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Abstract

The phospholipid transmembrane distribution and movement in the plasma membrane of rainbow trout spermatozoa was
determined with spin-labelled phospholipid analogues. After initial incorporation in the outer membrane leaflet, only the
aminophospholipids, phosphatidylserine (PS) and phosphatidylethanolamine (PE) redistributed towards the inner leaflet. At
equilibrium, more than 90% PS and approximately 80-85% PE were located in the cytoplasmic leaflet. The inward motion was
significantly faster for PS (¢, ,, = 5 min) than for PE (¢, , = 60 min). Both the velocity and the extent of this redistribution were
dependent on the cellular ATP level, arguing for the involvement of the aminophospholipid translocase. Comparison of the
electron paramagnetic resonance spectra recorded from analogues located in either one of the leaflet showed an important
difference of microviscosity between the cytoplasmic and the extracellular bilayer leaflets. Assuming that the analogue
distribution reflects the asymmetry of the endogenous phospholipids, the higher probe mobility in the inner leaflet could be
correlated to a higher degree of unsaturation of the fatty acids present in this hemi-leaflet.
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1. Introduction face does not require any interaction with extrinsic
proteins but is the result of an equilibrium between a
fast inward movement and a slow, passive outward
diffusion [5-7]. PS is translocated faster to and is
present in larger amount in the cytoplasmic monolayer
than PE because the translocase exhibits approximately
a 10-times higher affinity for this lipid [8). Moreover,
the degree of accumulation of PS and PE on the inner
face depends on the cellular ATP concentration [5,9].

One exception to this general scheme are myoblasts
which are going to fuse into a myotube [10]. In this
case, the phospholipid distribution is almost symmetri-
cal, and the outer leaflet contains an appreciable
amount of PS and PE. This disposition was supposed
to be adapted to cell fusion as the aminophospholipids
are recognized to be fusogenic. One can thus wonder
which is the transverse phospholipid composition of a
spermatozoa plasma membrane as, during the fertiliza-

All the reported studies on the disposition of phos-
pholipids between the two halves of eukaryotic plasma
membranes show, with a few exceptions, that the
choline phospholipids sphingomyelin (SM) and phos-
phatidylcholine (PC) are the main components of the
external leaflet while the aminophospholipids,
phosphatidylserine (PS) and phosphatidylethanolamine
(PE) are principally found in the cytoplasmic leaflet
{1,2]. This transmembrane asymmetry results from the
activity of the aminophospholipid translocase which
transports PS and PE molecules from the outer to the
inner leaflet at the expense of cytoplasmic ATP hydrol-
ysis [3-5). Their accumulation at the cytoplasmic sur-

* Corresponding author. Fax: +33 1 40518317. E-mail: zachow-
ski@ibpc.fr.

! Present address: Institut fiir Fortpflanzung landwirtschaftlicher
Nutztiere Schénow €.V., 16321 Schénow, Germany.

0005-2736,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved

SSDI 0005-2736(94)00044-P

tion process, this cell will fuse with the oocyte. Re-
ported data on the topology of ram [11] and guinea pig
[12] spermatozoa plasma membrane showed that the
aminophospholipids do not exhibit a highly asymmetric
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transverse distribution. On the contrary, goat sperm
plasma membrane exhibits a pronounced PE asymme-
try [13]. Here, we have studied the transverse move-
ment and distribution of phospholipid analogues in the
rainbow trout spermatozoa. Trout spermatozoa arc
devoid of acrosome and fertilization occurs solely by
fusion of oocyte and spermatozoa membranes at the
micropylar site. The spin-labelled analogues utilized in
this study have proved to be reliable reporters of their
endogenous counterparts in many cell membranes, as
they mimic both the diffusion rates and the steady-state
asymmetry of the long-chain diacyl molecules [14-16].
We describe the existence of an aminophospholipid
translocase in the trout spermatozoa membrane, and
the asymmetric distribution of the phospholipids across
the bilayer. The transport rate and asymmetry of PS
strictly depend on the cellular ATP content. On the
other hand, the diffusion of the choline lipids between
the monolayers is insignificant. This polar headgroup
asymmetry is accompanied by a difference in the fatty
acyl chain composition of each leaflet which creates a
drastic gradient of fluidity through the bilayer.

2. Materials and methods

Spermatozoa. Fresh semen was obtained by aspira-
tion from fishes anaesthezied by phenoxy-2-ethanol
[17]. The cell suspension was kept under an oxygenated
atmosphere at 4°C until use.

