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The inhibitory activity of a truncated derivative of the natural amphibian skin peptide dermaseptin s3-(1-
16)-NH2 [DS s3 (1-16)] against Saccharomyces cerevisiae was studied. Significant growth inhibition was ob-
served after exposure to 3.45 mg of the peptide per ml at pH 6.0 and 7.0, with complete growth inhibition oc-
curring at 8.63 mg of peptide per ml for all pH values tested. Using confocal scanning laser microscopy, we have
shown that DS s3 (1-16) disrupted the yeast cell membrane resulting in the gross permeabilization of the cell
to the nuclear stain ethidium bromide. However, the principal inhibitory action of the peptide was not due to
disruption of intracellular pH homeostasis. Instead, growth inhibition by the peptide correlated with the efflux
of important cellular constituents such as ADP, ATP, RNA, and DNA into the surrounding medium. The com-
bination of DS s3 (1-16) with mild heating temperatures as low as 35°C significantly enhanced the inhibitory
effect of the peptide (8.63 mg/ml), and at 45°C greater than 99% of the population was killed in 10 min. In summary,
a derivative of a natural antimicrobial peptide has potential, either alone or in combination with mild heating,
to prevent the growth of or kill spoilage yeast.

Antimicrobial peptides are found throughout nature and have
been isolated from bacteria, insects, plants, frogs, and mam-
mals (1, 2, 5, 13, 26). Possibly the best-characterized group of
antimicrobial peptides come from amphibian skin and were re-
cently reviewed by Barra and Simmaco (2). The most common-
ly studied amphibian peptides consist of the bombinins, from
the European toad Bombina variegata (14); the magainins, from
the African clawed frog Xenopus laevis (18, 28); and the der-
maseptins, from the South American arboreal frog Phyllo-
medusa sauvagii (19).

These amphibian peptides have four common features: they
are small, linear peptides approximately 23 to 34 residues in
length; they are cationic due to a high content of lysine and
arginine residues which are positively charged at neutral pH;
they form characteristic a-helices upon association with lipid
bilayers; and they are amphipathic molecules with a hydropho-
bic face comprising nonpolar amino acid side chains and a
hydrophilic face of polar, positively charged amino acids. De-
spite these similarities, each of the amphibian peptides has
very different levels of activity against gram-negative and gram-
positive bacteria, yeasts, molds, and protozoa (2, 19, 20, 28).
Importantly, most of the naturally occurring antimicrobial pep-
tides from amphibian skin have little or no hemolytic activity
against mammalian cells at concentrations that effectively in-
hibit microbial growth (19, 20, 28).

The dermaseptins are a family of five highly related pep-
tides, s1 to s5, that share a high level of sequence similarity
with dermaseptin s1 (53 to 94% amino acid positional identi-
ty), vary in length from 28 to 34 residues, are lysine rich, and
form typical amphipathic a-helical structures (21). The derma-
septins are unique among the antibacterial peptides because,
in addition to having potent activity against bacteria, protozoa,

and yeasts, they are also very active against filamentous fungi
(19, 20). Although the five peptides have similar antimicrobial
spectra, their relative potencies against certain organisms do
vary (20), and there is dramatic antimicrobial synergy if the
dermaseptins are applied together in combination (20). Thus,
it has been suggested that the physiological significance of whole
families of related peptides on amphibian skin is to provide a
broader spectrum of activity against invading microorganisms
(22).

Generally, it is believed that cationic peptides form channels
in the cytoplasmic membrane (15). The positively charged res-
idues of the peptide interact with the negatively charged cell
membrane, and upon insertion into this hydrophobic environ-
ment the peptide forms a characteristic a-helical structure.
During this process the electrical potential across the cytoplas-
mic membrane results in the peptides undergoing a transition
into an aggregated and structured form with their hydrophobic
faces directed toward the membrane lipids and their hydro-
philic faces facing inward to form an aqueous channel or pore
(15–17). The formation of this channel leads to the loss of
membrane function and enhanced permeability such that the
capacity of the organism to maintain homeostasis is lost and
growth is inhibited or the cell dies. However, with regard to
microorganisms, there is little evidence in the literature to sup-
port this model or to explain the inhibitory mechanisms of
these peptides in terms of cellular physiology.

In the work described here we studied the effects on Sac-
charomyces cerevisiae of exposure to a COOH-terminally trun-
cated derivative of dermaseptin s3, dermaseptin s3-(1-16)-NH2
[DS s3 (1-16)] (20), in order to understand the physiological
basis of the potent antifungal activity of this compound.

