intact 19R STAT protoplast membranes
in tPMP-1. Magnification, 390,750 (except where otherwise indicated).
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lantibiotics (6, 15, 18, 23). These peptides form discrete volt-
age-gated channels in target membranes, which display distinct
electrophysical characteristics. The present planar lipid bilayer
studies indicate that tPMP-1 has the ability to permeabilize
membranes in a voltage-dependent manner. At a low trans-
membrane voltage (230 mV), tPMP-1 did not cause the mem-
brane permeabilization noted at a higher voltage (290 mV).
This finding is consistent with our previous observation that
tPMP-1 staphylocidal activity is correlated to DC (16, 41). The
present study indicated that once membrane permeabilization
was initiated by tPMP-1, altering the transmembrane voltage

influenced but did not eliminate tPMP-1 activity. Thus, it ap-
pears that initiation of membrane permeabilization by tPMP-1
is voltage dependent but the continuation of its effect is not
voltage driven.

The formation of channels by cationic peptides in target
membranes has been proposed to occur via the barrel-stave
mechanism, whereby membrane-inserted monomers oligomer-
ize in the membrane to form stable pores (21). A different
model of membrane permeabilization, namely, the carpet ef-
fect, has also been postulated for several cationic peptides
including the amphibian peptide magainin (4, 5). According to
this model, peptide monomers bind to the surface of target
membranes by hydrophobic interactions. As a threshold pep-
tide concentration is reached, the membrane becomes unsta-
ble, leading to increases in membrane permeabilization. In the
present study, lipid bilayers exposed to tPMP-1 revealed con-
ductances with heterogeneous fluctuations which lacked the
discrete, stepwise increases typical of channel-forming pep-
tides (15, 18, 23). Therefore, tPMP-1 may not form classical
voltage-gated membrane channels. Instead, it is likely that
tPMP-1 induces nonuniform membrane permeabilization such
as that proposed in the carpet model.

Previous flow cytometry data indicate that functional mem-
brane permeabilization is initiated within seconds of tPMP-1
addition to whole staphylococcal cells (41). However, concur-
rent viability data in the same experiments indicate that a
significant extent of cell death does not occur until after 30 min
of exposure to tPMP-1 (41). The present protoplast TEM and
spectrophotometric studies indicate that structural membrane
disruption by tPMP-1 occurs 15 to 30 min after exposure,
consistent with previous TEM data of whole staphylococcal
cells (35). Studies of the mechanism of action of other cationic,
membrane-permeabilizing antimicrobial peptides revealed
possibilities of secondary targets beyond the cytoplasmic mem-
brane. The wide variety of metabolic changes observed include
alterations in cell transport; inhibition of DNA, RNA, and
protein synthesis; and decreases in translation efficiency (11,
12, 20, 22, 32). Thus, it is reasonable to hypothesize that during
the 15- to 30-min lag period between functional membrane
permeabilization and structural membrane disruption by
tPMP-1, the peptide could be targeting a secondary site, which
ultimately contributes to killing of the bacteria. We are aware
that LOG and STAT cells may also vary in other aspects of cell
physiology besides membrane lipid composition and DC (e.g.,
macromolecular or protein synthesis), which may be important
in their relative susceptibility to tPMP-1.

Studies are in progress to further characterize the mecha-
nism of membrane permeabilization by tPMP-1 with planar
lipid bilayers and liposomes. In these investigations, mem-
branes with different lipid compositions are being used to
mimic the lipid content of isogenic tPMP-1-susceptible and
-resistant staphylococcal strains (2). We are also investigating
the effect of tPMP-1 on other cellular functions (e.g., macro-
molecular synthesis) in an attempt to identify possible second-
ary targets. By determining the bactericidal target of endoge-
nous antimicrobial peptides such as tPMP-1, we may improve
our understanding of the mechanism of action of these agents.
This information may facilitate the development of new anti-
microbial agents with improved specificity and potency.

