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The hypothesis was tested that the magainin peptides, known to compromise bacterial and mitochondrial encrgetics, are highly active against

spermatozoa. A mixture of magainin A and PGLa (1:1) caused a 50% reduction in metility of hamstet spermatozoa at 4 gg/ml total peptide

concentration, All motility was lost at 8 gg/ml. At this concentration, respiratory control was released and respiration in the presence of uncoupler

was inhibited. Uptake of the lipophilic cation tetraphenyl phosphonium was largely abolished by addition of magainin A and PGLa at this

conceniration, indicative of a decrease in the mitochondrial membranc potential. Magainin A and PGLa showed synergism with respect to release
of respiratory control,

Magainin: Spermicidal: Sperm motility; Spermatid: Energetics; Peptide-based defense

1. INTRODUCTION

Magainins are cationic peptides with antibacterial ac-
tivity, synthesized by granular glands in the skin of
Xenopus laevis [1,2). The 23-residue peptides magainin
1 and magainin 2, which differ only in 2 positions, were
found by Zasloff in a search for broad-spectrum anti-
biotic substances in Xenopus skin [3]. The peptides are
identical to the previously described [4] peptides PGS
(magainin 2) and PGS Gly-10;Lys-22 (magainin 1). Ma-
gainin | and 2 were found to arise from a common
precursor [3,5]. The 21-residue peptide PGLa [6] from
X. laevis skin is here considered a magainin on the basis
of its structure and bactericidal activity [7].

Magainins are able to adopt an amphiphilic a-helix
structure in 2 hydrophobic environment [8-10]. Such a
structure is believed to be common in membrane-active
peptides [11,12]. A positive correlation was found be-
tween a-helix content and antimicrobial activity in a
series of magainin analogues [13].

The probable mechanism of action of magainins is
interference with membrane-linked free-energy trans-
duction [14-16], by making the energy conserving
membrane permeable to certain ions [17-19]. Presuma-
bly, this involves a multimer of magainins, since there
is positive cooperativity ir: the concentration depend-
ence of the effects of magainin 2 amide [14,16], and
synergism between magainin 2 amide and PGLa [20,21].
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Physical disruption of the membrane is apparently not
part of the mechanism at the relevant concentrations,
since the effects on respiration and membrane potential
are reversible in Escherichia coli and mitochondria,
probably due to proteolysis of the peptides [14,16].

An interesting feature of the magainins is that they
are not generally toxic to eukaryotic cells, e.g. erythro-
cytes are not lysed [3,13] and peripheral blood lympho-
cytes remain viable [22] at concentrations toxic to sensi-
tive cells. This makes the magainins and their analogues
candidates for use as selective antibiotics against bacte-
ria [3,13,23], fungi [13], trypanosomes [24], or malaria
parasites [25]. Also. certain tumor cclls may be specifi-
cally killed by magainin analogues [22]. Whether speci-
ficity is accomplished by differences in membrane com-
position, -charge or -potential. or proteolytic defense of
the target cells remains to be elucidated. Interaction
with specific receptor proteins seems unlikely, since all-
D-magainin analogues are fully active [26,27].

Our hypothesis that magainins are toxic through in-
terference with membrane-linked free-energy transduc-
tion [14-16], predicts that eukaryotic cells that depend
strongly on the latter, should be highly sensitive to the
peptides. In the spermatid stage of spermatogenesis in
rats and hamsters, when glycolysis is not capable of
producing all the required ATP [28,29], lactate oxida-
tion is the primary source of free energy, thus making
mitochondrial metabolism of great importance [30], and
these cells a suitable test system for our hypothesis, In
contrast with spermatids, spermatozoa make use of gly-
colysis to make much of the ATP they need, but lactate
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oxidation may we!' be =0 important source of free en-
ergy in several species, including the rat [30].

Here we report that magainins do compromise mito-
chondrial free-energy transduction in hamster testicular
spermatids and epididymal spermatozoa.

2. EXPERIMENTAL
2.1

. Peptides

PGLla (H,N-Gly-Met-Ala-Ser-Lys-Ala-Gly-Ala-lle-Ala-Gly-Lys-
He-Ala-Lys-Val-Ala-Leu-Lys-Ala-Leu-CONH,;) was a synthetic pep-
tide [6.7], identical to the natural compound. It was a gift from Drs
M. Zasloff and G. Bialey. Magainin A was a gift from Dr H.-C. Chen,
and synthesized as described [13]. The sequence (H;N-Ala-Tle-Gly-
Lys -Phe-Leu-His-Ala-Ala-Lys-Lys- Phe- Ala-Lys-Ala-Phe-Val- Ala-
Glu-lle-Met-Asn-Ser-CONH,) differs from magainin 2 at position |
(Gly to S-Ala). 8 (Ser to Ala). 13 and 18 ( Gly to Ala). and 23
(Magainin A is carboxy-amidated). Magainin A has an increased
a-helix propensity [13]. and is relatively insensitive to proteolysis [16].