MATERIALS AND METHODS

Organism. The S. cerevisiae strain used in this study was X2180-1A (MATa);
the strain was originally from the Yeast Genetic Stock Centre. The strain was
maintained on YEPD (2% [wt/vol] glucose [BDH], 2% [wt/vol] yeast extract
[BetaLab], 1% [wt/vol] Bacto Peptone [Difco]) agar plates.
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Chemicals. DS s3 (1-16) was synthesized on the basis of the amino acid
sequence of Mor et al. (20) and was purchased from Peptide and Protein
Research Consultants, Washington Singer Laboratories, University of Exeter,
Devon, United Kingdom. The sequence of the truncated derivative compared to
those of the parent dermaseptin s3 and dermaseptin s1 is shown in Table 1.

The homogeneity of the synthesized product was .95% by reverse-phase and
cation-exchange high-pressure liquid chromatography, and its molecular weight
was confirmed by laser desorption mass spectrometry. The peptide was used
from a stock solution of 172.7 mg/ml in phosphate-buffered saline (145 mM NaCl,
6.85 mM Na2HPO4, 2.25 mM Na2H2PO4). For measurement of membrane
permeability, ethidium bromide was purchased from Sigma and was used from a
working stock solution of 1 mg/ml in sterile distilled water. For determination of
the intracellular pH, the fluorescent probe used in this study was 59(69)-carboxy
fluorescein diacetate succinimidyl ester (CFDA-SE) (Lambda Fluorescence
Technologie, Graz, Austria).

Measurement of the inhibitory effect of DS s3 (1-16). A preculture of S.
cerevisiae X2180-1A was grown to the late exponential phase (optical density at
600 nm, 0.8) in YEPD broth at 30°C with shaking. These cells were then har-
vested, resuspended in fresh YEPD broth to give an optical density at 600 nm of
0.8, and used as the inoculum in subsequent experiments.

Growth in the presence of DS s3 (1-16) was measured turbidometrically with
an automated Labsystems Bioscreen (Life Sciences International, Basingstoke,
United Kingdom). A number of Bioscreen microtiter plates (100-well honey-
comb) (Life Sciences International) were prepared, and each well contained 360
ml of fresh YEPD broth at pH values of 7.0, 6.0, 5.0, 4.0, and 3.0 (adjusted with
1 M HCl and 1 M NaOH). At each of these culture pH values, wells that
contained, 0, 0.86, 1.73, 3.45, 8.63, and 17.27 mg of DS s3 (1-16) per ml were also
prepared. Following this, 40 ml of the prepared culture (described above) was
inoculated into each well on the Bioscreen plates to give a starting inoculum of
5.0 3 103 cells ml21. Growth was measured by determining the change in the
optical density (600 nm) every hour for 7 days at 30°C with continuous high-
intensity shaking. The data generated were then imported into Microsoft Excel
software (Microsoft, Seattle, Wash.), and growth curves were generated. To
study the effect of inoculum size on the efficacy of the peptide, an experiment
similar to that described above was carried out with starting inocula of 5.0 3 103,
5.0 3 102, and 5.0 3 10 cells ml21.

The effect of exposure to DS s3 (1-16) on viability was also measured. Late-
exponential-phase cells were harvested, resuspended in fresh YEPD broth at pH
values of 7.0, 6.0, 5.0, 4.0, and 3.0, and divided into 1-ml aliquots. After taking an
initial sample to determine starting cell numbers, 8.63 mg of DS s3 (1-16) per ml
was added to each aliquot and the viable count was determined every hour for
7 h. For each time point, a 100-ml sample was removed, resuspended in 2 ml of
fresh YEPD broth, serially diluted, and plated in duplicate on YEPD agar. The
plates were incubated for 48 h at 30°C before counting.

Viability was also determined after 10 min of exposure to increasing concen-
trations (0 to 103.62 mg/ml) of DS s3 (1-16) at pH 6.0 and also after exposure to
0, 3.45, and 8.63 mg of the peptide per ml at increasing incubation temperatures
(25 to 45°C). The cells were heated in a modified thermocouple block calibrator
DB-40L (Techne, Cambridge, United Kingdom) (8).

