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Defensins are a family of broad-spectrum antimicrobial peptides found abundantly in the cytoplasmic
granules of mammalian neutrophils and Paneth cells of the small intestine. Defensins are known to form ion
channels on the membranes of target cells. These channel formations and the cytotoxicity of defensins are
intimately linked. We showed the morphological effects of defensins on the cytoplasmic membranes of Staph-
ylococcus aureus by transmission electron microscopy. S. aureus exposed to defensins developed characteristic
mesosome-like structures but did not show remarkable changes in cell walls. Defensins induced such structural
changes not only at high concentration but also at low concentrations that were not bactericidal. We also
showed that increasing the concentration of NaCl in the reaction mixture completely inhibited the occurrence
of membranous changes of target cells exposed to defensins. These findings are, to our knowledge, the first
report of morphological changes in gram-positive bacteria treated with defensins. Our results indicate that the
first effect of defensins in S. aureus is to damage cytoplasmic membranes directly; they also support previous
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reports that the cell membrane is the principal target of defensins.

Polymorphonuclear leukocytes (PMN) contribute to the
host defense against infection by a variety of microorganisms.
In general, two mechanisms, often called oxygen dependent
and oxygen independent, are involved in the killing of invading
microorganisms. Various antimicrobial polypeptides released
from PMN granules into phagolysosomes are involved in the
oxygen-independent mechanism. Among these polypeptides,
defensins are most abundant and account for 30 to 50% of the
azurophil granule proteins (6). Defensins are small, cationic,
and relatively arginine-rich peptides composed of 29 to 34
amino acids. Their unique structural motifs are characterized
by six invariant cysteines and three intramolecular disulfide
bonds. Defensins have been identified in rabbit lung macro-
phages (22) and in PMN of humans (7), rabbits (26), rats (4),
and guinea pigs (24) and were recently demonstrated in mouse
(3) and human (10, 13) small intestinal Paneth cells. Defensins
exert antimicrobial activity against many gram-positive and
gram-negative bacteria (7, 11, 24, 26), fungi (1, 25) and some
enveloped viruses (2, 4, 15, 24) and cytotoxic activity against
normal and malignant cells (17, 18). The antimicrobial and
cytotoxic activities of defensins are related to their ability to
increase the permeability of membranes of microorganisms
and mammalian cells (14, 17, 27). In addition, the voltage-
dependent channels formed by defensins are thought to be
involved in making membranes permeable (12). Some reports
suggest that the cell membrane is the principal target of de-
fensins. Although there have been many studies on the bacte-
ricidal effects of defensins, there is little information about
morphological changes in bacteria exposed to them (14, 23),
and no information is presently available on morphological
changes in gram-positive bacteria treated with defensins. In the
present study, we examined by transmission electron micros-
copy morphological changes in the cell membrane of Staphy-
lococcus aureus exposed to defensins.
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MATERIALS AND METHODS

Purification of rat defensins. Rat defensins were purified as described previ-
ously (4, 11). Briefly, PMN were purified from peritoneal exudate cells of rnu/+
rats that had been injected intraperitoneally with thioglycolate broth (Eiken
Chemical Co., Tokyo, Japan). After 6 h, peritoneal exudate cells were obtained
by lavaging the peritoneal cavity with cold phosphate-buffered saline (PBS). The
lavage fluids were centrifuged at 200 X g for 10 min at 4°C, and the pelleted cells
were suspended in PBS. Erythrocytes were removed by brief hypotonic lysis in
distilled water. After centrifugation, the PMN were suspended in ice-cold 0.05 M
sodium phosphate buffer (pH 6.6) containing 2 mM p-amidinophenylmethane-
sulfonyl fluoride hydrochloride (Wako Pure Chemical Industries, Ltd., Osaka,
Japan), 10 uM leupeptin (Sigma Chemical Co., St. Louis, Mo.), 10 uM pepstatin
(Sigma), and 2 mM EDTA (Wako). This mixture was sonicated and kept on ice
for 30 min. Cold 20% acetic acid was added, and the mixture was sonicated again,
stirred for 1 h at 4°C, and then centrifuged at 27,000 X g for 20 min. The pellet
was extracted as before. The supernatants obtained from these extractions were
concentrated by ultrafiltration with an Amicon YC-05 filter (molecular weight
cutoff, 500). The acid extracts were loaded onto a Sephadex G-100 (Pharmacia,
Uppsala, Sweden) column (2.7 by 95 cm) and eluted with 5% (vol/vol) acetic
acid. Defensin fractions were pooled and lyophilized. Working solutions of
defensins were prepared in 0.01% acetic acid, and their purity was evaluated by
acid-urea—polyacrylamide gel electrophoresis (PAGE) (21) and sodium dodecyl
sulfate-PAGE.