2.2. Solutions

The standard incubation buffer, designated PBS-L, consisted of
1.47 mM KH,PO,. 6.47 mM Na,HPQ,, 2.68 mM KCI. 137 mM NaCl,
12 mM DL-lactate (sodium salt, Sigma). and 1 mg/ml bovine serum
albumin fraction V (A-4503, Sigma). The yH was 7.0. Magainins were
stored at —20°C as stock solutions of 20 mg/ml in water. Working
solutions of 1 mg/ml and 0.1 mg/ml in water were kept on icc. 2.4~
dinitrophenol (Eastman-Kodak) was kept as a 200 mM stock solution
in dimethyl sulphoxide at room temperature. Fresh working solutions
were made by dilution in water to 10 mM. and kept at room tempera-
ture. FCCP (carbonyl cyanide 4-trifluoromethoxyphenylhydrazone)
from Sigma was stored as a 10 mM stock solution in ethanol at —20°C.
Fresh working solutions (0.20 mM in ethanol) were kept at room
temperature. All other chemicals were of the highest purity available.

2.3. Respiration measurements

Respiration was measured by monitoring oxygen depletion in a
closed. stirred 180-u1 vessel equipped with a Clark-type oxygen elec-
trode. Temperature was maintained at 32°C. The incubation buffer
was PBS-L. Solubility of oxygen was taken as 0.217 mM O, [31].
Oxygen depletion in the absence of cells (/) (typically 0.1-0.3 nmol/
min. depending on the actual oxygen concentration. and the permea-
bility of the electrode’s membrane) was subtracted from all values
Relative respiratory rate was defined as respiration in the presence ol
peptide (J,) divided by the coupled respiration (Jy). To correct for
electron-transfer-inhibiting activity of the magainins, the relative res-
piratory rate was normalized to the maximal rate of FCCP-uncoupled
respiration in the absence (Jy) and the presence (Jy;) of magainin. The
corrected relative respiratory rate was calculated as: (Jp/dy) X (Ja/
Jur). A series of magainin concentrations was measured three times.
and for each series a new Jy, was measured. J,, was recorded for 5 min.
then magainin was added. and J,, recorded for 2-3 min (i.e. until a
linear part of 1 min duration was recorded). Subsequently. FCCP was
added to record Jyp. The value of the relative respiratory ratc after
addition of uncoupler measured for whole cells will be lower than the
actual respiratory control (state 3 respiration divided by state 4
respiration) of the mitochondria, due to cellular ATP consumption,
c.g. for motility.

2.4, Apparent trans-membrane electric potential

The apparent membrane potential of spermatozoa in PBS-L was
cvaluated by following the uptake of TPP* (tetraphenyl phosphonium
ion) by added cells, in a stirred 2-ml vessel equipped with a TPP*-
selective electrode [32) tomeasure the extracellular concentration. The
signal was rccorded as electrode response (E) in mV, which was linear
to the logarithm of the extra-cellular concentration of the probe. The
clectrode response was calibrated for each single run by repeated
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doubling of the TPP* concentration. Temperature was maintained at
30°C. The apparent membrane potential was estimated from the elec-
trode potential relative to the poteatial in the presence of uncoupler.
The extracellular concentration of probe after complete de-energiza-
tion did not reach the level before addition of the cells. This may be
attributed to dilution, and binding of the probe to membranes and
proteins. Cells previously de-cnergized by excess of magainins did take
up or bind some TPP*. This binding or uptake was not reversed by
subsequent addition of excess 2.4-dinitrophenol, and was similar to
that after pretreatment of the cells for 90 min at 60°C. In the absence
of cells, addition of magainins did not influence the electrede response
(i.e. TPP* binding to magainins, or an electrode artifact, did not
occur). It should be noted that the membrane potential measured here
is apparent only, because (i) the cells harbour more than a single
compartment and (ii) energization dependent TPP* binding was not
corrected for.

2.5. Isolation of cells

2.5.1. Isolation of spermatozoa.

Golden hamsters (Mesocricetus auratus) of 10-16 weeks were
anacsthetised with diethyl ether. and killed by cervical dislocation. The
caudal epididymides were removed. and cut through secral times.
Spermatozoa were allowed to flow out from the tubule segments into
5-10 ml PBS-L for about 15 min. Epididymal tissue was removed by
filtration through two layers of 60-gm nylon net. Penicillin (100 U/ml)
and streptomycin (100 gg/ml) were added. The cells were stored in a
15-ml polyethylene disposable tube, with the lid on. All procedures.
including storage. were at room temperature. Typical yield was 2.5-5
x [0® spermatozoa per hamster.