Measurement of the effect of DS s3 (1-16) on membrane permeability. Mem-
brane permeability was measured by capturing confocal scanning laser micros-
copy (CSLM) images of the uptake of the fluorescent nuclear stain ethidium
bromide, which is largely excluded by yeast cells with intact plasma membranes
(9, 10). In all experiments, late-exponential-phase cells were harvested and re-
suspended in fresh YEPD broth (pH 6.0). Following this, 10 mg of ethidium
bromide per ml was added to 200-ml aliquots of these cells, and this was followed
by the addition of different concentrations of DS s3 (1-16). The cells were
visualized with a Bio-Rad MRC 600 confocal scanning laser microscope fitted
with a 20-mW krypton argon mixed gas laser (Bio-Rad). For high-magnification
studies of the effect of DS s3 (1-16) on membrane integrity, the cells were
exposed to 12.97 mg of the peptide per ml and a population was visualized over
a period of approximately 20 min at 30°C with an objective magnification of 360
(Nikon 360 oil 1.4 numerical aperture, Plan Apo objective). Single-channel,
epifluorescent images of cells (excitation line, 488 nm) were captured on video-
tape, and the frames were subsequently enhanced with the Quantimet 570 Image
Analysis System (Leica Instruments, Milton Keynes, United Kingdom). To study
the effect of exposure to DS s3 (1-16) on overall levels of membrane disruption
in populations of cells, a lower-objective magnification of 320 (Nikon 320, 0.75
numerical aperture) was used. By capturing low-magnification, single-channel
epifluorescent images (up to 200 cells per field of view), it was possible to count
the number of fluorescent cells in the population. This method was used to

calculate the percentage of fluorescent cells in populations following (i) exposure
to increasing concentrations of DS s3 (1-16) (from 0 to 103.62 mg/ml) for 10 min
at 30°C and (ii) the percentage of fluorescent cells in a population following
exposure to 0, 3.45, and 8.63 mg of the peptide per ml for 10 min at increasing
temperatures (from 25 to 45°C). Individual cell aliquots were heated in a mod-
ified thermocouple block calibrator DB-40L (Techne) (8).

For each concentration of peptide or temperature tested, at least four random,
independent images were captured and the frequency of occurrence of fluores-
cent or permeabilized cells was calculated. Each datum point represents the
mean and standard deviation acquired from the counting of at least 300 cells.

FIG. 1. Effect of 0 (}), 0.86 ({), 1.73 (Œ), 3.45 (h), and 8.63 (E) mg of DS
s3 (1-16) per ml on the growth of S. cerevisiae X2180-1A in YEPD (inoculum
size, 5.0 3 103 cells ml21) at pH 7.0 (a), pH 6.0 (b), and pH 4.0 (c). Growth was
measured turbidometrically at 600 nm at 30°C with shaking over a period of 7
days. A representative result of at least three replicate experiments is shown.

TABLE 1. Amino acid sequences of dermaseptin peptides

Peptide Sequence Refer-
ence

DS s3 (1-16) AlaLeuTrpLysAsnMetLeuLysGlyIleuGlyLysLeuAlaGlyLys-NH2 11
DS s3 (1-30) AlaLeuTrpLysAsnMetLeuLysGlyIleuGlyLysLeuAlaGlyLysAlaAlaLeuGlyAlaValLysLysLeuValGlyAlaGluSer-NH2 11, 13
DS s1 (1-34) AlaLeuTrpLysThrMetLeuLysLysLeuGlyThrMetAlaLeuHisAlaGlyLysAlaAlaLeuGlyAlaAlaAlaAspThrIleuSerGlnGlyThrGln-NH2 10
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Measurement of the effect of DS s3 (1-16) on the pHi. S. cerevisiae X2180-1A
was grown to the late exponential phase in yeast nitrogen base with amino acids
(0.67% [wt/vol]; Difco) and glucose (2% [vol/vol] D-glucose) (Sherman Chemi-
cals) (YNBG) at 30°C with shaking. These cells were then loaded with a 75 mM

concentration of the fluorescent probe, CFDA-SE, as described previously (3, 4),
except that the cells were loaded over a period of 15 h in 25 mM citric-phosphate
buffer (25 mM citric acid, 25 mM sodium dihydrogen orthophosphate, 25 mM
potassium hydroxide). Fluorescence determinations were made on a Shimadzu

FIG. 2. Effect of 8.63 mg of DS s3 (1-16) per ml on viability over a 7-h incubation of a mid-exponential-phase culture (5.0 3 107 cells ml21) of S. cerevisiae X2180-1A
in YEPD at 30°C at pH 3.0 (‚), pH 4.0 (■), pH 5.0 (E), pH 6.0 (}), and pH 7.0 (h). A representative result of at least three replicate experiments is shown.