Human neutrophil peptides. Synthetic human defensin 1 (human neutrophil
peptide 1 [HNP-1]) was purchased from Peptide Institute, Inc., Osaka, Japan.
The peptide was dissolved in 0.01% acetic acid solution before use.

Bacteria and growth conditions. S. aureus 209P (JCM 2151) was obtained from
the Japan Collection of Microorganisms. The organism was cultivated for 18 h at
37°C in trypto-soy broth (Eiken), and a portion of this culture was diluted 1:50
with fresh trypto-soy broth and incubated for 3 h at 37°C to provide mid-
logarithmic-phase organisms. The concentration of CFU per milliliter was quan-
tified by spectrophotometry at 600 nm, with reference to previously determined
standards.

Antibacterial assays. The assay mixture contained approximately 10° or 108
CFUs and a specific concentration of defensins in a final volume of 100 wl of 10
mM sodium phosphate buffer (pH 7.4) without any nutrient. The control mixture
contained 0.01% acetic acid instead of the defensin solution. Incubations were
carried out in a shaking water bath for up to 120 min at 37°C. At timed intervals,
aliquots of the incubation mixtures were diluted, and colony counts on trypto-soy
agar (Eiken) were performed in duplicate.

Preparation of staphylococcal protoplasts and treatment with defensins.
Staphylococcal protoplasts were prepared by a method described earlier (28).
These protoplasts were treated with defensins (200 wg/ml) in Tris-HCI buffer
(0.05 mol/liter; pH 7.4) containing NaCl (0.045 mol/liter) for 20 min at 37°C. The
mixture contained 30% sucrose (final concentration) to stabilize the protoplasts.

Preparations for transmission electron microscopy. Approximately 10° CFU
of S. aureus 209P cells was treated with purified rat defensins (either 600 pg/ml
or 3.2 mg/ml) and HNP-1 (200 pg/ml) in 10 mM sodium phosphate buffer (pH
7.4), and the mixtures containing each concentration of defensins were kept for
20 and 120 min at 37°C. In experiments to ascertain the effects of incubation
temperature and ionic strength on morphological changes caused by defensins,
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FIG. 1. Acid-urea—PAGE of rat defensins. Lanes: 1, 50 pg of rat neutrophil
extract; 2, 10 ng of purified defensins; 3, 15 ug of purified defensins. Arrows
indicate rat neutropeptides 1, 3, and 4 (RNP-1, -3, and -4).

assay mixtures were incubated at 0°C and supplemented with 140 mM NaCl,
respectively. Protoplasts were prepared and treated with defensins as described
above. After being treated with defensins, organisms were fixed with 1% glutar-
aldehyde and postfixed in 1% osmium tetroxide in 0.05 M cacodylate buffer (pH
7.2). The agar blocks were dehydrated in a graded series of alcohols. The
organisms were embedded in Spurr resin (TAAB Co., Aldermaston, England) at
70°C. Ultrathin sections (thickness, 60 to 90 nm) were doubly stained with uranyl
acetate and lead citrate.

Statistics. Results are presented as means = standard deviations of five to six
independent experiments. Data were evaluated by analysis of variance, and
multiple comparisons were performed by the method of least significant differ-
ence. A level of P < 0.05 was accepted as statistically significant.

RESULTS

Purity of peptides. Acid-urea—PAGE revealed that the frac-
tion used in this study contained three major cationic peptides
that were designated rat neutropeptides 1, 3, and 4 (arrows in
Fig. 1). This finding agrees with a previous report (4).

Effects of defensins on viability of S. aureus. The bactericidal
activities of purified rat defensins and of the synthetic defensin,
HNP-1, against S. aureus 209P were similar when tested at 50
pg/ml under our incubation conditions (Fig. 2). In electron
microscopic studies, we tested the bactericidal activity of pu-
rified defensins against 108 CFU of bacteria per ml (Fig. 3). S.
aureus (10* CFU/ml) exhibited no loss in viability until the
concentration of defensins exceeded 1.6 mg/ml. These results
suggested that the bactericidal activity of defensins was depen-
dent on the size of the inoculum of target cells. We chose two
concentrations of rat defensins, 600 pwg/ml and 3.2 mg/ml, for
use in electron microscopic observations of bacteria.