2.5.2. Isolation of spermatids.

Spermatids were isolated from decapsulated. collagenase- and
trypsin treated testes from Golden hamsters by sedimentation at unit
gravity through an albumin stabilised column (STA-PUT) essentially
as described [28]. Yield was around 2 x 107 round spermatids and 2
x 107 elongating spermatids per hamster.

2.6. Motility n:easurenients

A tenfold dilution of the sperm suspension as described above (3.9
x 107 cells/ml) was prepared every hour. Of tais dilution. 10 4l were
further diluted into 90 1 buffer containing the indicated concentration
of magainin. After 5 min at room temperature, motility was evaluated
in a Zciss microscope with dark field optics. using a 10x objective. Of
each incubation. a 20-u1 sample was applied diagonally to a slide. and
covered with a coverslip of 24 x 32 mm, The slide was scanned twice.
at 1/4 and 3/4 of the width of the coverslip. Any trace of motility of
individual cells was scored as positive. The counts of motile cells and
immotile cells were summed to give one value for motility percentage,
based upon 100-300 cells. Two or thiee slides were counted from each
incubation, and incubations were performed at least in duplicate, The
incubations were performed in random order.

3. RESULTS

3.1. Motility

Spermatozoa became immotile within 5 min of incu-
bation with a combination of magainin A and PGLa:
half-maximal inhibition of motility occurred at 3-4 ug/
ml total peptide, whereas at 8 ug/ml all spermatozoa
were immotile (Fig. 1). _

The amount of magainin needed to abolish motility
of spermatozoa was relatively independent of the sperm
concentration during incubation (not shown).
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3.2. Respiratory control

Incubation with magainins enhanced the respiratory
rate (Fig. 2), suggestive of uncoupling of respiration
from oxidative phosphorylation. At the same concen-
trations of magainins that caused increase of respira-
tion, the uptake of oxygen in the presence of excess
uncoupler (Fig. 2) decreased, indicative of inhibition of
electron transfer through the respiratory chain and con-
firming that magainins cause uncoupling rather than
stimulation of respiration.

There was a sigmoidal relation between magainin
concentration and increase in respiration (Fig. 2), sug-
gesting positive cooperativity between magainin mono-
mers (or magainin A-PGLa oligomers), as also ob-
served for mitochondria [14] and cytochrome oxidase
liposomes [16].

Release of respiratory control and inhibition of un-
coupler-stimulated respiration, both half-maximal
around 4 g/ml magainin, correlated with loss of mo-
tility of the spermatozoa (Fig. 1).

It is evident from Table I that there was synergism
between the action of magainin A and PGLa with re-
spect to the increase of respiration. Half the amount of
magainin A that by itself caused little increase of
respiration, caused a much larger increase of respiration
when added together with a nearly non-perturbing
amount of PGLa. No significant synergism was ob-
served with respect to the inhibition by magainin A of
electron transport in the presence of uncoupler.

Another feature of the action of a mixture of magai-
nin on spermatozoa, was a lag-period of 1-2 min after
administration of the magainins (not shown).

A combination of magainin A + PGLa at 5.5 ug/ml
also caused release of respiratory control in round and
elongating spermatids (Table II), and a mixture of ger-
minal cells (not shown).

Table I

Synergistic action of magainins on respiration of hamster epididymal
spermatozoa

Addition

Mag. A PGLa FCCP Inhibition-corrected
(ug/ml) (ug/ml) (M) Relative respiration® relative respiration®

- - ] 11.3+£04
3.5 3.75 - 3.6%0.1 78208
3.75 375 1 5.5+04
7.5 - - 1.3+0.1 2.5+03
7.5 - 1 6.2+0.3
- 7.5 - 1.1£0.1 1.2+0.1
- 7.5 1 10.7£0.3
- 15 - 1.0+0.0 11200
. 15 - 9.1£0.5

Results arc the mean and SEM of two experiments, cach performed

in triplicate. The number of cells per incubation was 3.9 x 10% and 3.4

x 10° respectively.

“All values are expressed relative to the respiration without additions
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Fig. 1. Magainins co.: promise motility of hamster epididymal sper-

matozoa. Motility was scored as the percentage of cells that showed

any motility after 5 min incubation at room temperature with equal

amounts of magainin A + PGLa at the indicated total concentration.