FIG. 3. Effect of inoculum sizes of 5.0 3 103 cells ml21 (h, ■), 5.0 3 102 cells ml21 ({, }), and 5.0 3 10 cells ml21 (E, F) on the growth of S. cerevisiae X2180-1A
in YEPD at pH 6.0 either without (open symbols) or in the presence of (solid symbols) 1.73 mg of DS s3 (1-16) per ml. Growth was measured turbidometrically at 600
nm at 30°C with shaking over a period of 7 days. A representative result of at least three replicate experiments is shown.
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RF-1501 fluorometer (Shimadzu UK, Haverhill, Suffolk, United Kingdom) with
a 1.5-ml optically clear quartz cuvette (Hellma; Fisher Scientific UK). All read-
ings followed an excitation scan between 400 and 500 nm, with emission set at
525 nm (bandwidths, 10 nm).

Calibration curves of CFDA-SE cleaved to the fluorescent form, carboxy
fluorescein succinimidyl ester (CF-SE), were made in YNBG buffered with 25
mM citric-phosphate buffer and were composed by plotting the ratio of fluores-
cence intensities (emission wavelength, 525 nm) at excitation wavelengths of 495
(pH-dependent point) and 435 nm (pH-independent point) as a function of pH
(3). Intracellular pH (pHi) was calculated from this calibration curve as described
previously (3).

To measure the effect of exposure to DS s3 (1-16) on the pHi of growing cells,
a culture loaded with CFDA-SE (10 ml with an optical density at 600 nm of
approximately 0.8) was harvested and was resuspended in 25 ml of YNBG
buffered with 25 mM citric-phosphate buffer at pH 5.0, 5.5, and 6.0 to give a
starting optical density at 600 nm of approximately 0.3. The cells were then
incubated for 30 min at 30°C to allow recovery from the stress of the probe
loading conditions. Following this, cultures were allowed to grow to an optical
density at 600 nm of approximately 0.45 before 8.63 or 17.27 mg of peptide per
ml was added. The effect on growth and pHi was measured as described previ-
ously (3, 4).

Measurement of the effect of DS s3 (1-16) on the intracellular ADP/ATP ratio.
Measurement of the effect of DS s3 (1-16) on the intracellular ADP/ATP ratio
was carried out by a method adapted from Chapman et al. (7). ATP was mea-
sured with the Celsis High Sensitivity Bioluminescence Kit (Celsis International,
Cambridge Science Park, Cambridge, United Kingdom). The cells were inocu-
lated into YNBG at pH 4.5 and 6.0 and 30°C with shaking to give a starting
optical density at 600 nm of approximately 0.4. When the cultures had grown to
an optical density at 600 nm of approximately 0.55, DS s3 (1-16) (17.27 mg/ml)
was added. Growth was followed spectrophotometrically, and ATP plus ADP
levels were measured pre- and postaddition of the peptide by using a Lumi-
noscan luminometer (Labsystems, Basingstoke, Hampshire, United Kingdom).

Measurement of DS s3 (1-16)-induced leakage of UV-absorbing compounds.
Measurement of DS s3 (1-16)-induced leakage of UV-absorbing compounds was
performed exactly as described by De Nobel et al. (11), except that measure-
ments were made in 25 mM citric-phosphate buffer at pH 4.5 and 6.0. After
incubation with 17.27 mg of DS s3 (1-16) per ml the release of UV-absorbing
compounds from the cells was determined as the A260 (Philips PU 8630 spec-
trophotometer) of the cell-free solution, and the A260 was compared to that for
an untreated control. Readings were adjusted for the presence of the peptide.

RESULTS

DS s3 (1-16) is a potent, pH-dependent inhibitor of yeast
growth. At all pH values, a concentration of 8.63 mg of the
peptide per ml completely inhibited growth over the duration
of the experiment (Fig. 1). Although growth was monitored for
only 1 week (168 h), after this time the plates were observed
visually for signs of subsequent growth, and none was observed
after 3 weeks (data not shown). Optimal inhibition of growth
induced by exposure to DS s3 (1-16) occurred at pH 7.0 (Fig.
1a). Reducing the treatment pH reduced the inhibitory effect
of the peptide. For example, at pH 7.0, exposure to 1.73 mg of
the peptide per ml delayed the onset of growth for approxi-
mately 40 h (Fig. 1a), but exposure to the equivalent concen-
tration at pH 6.0 delayed growth for only 20 h (Fig. 1b), and at
pH 4.0 growth was not inhibited by this concentration at all
(Fig. 1c). A similar effect was also observed when cells were
exposed to 3.45 mg of the peptide per ml (Fig. 1).

In correlation with the observed results for growth inhibi-
tion, the loss of viability induced upon exposure to 8.63 mg of
DS s3 (1-16) per ml was also pH dependent. Maximal log
reductions occurred at pH 6.0 (0.75 log) and pH 7.0 (2.5 logs)
(Fig. 2). No loss of viability was observed upon exposure to the
peptide at pH 3.0, 4.0, or 5.0 over a 7-h period.