ACKNOWLEDGMENTS

This work was supported in part by research grants from the Na-
tional Institutes of Health (AI39108 to A.S.B. and AI39001 and
AI39108 to M.R.Y.), the National American Heart Association (95-
01-2620 to M.R.Y.), and American Heart Association, Greater Los
Angeles Affiliate (1038-G3 to M.R.Y.).

FIG. 3. Permeabilization of planar lipid bilayers by purified tPMP-1. (A)
Tracing obtained when an excess volume of 0.01% (vol/vol) acetic acid buffer
(pH 5.5) was added to the cis side of a planar lipid bilayer membrane held at 290
mV. The voltage was then decreased to 230 mV, and purified tPMP-1 (40 ng/ml)
was added to the same compartment. (B to D) Conductance tracings were
obtained when the voltage across the membrane was altered in the following
sequence: 230 mV (B), 290 mV (C), and 230 mV (D). The experiment was
repeated at least once.

VOL. 65, 1997 TARGET OF PLATELET MICROBICIDAL PROTEIN 4799



We acknowledge the excellent technical assistance of Timothy J.
Falla and the scientific input of Robert E. W. Hancock, both at the
University of British Columbia, Vancouver, Canada.

REFERENCES

1. Azizi, N., C. Li, A. J. Shen, A. S. Bayer, and M. R. Yeaman. 1996. Staphy-
lococcus aureus elicits release of platelet microbicidal proteins in vitro, abstr.
G-54, p. 153. In Program and Abstracts of the 36th Interscience Conference
on Antimicrobial Agents and Chemotherapy. American Society for Micro-
biology, Washington, D.C.

2. Bayer, A. S., M. R. Yeaman, S.-P. Koo, and R. Prasad. 1997. Resistance to
staphylocidal effects of thrombin-induced microbicidal protein is associated
with alterations in membrane fluidity and lipid content, abstr. A-107, p. 19.
In Abstracts of the 97th General Meeting of the American Society for
Microbiology 1997. American Society for Microbiology, Washington, D.C.

3. Bayer, A. S., M. R. Yeaman, H.-G. Sahl, D. Brar, and R. A. Proctor. 1997.
Relationship of phenotypic resistance to thrombin-induced platelet micro-
bicidal protein (tPMP) and cytoplasmic membrane bioenergetics in Staphy-
lococcus aureus (SA), abstr. A-106, p. 19. In Abstracts of the 97th General
Meeting of the American Society for Microbiology 1997. American Society
for Microbiology, Washington, D.C.

4. Bechinger, B., M. Zasloff, and S. J. Opella. 1992. Structure and interactions
of magainin antibiotic peptides in lipid bilayers: a solid-state nuclear mag-
netic resonance investigation. Biophys. J. 62:12–14.

5. Bechinger, B., M. Zasloff, and S. J. Opella. 1993. Structure and orientation
of the antibiotic peptide magainin in membranes by solid-state nuclear mag-
netic resonance spectroscopy. Protein Sci. 2:2077–2084.

6. Christensen, B., J. Fink, R. B. Merrifield, and D. Mauzerall. 1988. Channel-
forming properties of cecropins and related model compounds incorporated
into planar lipid membranes. Proc. Natl. Acad. Sci. USA 85:5072–5076.

7. Christensen, D. P., and R. W. Hutkins. 1992. Collapse of the proton motive
force in Listeria monocytogenes caused by a bacteriocin produced by Pedio-
coccus acidilactici. Appl. Environ. Microbiol. 58:3312–3315.

8. Drake, T. A., and M. Pang. 1988. Staphylococcus aureus induces tissue factor
expression in cultured human cardiac valve endothelium. J. Infect. Dis.
157:749–756.

9. Drake, T. A., and M. Pang. 1989. Effects of interleukin-1, lipopolysaccharide,
and streptococci on procoagulant activity of cultured human cardiac valve
endothelium and stromal cells. Infect. Immun. 57:507–512.

10. Fujii, G., M. E. Selsted, and D. Eisenberg. 1993. Defensins promote fusion
and lysis of negatively-charged membranes. Protein Sci. 2:1301–1312.