Values are given as mean = SEM. Number of determinations was
between 4 and 10

3.3. Mitwchondrial membrane potential

We made use of the membrane permeant cation, te-
traphenyl phosphonium, in conjunction with an ion-
selective electrode, to monitor changes in trans-mem-
brane electric potential. From Fig. 3 it follows that 2.5
ug/ml of a combination of magainin A + PGLa was
capable of releasing about half of the actively accumu-
lated TPP*. If the TPP* release were solely due to a
decrease in mitochondrial membrane potential, we
would estimate that decrease to amount to approx-
imately 40 mV. At 5 ug/ml of magainin A + PGLa the
potential difference was further decreased by about 20
mV. Further addition of magainins to a final concentra-
tion of 15 ug/ml virtually abolished the membrane
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Fig. 2. Stimulation and inhibition of respiration of hamster epididymal
spermatozoa by maga:nins. Spermatozoa were allowed to respire for
5 min in an oxygraph vessel with lactate as a substrate. A 1:1 mixture
of magainin A and PGLa was added, and the highest value of subse-
quent respiration measured. After 2-3 min, 1 4M uncoupler (FCCP)
was added, and the highest value of subscquent respiration measured.
All values are expressed relative to the respiration without additions.
Open circles: relative respiratory rate before addition of FCCP. Filled
circles: relative respiratory rate after addition of FCCP. Triangles:
relative respiratory rate corrected for inhibition of electron transfer.
Error bars represent standard crror of the mean (n=3)
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Fig. 3. Effect of magainins on apparent trans-membrane electric po-
tential of hamster spermatozoa. Trans-membrane potential was moni-
tored as the cellular ability to accumulate the membrane-permeable
cation, tetraphenyl phosphonium (TPP*). Downward deflection of the
trace reflects a decrease in TPP* concentration in the extracellular
space. Upward deflection is indicative of loss of actively accumulated
TPP*. Additions were: I, from 2 to 4 uM TFP*; 2. approx. 5 x 10°
hamster cpididymal spermatozoa in 0.2 ml: 3, 1.25 wg/ml magainin A
+ 1.25 pg/ml PGLa: 4. 5 yug/ml magainin A + 5 ug/ml PGLa: S. 0.1
mM 2.4-dinitrophenol

potential, as judged from the absence of further release
of TPP” when excess uncoupler was added.

4. DISCUSSION

Magainins have been shown to interfere with free-
energy transduction in several systems: Escherichia coli
[15,16,21], liposomes energized with cytochrome oxi-
dase [16,21], and isolated rat liver mitochondria [14,15].
Interference takes place at the level of reduction of the
proton-motive force. Judging from the release of respi-
ratory control [15], dissipation of the proton-motive
force (possibly by ion-channel formation [17-19]) is a
major factor. although inhibition of respiration also
occurs [14,15,21], Here we show that magainins also
affect free-energy transduction in testicular spermatids
and epididymal spermatozoa (cf. [33]). at a concentra-
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tion not different from concentrations toxic for other
described target cells [3,7,13,19,23,33]. In spermatozoa,
the release of respiratory control and loss of membrane
potential seem to occur at the same concentration of
magainins, at which the latter cause loss of motility.
Hence, it is in line with the hypothesis that magainins
interfere with free-energy transduction, to suppose that
motility is lost through depletion of ATP from the fla-
gellar dynein ATPase. However, it cannot be ruled out
that other mechanisms underlie the loss of motility.

The experiments presented here are a first indication
that the mechanism of action of inagainins on one-
compartment systems like bacteria. liposomes, or isola-
ted mitochondria, is aiso relevant for certain eukaryotic
cells. Our experiments demonstrate that mitochondrial
free-energy metabolism is affected also in eukaryotic
cells. Of course, we cannot exclude that the magainins
have an additional effect on the plasma membrane (cf.
[22D). .

Although the effects on germ cells shown here should
be taken into account in any future development of
magainins ‘as antibiotics, the possibility to introduce
subtle modifications of their physicochemical properties
makes the magainins a promising point of departure for
the design of peptides with selective toxicity for proka-
ryotic or eukaryotic target cells,
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Table I

Effect of magainins on respiration of hamster testicular spermatids

Cells Addition
Inhibition-corrected
Mug. A/PGLa Uncoupler Relative respiration® relative respiration®
Round - + 5.1£0.7
spermatids + - 1.7£0.2 24+0.1
+ + 4.3+0.5
Elongating - + 4.5%0.3
spermatids + - 1.8+0.3 26%1.0
+ + 2.8+0.6

Results are the mean and SEM of two experiments. In the first experiment, 4.7 x 10° round spermatids. and 4.9 x clongating spermatids were
incubated. Dinitrophenol was used as an uncoupler, In the sccond cxperiment. 2.8 x 10° round spermatids. and 2.2 x 10® clongating spermatids
were incubated. FCCP was used as an uncoupler, The concentration of uncoupler was used that gave optimal respiration rate; 0.28 mM
dinitrophenol or 1 uM FCCP. Maguinin A and PGLa concentrations are 2.75 yg/m! cach.

*Al values are expressed relative to the respiration without additions
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