The same concentration of DS s3 (1-16) has a greater in-
hibitory effect on lower inoculum sizes. A reduction of the
initial inoculum size, in the absence of peptide, from 5.0 3 103

cells ml21 (2,000 cells per well) to 5.0 3 102 cells ml21 (200
cells per well) and, finally, to 5.0 3 10 cells ml21 (20 cells per
well) resulted in small, increasing delays in the time to the
onset of growth (Fig. 3). However, in the presence of 1.73 mg
of DS s3 (1-16) per ml this effect was amplified and a lower
initial number of cells resulted in far greater inhibitory activity.

For example, an initial inoculum size of 5.0 3 103 cells ml21 in
the presence of peptide resulted in a delay to the onset of
growth of approximately 25 h. However, if the inoculum size
was reduced to 5.0 3 102 cells ml21 this delay was extended
to approximately 80 h. Finally, with an inoculum size of only
5.0 3 10 cells ml21 no growth was observed at all (after 168 h
of incubation) (Fig. 3).

Exposure to DS s3 (1-16) causes membrane disruption. Ap-
proximately 5.0 3 107 cells ml21 were exposed to 12.97 mg of
DS s3 (1-16) per ml in YEPD broth (pH 6.0) and the cells were
visualized by CSLM. A time course of fluorescent images il-
lustrating the effect of the peptide on the integrity of the
membrane of a single cell, visualized by the influx of ethidium
bromide, is shown in Fig. 4.

The image at time zero shows a high background fluores-
cence from ethidium bromide in the culture medium. How-
ever, it is clear that the intact yeast cell excluded ethidium
bromide from the cytosol because there is no detectable in-
tracellular fluorescence. In these experiments, untreated cells
were completely impermeable to ethidium bromide for up to

FIG. 4. Results of a time course experiment illustrating the effect of exposure
to 12.97 mg of DS s3 (1-16) per ml on the permeability of the membrane of an
individual cell of S. cerevisiae X2180-1A in YEPD (pH 6.0) by CSLM. Peptide-
induced membrane disruption was visualized by influx of the fluorescent nuclear
stain ethidium bromide (10 mg/ml) over a time course of 13 s. The captured
images are representative of a typical result.
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30 min (data not shown). After 5 s of incubation with DS s3
(1-16), a small influx of ethidium bromide, and thus fluores-
cence, appeared to originate from a single puncture site at the
cell surface and subsequently spread rapidly into the cell cy-
tosol. At 6 and 8 s of incubation, the spread of intracellular
fluorescence across the cytoplasm accelerated rapidly, until,
after 13 s, the entire cell was completely fluorescent (Fig. 4).
This rapid, peptide-induced increase in the permeability of
cells to ethidium bromide from one apparent site at the cell
surface was typical for the majority of cells in the population.
However, a small fraction of cells always remained imperme-
able even after 10 to 20 min of incubation in the presence of
the peptide.

A more detailed study of the relationship between perme-
ability and viability after exposure to increasing concentrations
of DS s3 (1-16) is shown in Fig. 5. Exposure to increasing
concentrations of the peptide resulted in coincident increases
in the fraction of the cell population that became permeable to
ethidium bromide. The observed increase in permeability cor-
related with the loss of viability (Fig. 5).

Inhibition of growth by DS s3 (1-16) does not correlate with
gross changes in pHi. The observation that exposure to DS s3
(1-16) results in disruption of the cell membrane led us to
investigate the possibility that, as a consequence of this, the
inhibitory action of the peptide could be due to disruption of
pHi homeostasis.

FIG. 5. Effect of a 10-min exposure to increasing concentrations of DS s3 (1-16) (0 to 103.62 mg/ml) on the membrane permeability (■) and viability (h) of a
mid-exponential-phase culture of S. cerevisiae X2180-1A in YEPD at pH 6.0. Peptide-induced permeability to ethidium bromide (10 mg/ml) was measured from
captured fluorescent images (obtained by CSLM) and was expressed as the percentage of fluorescent cells in the population. Each datum point represents the mean
and standard deviation acquired from the counting of at least 300 randomly captured cells.
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Cells growing at an external pH of 5.0 maintained their pHi
at about 5.8 over the duration of the experiment (Fig. 6).
Compared to the untreated culture, the addition of 8.63 mg of
peptide per ml resulted in a significant reduction in the growth
rate but little change in pHi, which remained constant at ap-
proximately 5.8. The addition of 17.27 mg of the peptide per ml
resulted in a complete cessation of growth and little observable
reduction in the pHi. We also measured the effect of exposure
to DS s3 (1-16) at culture pH values of 5.5 and 6.0 and ob-
served significant growth inhibition but little change in the pHi
(data not shown). The experiments described above confirm
that the membrane-disrupting effect of the peptide does not
lead to gross changes in pHi that could account for the inhib-
itory action of the peptide (Fig. 6).