Ultrastructural changes in S. aureus 209P after treatment
with defensins. The appearance of bacteria cultured without
defensins is shown in Fig. 4A. In defensin-free mixtures, we
observed bacterial populations with a substantially preserved
morphology. Figures 4B to D showed the characteristic mor-
phological changes of bacteria treated with defensins for 2 h.
In the presence of purified rat defensins, staphylococci showed
structural changes mainly at the cell membrane level. Some
portions of the membrane were lamellar mesosome-like struc-
tures (arrows in Fig. 4B and C), and some peeled off the cell
walls (arrow in Fig. 4D). These membranous structures were
prominent at the periphery of the cells. The cytoplasmic mem-
branes of approximately 25% of the defensin-treated cells were
distorted. There were no leaking or burst cells when bacteria
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FIG. 2. Bactericidal activities of rat defensins and HNP-1 against S. aureus
209P. Mid-log-phase organisms (10° CFU/ml) were incubated with various con-
centrations of purified rat defensins (solid lines) and HNP-1 (dashed line) (50
wg/ml) in 10 mM sodium phosphate buffer (pH 7.4) for 60 min at 37°C. Symbols:
@, control; A and A, 50 pg/ml; m, 100 pg/ml.

were treated for 2 h with defensins at 600 pg/ml. After 20 min
of treatment with this concentration of defensins, these mem-
branous changes were observed, but they did not occur when
incubation lasted only 5 min. A difference in the complexity of
mesosome-like structures was observed when two cell popula-
tions were treated with different concentrations of defensins;
cells treated with 3.2 mg/ml showed more complex structural
changes in the cytoplasmic membrane than did those treated
with 600 pg/ml. Fewer than 10% of untreated S. aureus cells
possessed simple mesosome-like structures. The mesosome-
like structures of defensin-treated bacteria were obviously
more complex and more frequently observed than were those
of untreated bacteria, and the peeled cytoplasmic membrane
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FIG. 3. Bactericidal activities of rat defensins against S. aureus 209P. Mid-
log-phase organisms (10® CFU/ml) were incubated with various concentrations
of rat defensins in 10 mM sodium phosphate buffer (pH 7.4) at 37°C. Symbols:
O, control; A, 400 wg/ml; O, 800 wg/ml; @, 1.6 mg/ml; A, 3.2 mg/ml.
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FIG. 4. Ultrastructure of untreated and defensin-treated S. aureus. (A) Untreated control; (B to D) bacteria treated with defensins (600 pg/ml) for 120 min. Bar

=1 pm.

was not observed in untreated cells. These findings indicate
that the mesosome-like structures were not fixation artifacts
but reflected the effects of defensins. The same strain treated
with synthetic human defensin (HNP-1) showed the same ul-
trastructural changes that had been observed when the bacte-
ria were treated with purified rat defensins (Fig. 5). The me-
sosome-like structures occupied about one-third of the area of
defensin-treated bacteria (arrows in Fig. 5). Although we
found no reduction of colony formation in cells treated with
defensins at 600 pg/ml, more than 20% of bacteria exposed to
this concentration of defensins showed the characteristic mem-
branous changes. Although colony counts of cells treated with
defensins at 3.2 mg/ml showed a 77% reduction after 120 min
of treatment (Fig. 3), the frequency of occurrence of cells with
remarkable membranous changes was the same as that found
with defensins at 600 pg/ml.

Effects of ionic strength and incubation temperature on
morphological changes caused by defensins. The ability of rat
defensins to kill S. aureus used in our experiments depended
on ionic strength and incubation temperature; the bactericidal
activity of defensins was inhibited by an increased concentra-
tion of NaCl and by a low incubation temperature (data not
shown). These results were consistent with previous reports
(25, 26). The effects of these inhibitory conditions on the mem-
branous changes caused by defensins are shown in Fig. 6.
Whereas the addition of 140 mM NaCl completely inhibited

the occurrence of the membranous changes, a low incubation
temperature was less inhibitory.

Ultrastructural changes in staphylococcal protoplasts
treated with defensins. Staphylococcal protoplasts were pre-
pared from S. aureus in an effort to visualize the direct effect of
defensins on the cytoplasmic membranes of bacteria. De-
fensins nearly broke the protoplasts directly (Fig. 7B). No bleb
was seen on the membrane surfaces, nor was separation of the
double structure of the membranes (28) observed under our
conditions. The mesosome-like structures that had been seen
in defensin-treated whole bacteria also were not observed.