11. Gorini, L. 1974. Streptomycin and misreading of the genetic code, p. 791–
803. In M. Nomura, A. Tissieres, and P. Lengyel (ed.), Ribosomes. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

12. Hancock, R. E. W. 1981. Aminoglycoside uptake and mode of action—with
special reference to streptomycin and gentamicin. II. Effects of aminoglyco-
sides on cells. J. Antimicrob. Agents Chemother. 8:429–445.

13. Hladky, S. B., and D. A. Haydon. 1972. Ion transfer across lipid membranes
in the presence of gramicidin A. I. Studies of the unit conductance channel.
Biochim. Biophys. Acta 274:294–312.

14. Hoffman, A., and P. Dimroth. 1991. The electrochemical proton potential of
Bacillus alcalophilus. Eur. J. Biochem. 201:467–473.

15. Kagan, B. L., M. E. Selsted, T. Ganz, and R. I. Lehrer. 1990. Antimicrobial
defensin peptides form voltage-dependent ion-permeable channels lipid bi-
layer membranes. Proc. Natl. Acad. Sci. USA 87:210–214.

16. Koo, S.-P., A. S. Bayer, H.-G. Sahl, R. A. Proctor, and M. R. Yeaman. 1996.
Staphylocidal action of thrombin-induced platelet microbicidal protein is not
solely dependent on transmembrane potential. Infect. Immun. 64:1070–1074.

17. Koo, S.-P., M. R. Yeaman, and A. S. Bayer. 1996. Staphylocidal action of
thrombin-induced platelet microbicidal protein is influenced by microenvi-
ronment and target cell growth phase. Infect. Immun. 64:3758–3764.

18. Kordel, M., R. Benz, and H.-G. Sahl. 1988. Mode of action of the staphylo-
coccinlike peptide Pep5: voltage-dependent depolarization of bacterial and
artificial membranes. J. Bacteriol. 170:84–88.

19. Lehrer, R. I., T. Ganz, D. Szklarek, and M. E. Selsted. 1988. Modulation of
the in vitro candidacidal activity of human neutrophil defensins by target cell
metabolism and divalent cations. J. Clin. Invest. 81:1829–1835.

20. Lehrer, R. I., A. Barton, K. A. Daher, S. S. L. Harwig, T. Ganz, and M. E.
Selsted. 1989. Interaction of human defensins with Escherichia coli. J. Clin.
Invest. 84:553–561.

21. Ojcius, D. M., and J. D. E. Young. 1991. Cytolytic pore-forming proteins and
peptides: is there a common structural motif? Trends Biochem. Sci. 16:225–
229.

22. Pestka, S. 1971. Inhibition of ribosome functions. Annu. Rev. Microbiol.
25:487–562.

23. Sahl, H.-G., M. Kordel, and R. Benz. 1987. Voltage-dependent depolariza-
tion of bacterial membranes and artificial lipid bilayers by the peptide anti-
biotic nisin. Arch. Microbiol. 149:120–124.

24. Schuhardt, V. T., and P. H. Klesius. 1968. Osmotic fragility and viability of
lysostaphin-induced staphylococcal spheroplasts. J. Bacteriol. 96:734–737.

25. Schüller, F., R. Benz, and H.-G. Sahl. 1989. The peptide antibiotic subtilin
acts by formation of voltage-dependent multi-state pores in bacterial and
artificial membranes. Eur. J. Biochem. 182:181–186.

26. Selsted, M. E., D. Szklarek, and R. I. Lehrer. 1984. Purification and antimi-
crobial peptides of rabbit granulocytes. Infect. Immun. 45:150–154.

27. Shimoda, M., K. Ohki, Y. Shimamoto, and O. Kohashi. 1995. Morphology of
defensin-treated Staphylococcus aureus. Infect. Immun. 63:2886–2891.

28. Sud, I. J., and D. S. Feingold. 1975. Phospholipids and fatty acids of Neisseria
gonorrhoeae. J. Bacteriol. 124:713–717.

29. Sullam, P. M., U. Frank, M. G. Tauber, M. R. Yeaman, A. S. Bayer, and H. F.
Chambers. 1993. Effect of thrombocytopenia on the early course of strep-
tococcal endocarditis. J. Infect. Dis. 168:910–914.