Inhibition of growth by DS s3 (1-16) correlates with the loss
of cellular constituents to the external environment. If the
inhibitory action of DS s3 (1-16) does not appear to be due to
disruption of pHi homeostasis, then there must be an alterna-
tive explanation. To test whether the membrane-disrupting ef-
fect that occurs upon exposure to the peptide resulted in the loss
of cellular materials to the medium, we measured the change
in extracellular ATP/ADP ratio and the loss of UV-absorbing
compounds.

Exposure to 17.27 mg of the peptide per ml at pH 4.5 only
resulted in the significant loss of ADP to the external medium
after 170 min of exposure compared to the amount lost for the
untreated control (Fig. 7a). However, as expected from previ-
ous results showing greater potency of the peptide at pH values
near neutrality, exposure to the peptide at pH 6.0 resulted in
the leakage of enormous amounts of both ATP and ADP into
the culture medium compared to the amounts for the untreat-
ed culture (Fig. 7b).

Supporting the data presented above, exposure to 17.27 mg
of DS s3 (1-16) per ml resulted in immediate leakage of
UV-absorbing materials from the cells (Fig. 8) which corre-
lated with the inhibition of growth (data not shown). Great-
er leakage was induced upon exposure to the peptide at pH
6.0 than at pH 4.5, confirming the observations described
above.

The membrane-permeabilizing effect of DS s3 (1-16) results
in the loss of the peptide from the medium. Earlier in the study

we demonstrated that exposure to DS s3 (1-16) resulted in sig-
nificant membrane disruption. To gain understanding of how
this occurs, we exposed cells to 34.54 mg of DS s3 (1-16) per ml
at pH 6.0 and measured the number of fluorescent or perme-
abilized cells in the population every 5 min for 25 min (Fig. 9).
After 25 min of exposure to the peptide, approximately 90% of
the cell population had become permeable to ethidium bro-
mide and were fluorescent. Following this, the cells were har-
vested, the pellet was discarded, and the supernatant was re-
tained. A pellet of identical, untreated cells was then exposed
to this retained supernatant that had previously contained
34.54 mg of DS s3 (1-16) per ml. Upon reexposure, the super-
natant was able to permeabilize only a maximum of 25% of the
population (Fig. 9). This result is consistent with the fact that
the majority of the peptide is removed from the medium by the
cells during the initial treatment, such that during subsequent
reexposure to fresh cells, a lower concentration of peptide is
present.

The inhibitory effect of DS s3 (1-16) is enhanced at higher
temperatures. Raising the incubation temperature from 25 to
40°C resulted in little significant change in the levels of cell mem-
brane permeability. However, raising the exposure temperature
to 45°C resulted in a significant increase in the number of
fluorescent, permeabilized cells in the population (approxi-
mately 30%) (Fig. 10a). Incubation at all of these temperatures
had no effect on cell viability (Fig. 10b). As would be expected,
incubation at 25°C in the presence of both 3.45 and 8.63 mg of
DS s3 (1-16) per ml resulted in an increase in the fraction of
permeabilized cells to approximately 30% (Fig. 10a) and a
small, coincident loss of viability (Fig. 10b). However, when the
incubation temperature was raised to 35°C and above, the frac-
tion of permeabilized cells in the population rose to between
80 and 100% after exposure to both concentrations of the pep-
tide (Fig. 10a). In correlation with this, there was a coincident
loss of viability, such that after exposure to 3.45 and 8.63 mg
of the peptide per ml at 40°C, approximately 90 and 99% of
the population was killed, respectively (Fig. 10b). Similar
results were observed at the higher incubation temperature
of 45°C.