DISCUSSION

In this report, we demonstrated remarkable changes in the
ultrastructure of defensin-treated S. aureus. Transmission elec-
tron microscopy of defensin-treated whole bacteria showed
remarkable changes in the cytoplasmic membrane. Some por-
tions of the membranes were folded like mesosomes, but
changes in the cell walls were not as prominent as those ob-
served in staphylococci exposed to some antibiotics. Beta-lac-
tam antibiotics that inhibit cell wall synthesis cause marked
thickening of the cross walls of staphylococci (19). Chloram-
phenicol, tetracycline, and rifampin produce thickening of the
peripheral cell walls (19); all three drugs inhibit protein syn-
thesis that is related to cell wall synthesis. From our observa-
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FIG. 5. Ultrastructure of S. aureus treated with HNP-1 (200 pg/ml) for 120 min. Bar = 0.5 pm.

tions, defensins do not seem to inhibit peptidoglycan and pro-
tein synthesis related to cell wall synthesis. The relationship
between the morphological changes caused by defensins and
the viability of defensin-treated bacteria is very interesting.
Lehrer et al. (15) reported that the synchronous inhibition of
RNA, DNA, and protein synthesis in defensin-treated Esche-
richia coli was a consequence of inner membrane permeabili-
zation and that permeabilization of the inner membrane was
essential for bacterial death. They also reported morphological
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FIG. 6. Effects of ionic strength and incubation temperature on morpholog-
ical changes caused by defensins. S. aureus (10° CFU/ml) was incubated for 2 h
with or without defensins (600 pg/ml) under the conditions described in the text.
The percentage of cells that possessed a mesosome-like structure is shown (1,000
cells were examined in each group). The data are expressed as means =+ standard
deviations of five to six independent experiments. *, P < 0.005; **, P < 0.0001
compared with the defensin-free control.

alterations of defensin-treated E. coli. Namely, E. coli that had
been killed by defensins showed the presence of striking elec-
tron-dense deposits in the periplasmic space and on the surface
of their outer membranes. The authors suggested that loss of
bacterial viability was followed by the appearance of these
morphological alterations and that posthumously bound de-
fensins might be involved in these deposits. They reported no
mesosome-like changes in defensin-treated E. coli. In our
study, more than 20% of defensin-treated S. aureus cells
showed mesosome-like structures, without a reduction in col-
ony formation. In contrast to previous observations, our find-
ings for defensin-treated S. aureus suggest that membranous
changes, such as a mesosome-like structure, may appear before
the bacteria lose their viability, and it is likely that membra-
nous changes per se are not lethal for staphylococci. Addition-
ally, our findings suggest the presence of heterogeneity of
subpopulations with respect to susceptibility to defensins, even
in a single strain. The size of this sensitive subpopulation was
not proportional to the duration of exposure to defensins. In
this study, we also demonstrated that defensin-mediated mor-
phological changes were completely inhibited by increasing the
concentration of NaCl in the incubation medium but were
relatively independent of a lowering of the incubation temper-
ature. These results differed in part from those of previous
studies which showed that the bactericidal and candidacidal
effects of defensins were markedly inhibited by an increased
NaCl concentration and a low incubation temperature (25, 26).
Lehrer et al. (16) reported that the rabbit peptide neutropep-
tide 1 bound to Candida albicans with biphasic kinetics. The
primary phase of binding was temperature independent and
occurred even at 0°C but was inhibited by an increase of the
salt concentration in the incubation medium. This primary
binding did not directly affect cell death. The authors con-
cluded that the secondary phase of binding mediated candi-
dacidal activity. This secondary phase is temperature depen-
dent. The effects of NaCl concentration and low temperature
on the primary phase were similar to our results of morpho-
logical studies. On the basis of those findings and our obser-
vations, we speculate that the first target of defensins is the
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FIG. 7. Ultrastructure of staphylococcal protoplasts. (A) Untreated protoplasts; bar = 1 um. (B) Protoplasts treated with defensins (200 pg/ml) for 20 min; bar

1 pm.



VoL. 63, 1995

cytoplasmic membrane of S. aureus and that defensins do not
exert a direct effect on the bacterial cell wall.

In view of the ability of the defensins to injure the DNA of
target cells (8), it is interesting that such inhibitors of nucleic
acid synthesis as rifampin (9), trimethoprim (20), and mitomy-
cin (20) induce mesosome-like structures in S. aureus similar to
those observed in defensin-treated bacteria.

Walton demonstrated characteristic blebs on both the inner
and outer membrane surfaces of spheroplasts exposed to cat-
ionic fractions purified from rabbit PMN (28). In our study,
however, rat defensins did not induce such structural changes
in protoplasts. In the presence of defensins, most of the pro-
toplasts were broken under our conditions, and only bursting
cells and fragments of the cells were observed. We did not
observe ultrastructural changes in the double membrane of the
defensin-treated protoplasts.

This appears to be the first report to describe the morpho-
logical changes in S. aureus produced by defensins. Our results
support previous reports that the main targets of defensins are
the cytoplasmic membranes (5, 12, 14, 17).
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