30. Tang, T. Q., M. R. Yeaman, and M. E. Selsted. 1995. Microbicidal and
synergistic activities of human platelet factor-4 (hPF-4) and connective tissue
activating peptide-3 (CTAP-3), abstr. 2212. In American Society of Hema-
tology 37th Annual Meeting. Blood 86:556a.

31. Tang, T. Q., M. R. Yeaman, and M. E. Selsted. 1995. Purification, charac-
terization, and antimicrobial properties of peptides released from thrombin-
induced human platelets, abstr. 3626. In American Society of Hematology
37th annual meeting. Blood 86:910a.

32. Van Der Broek, P. J., C. Bril-Bazun, and H. Mattie. 1996. Antimicrobial
activity of defensins against Staphylococcus aureus pretreated with ben-
zylpenicillin or azithromycin, abstr. C-88, p. 50. In Program and Abstracts of
the 36th Interscience Conference on Antimicrobial Agents and Chemother-
apy. American Society for Microbiology, Washington, D.C.

33. Van Schaik, F. W., and J. H. Veerkamp. 1975. Biochemical changes in
Bifidobacterium bifidum var. pennsylvanicus after cell wall inhibition. VIII.
Composition and metabolism of phospholipids at different stages and con-
ditions of growth. Biochim. Biophys. Acta 388:213–225.

34. Wu, T., M. R. Yeaman, and A. S. Bayer. 1994. In vitro resistance to platelet
microbicidal protein correlates with endocarditis source among staphylococ-
cal isolates. Antimicrob. Agents Chemother. 38:729–732.

35. Wu, T., M. R. Yeaman, C. Nast, C. Itatani, and A. S. Bayer. 1996. Ultra-
structural evidence that platelet microbicidal protein (tPMP) targets the
bacterial cell membrane, abstr. A-72, p. 146. In Abstracts of the 96th General
Meeting of the American Society for Microbiology 1996. American Society
for Microbiology, Washington, D.C.

36. Yeaman, M. R., S. M. Puentes, D. C. Norman, and A. S. Bayer. 1992. Partial
characterization and staphylocidal activity of thrombin-induced platelet mi-
crobicidal protein. Infect. Immun. 60:1202–1209.

37. Yeaman, M. R., A. S. Ibrahim, J. E. Edwards, Jr., A. S. Bayer, and M. A.
Ghannoum. 1992. Thrombin-induced platelet microbicidal protein is fungi-
cidal in vitro. Antimicrob. Agents Chemother. 37:546–553.

38. Yeaman, M. R., P. M. Sullam, P. F. Dazin, and A. S. Bayer. 1994. Platelet
microbicidal protein alone and in combination with antibiotics reduces
Staphylococcus aureus adherence to platelets in vitro. Infect. Immun. 62:
3416–3423.

39. Yeaman, M. R., S. S. Soldan, M. A. Ghannoum, J. E. Edwards, Jr., S. G.
Filler, and A. S. Bayer. 1996. Resistance to platelet microbicidal protein
results in increased severity of experimental Candida albicans endocarditis.
Infect. Immun. 64:1379–1384.

40. Yeaman, M. R., Y.-Q. Tang, A. J. Shen, A. S. Bayer, and M. E. Selsted. 1997.
Purification and in vitro activities of rabbit platelet microbicidal proteins.
Infect. Immun. 65:1023–1031.

41. Yeaman, M. R., P. M. Sullam, S.-P. Koo, W. Foss, and A. S. Bayer. 1997.
Platelet microbicidal proteins (PMPs) differentially depolarize and perme-
abilize the Staphylococcus aureus cytoplasmic membrane to effect microbi-
cidal activity in vitro, abstr. A-104, p. 18. In Abstracts of the 97th Annual
Meeting of the American Society for Microbiology 1997. American Society
for Microbiology, Washington, D.C.

Editor: V. A. Fischetti

4800 KOO ET AL. INFECT. IMMUN.