FIG. 6. Effect of exposure to DS s3 (1-16) on the pHi of S. cerevisiae X2180-1A. The effect of 0 (■, h), 8.63 (}, {) and 17.27 (Œ, ‚) mg of DS s3 (1-16) per ml
on the pHi (solid symbols) of cells growing in YNBG at pH 5.0 (open symbols) was determined. The arrow and dotted line indicate when the peptide was added to
the cultures. Growth was measured turbidometrically at 600 nm, and the pHi was measured by determining the intracellular pH-dependent fluorescence of CF-SE.
Representative results of at least two independent experiments are shown.
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DISCUSSION

In the work described in this report we have characterized
the potent inhibitory activity of a truncated derivative of the
natural amphibian skin peptide DS s3 (1-16) against S. cerevi-
siae. The efficacy of the peptide was found to be pH dependent,
with optimal activity at pH values around neutrality. It has
been hypothesized that positively charged, cationic peptides,

such as dermaseptin, are attracted to the negatively charged
surfaces of cell membranes (15). The negative charges on mi-
crobial cell membranes arise from the carboxyl groups of
amino acids, free fatty acids, and sugar acids and the phosphate
groups of phospholipids. These groups generally have pKa
values of about 4.0 and become protonated below these pH
values (12). Thus, lowering the pH of the yeast suspension
would result in protonation or neutralization of negative

FIG. 7. Comparison of the levels of extracellular ATP or ADP effluxed from growing cultures of S. cerevisiae X2180-1A at pH 4.5 (a) and pH 6.0 (b) before
(preaddition) and after (35 and 170 min postaddition) exposure to 17.27 mg of DS s3 (1-16) per ml. Extracellular ATP (z) or ADP (h) levels during growth in the
presence of 17.27 mg of DS s3 (1-16) per ml were compared to the levels of extracellular ATP (■) or ADP (s) without the presence of the peptide. Representative
results of at least two independent experiments are shown.
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charges at the surface of the membrane and would thus reduce
the interaction of the cationic peptide with the membrane
phospholipid complex, possibly explaining the decreased po-
tency of DS s3 (1-16) at low pH. This hypothesis is supported
by the observations of Murata et al. (23), who have shown that
fusion of egg phosphatidylcholine unilamellar vesicles induced
by anionic peptides occurs optimally at acidic pH values (below
6.0) and that fusion by a cationic, lysine-rich peptide occurs at
alkaline pH values.

Using fluorescence microscopy we have clearly shown that
DS s3 (1-16) acts to disrupt the yeast cell membrane, result-
ing in the gross permeabilization of the cell to the nuclear
stain ethidium bromide. Study of the captured fluorescence
images revealed that each cell appeared to become perme-
abilized from one initial point at the cell surface. A possible
explanation for this apparent localized collapse of membrane
integrity could include the more rapid transfer of the peptide
through the cell wall to the plasma membrane at a weak point,
for example, at a bud scar. Alternatively, perhaps a threshold
concentration of peptide must be partitioned within the plas-
ma membrane at any one site such that aggregation occurs to
form a single pore which results in immediate membrane dis-
ruption.

Upon exposure to the peptide, the majority of cells (.90%)
were rapidly permeabilized, with permeabilization occurring
within approximately 5 min. After this initial stage the fre-
quency of permeabilization slowed until, after approximately
30 min, no more cells became fluorescent and a small popula-
tion of intact cells remained. These kinetics could occur be-
cause there is a subpopulation of cells that are resistant to the
inhibitory action of the peptide, or because the peptide parti-
tions into the plasma membrane, the population of cells could
act as a sink, removing all the peptide from the surrounding
medium. Thus, assuming that a certain concentration of pep-
tide is required to result in the permeabilization of an individ-
ual cell, the consequence of the peptide being removed could
be that some cells remain apparently unaffected because in-
sufficient peptide is present to completely permeabilize their
membranes. We believe the latter explanation is more likely
because subsequent exposure of these apparently resistant

cells to additional peptide also results in their permeabilization
(data not shown).

Supporting the hypothesis presented above, exposure of a
population of cells to 34.54 mg of the peptide per ml resulted
in permeabilization of approximately 90% of the population
after 25 min. Removal of these cells by centrifugation and
reexposure of identical fresh cells to the same supernatant that
had previously contained peptide resulted in permeabilization
of only approximately 20% of the population after 25 min (Fig.
9). Thus, the most likely explanation for the reduced level of
membrane disruption induced by the second exposure is the
fact that the majority of the peptide had been removed from
solution by the plasma membranes of the initial population. It
is possible that the peptide could also have been removed from
the medium by nonspecific binding to the cell wall or by pro-
teinase activity. The latter explanation is unlikely because
few yeasts have the ability to hydrolyze extracellular pro-
teins (25). Further evidence supporting removal of the pep-
tide from the medium by the cell membrane comes from
studies on the effect of inoculum size on the inhibitory ac-
tion of the peptide. A lower initial number of cells resulted
in the same concentration of peptide having far greater in-
hibitory activity in terms of growth inhibition. Similar to pre-
vious results, perhaps this is due to a set number of cells re-
quiring a minimum concentration of peptide to ensure that
the entire population is permeabilized and thus incapable of
subsequent growth.

Despite inducing gross membrane permeabilization, it is
clear that the principal inhibitory action of the peptide cannot
be disruption of pHi homeostasis. Exposure of the cells to
inhibitory concentrations of peptide at an external pH of 5.0,
at which we would expect that membrane disruption would
induce protons to flow into the cell down the pH gradient,
resulted in little decrease in pHi. A possible explanation for
this could be the induction of a protective response, such as
activation of the proton-pumping H1-ATPase, that compen-
sates for the decrease in pHi that has been shown to occur
when yeast cells are exposed to stress factors that reduce the
pHi (24, 27). However, because the peptide has optimal inhib-
itory activity at external pH values similar to the pHi of the cell,

FIG. 8. Effect of exposure to 17.27 mg of DS s3 (1-16) per ml on the efflux of UV-absorbing compounds from S. cerevisiae X2180-1A. The arrow and dotted line
indicate when the peptide was added to the cultures. Efflux of UV-absorbing compounds was measured from cells resuspended in 25 mM citric-phosphate buffer at
pH 4.5 (Œ, ‚) and pH 6.0 (■, h). Efflux was determined in the presence of the peptide (open symbols) or without peptide (solid symbols) by measuring the optical
density at 260 nm (adjusted for the presence of the peptide) and was expressed as the A260 of the cell-free solution. A representative result is shown.
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we would predict that any membrane disruption induced by
exposure to DS s3 (1-16) would not lead to movement of
protons into the cell and thus a decrease in the pHi. Therefore,
we can conclude that the inhibitory action of DS s3 (1-16) is
not due to disruption of pHi homeostasis per se.

Significantly, the growth inhibition induced upon exposure
to the peptide did correlate with the efflux of critical cellu-
lar constituents such as ADP, ATP, and UV-absorbing com-
pounds, for example, RNA and DNA, into the surrounding

medium. This supports the previous observations of Abee et
al. (1), who proposed that the principal inhibitory action of
the cationic peptide nisin against Listeria monocytogenes was a
combination of effects due to membrane disruption, such as
depolarization and inhibition of the respiratory chain, and the
loss of critical cellular components such as ATP and intracel-
lular K1 ions to the external environment. The combination
of DS s3 (1-16) with mild heating temperatures as low as
35°C significantly enhanced the inhibitory effect of the pep-

FIG. 9. Effect of exposure to 34.54 mg of DS s3 (1-16) per ml on the membrane permeability of mid-exponential-phase cells of S. cerevisiae X2180-1A in YEPD
at pH 6.0 (■). After 25 min of exposure, the treated cells were removed by centrifugation and the supernatant was retained and subsequently used to challenge a fresh,
identical population of cells for a further 25 min (h). Peptide-induced permeability of the cell to ethidium bromide (10 mg/ml) was measured from captured fluorescent
images (obtained by CSLM) and was expressed as the percentage of fluorescent cells in the population. Each datum point represents the mean and standard deviation
acquired from the counting of at least 300 randomly captured cells.
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tide. Indeed, heating of the cells to 45°C in the presence of
8.63 mg of the peptide per ml resulted in the death of greater
than 99% of the population in 10 min (Fig. 9b). Sublethal
heating is known to increase the permeability and fluidity of
the yeast cell membrane (6, 9). Perhaps the combination of
the membrane-active peptide with the membrane-perturb-
ing effects of heating results in a greater loss of membrane
function and intracellular constituents to the external envi-
ronment. Future studies will attempt to elucidate the basis

of this inhibitory synergy in more detail. Furthermore, the
precise role that the composition of the plasma membrane
plays in determining the efficacy of DS s3 (1-16), for exam-
ple, lipid chain length and saturation and sterol content, is
being investigated.

In summary, we have identified a derivative of a natural
antimicrobial peptide that has considerable potential, either
alone or in combination with mild heating, to prevent the
growth of or kill spoilage yeast.

FIG. 10. Effect of increasing temperature (25 to 45°C) on the membrane permeability (solid symbols) (a) and viability (open symbols) (b) of mid-exponential-phase
cells of S. cerevisiae X2180-1A (YEPD, pH 6.0) exposed to 0 (■, h), 3.45 (Œ, ‚) and 8.63 (E, F) mg of DS s3 (1-16) per ml for 10 min. Membrane permeability was
measured by fluorescence microscopy as described in the text, and each datum point represents the mean and standard deviation acquired from the counting of at least
300 randomly captured cells.
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