Phospholipid class determination. Plasma membranes
were purified as previously described [18]. Lipid extrac-
tion was carried out following Folch et al. [19] with
some modifications. To one vol. of membrane suspen-
sion were added 4 vol. of CHCl,/CH,OH (2:1, v/v)
supplemented with 0.02% (w/w) butyl hydroxytoluene
(BHT). After vigorous agitation, the mixture was cen-
trifuged for 10 min at 1000 X g. The bottom phase was
then dried under a nitrogen stream and dissolved in
CHCI, + BHT. The phospholipid fraction was isolated
from the other lipid fractions by chromatography on a
Sep-Pak silica cartridge (Waters Chrom. Div., Milli-
pore) according to Juaneda and Rocquelin [20]. Differ-
ent phospholipid classes were separated by high per-
formance liquid chromatography on a Zorbax silica
column (250 X 4.6 mm, 5 um granulometry; Société
Francaise de Chromatographie) by varying the mobile
phase from hexane /isopropanol (3:2, v/v) to the same
mixture containing 5.5% vol. of water (Labbé, to be
published). Purity of each phospholipid fraction was
checked by thin-layer chromatography. After trans-
methylation, samples were submitted for gaseous phase
chromatography on a silica capillary column (50 m
long, 0.25 mm internal diameter, CP WAX 52 CB
Chrompack). Methylated esters were identified by
comparison with standards.

Spin labelling and EPR determination of the trans-
membrane distribution of spin-labelled lipids. Spermato-
zoa were washed twice (15 min, 500 X g, 4°C) in a
phosphate-buffered saline solution (90 mM NaCl, 29
mM KCI, 1.1 mM MgSO,, 10 mM Na-succinate, 10
mM Na,HPO,, 20 mM Tris-HCI (pH 8)). Immediately
before incubation, the cell suspension was supple-
mented with 5 mM diisopropylfluorophosphate to min-
imize spin-labelled phospholipid hydrolysis [15]. 1-Pal-
mitoyl-2-(4-doxylpentanoyl)phosphatidylcholine (PC*),
-phosphatidylserine (PS*), -phosphatidylethanolamine
(PE*) and N-(4-doxylpentanoyl)-trans-sphingenyl-1-
phosphocholine (SM*) were synthesised as described
[21]. An aliquot of the desired analogue in chloroform
solution, corresponding to 1% of the endogenous
membrane phospholipids in the final incubation, was
dried under vacuum and resuspended by vigorous vor-
texing with buffer. Cell sample and label suspension
were prewarmed at 20°C and the translocation assay
was initiated by mixing 1 vol. of phospholipid suspen-
sion to 2 vol. of cell suspension at 10" cells/ml.
Determination of the lipid transmembrane distribution
was performed by the back exchange technique [21].
Briefly 120 wl aliquots were taken from the labelled
cell suspension at given times, mixed with 30 w! of 4%
fatty acid-free BSA and incubated on ice for 1 min.
After centrifugation (30 s, 7600 X g in an Eppendorf
tube), the supernatant was taken and analysed by elec-
tron spin resonance (EPR) spectroscopy after addition
of 10 mM potassium hexaferricyanide to reoxidize ail
of the label. Comparison of the signal associated to the
pellets of aliquots treated at time zero with and with-
out BSA demonstrated that more than 97% of the
analogue were recovered in the BSA-containing super-
natant. Data were fitted with exponential equations
using the KaleidaGraph data analysis and graphics
application (Abelbeck Software).

Cyanide treatment. A Kinetic study of PC* and PS*
movements in the membrane was carried out as above.
After 45 min of incubation, an aliquot of each sample
was taken out and supplied with 15 mM KCN in order
to poison the mitochondrion and lower the cellular
ATP content. The relocation of both probes was fol-
lowed both on the treated and the untreated samples.
In paraliel, an unlabelled cell suspension was treated
by KCN for 30 min prior to addition of phospholipid
analogues and the determination of the transmem-
brane movement in such ATP-depleted cells.

Recording of the membrane spectra. The spin-labelled
lipids were introduced into the spermatozoa mem-
branes as for the kinetics assay. After a 30 min incuba-
tion at 20°C, cells were pelleted by centrifugation and
mixed with potassium hexaferricyanide (final concen-
tration 10 mM). All EPR measurements were per-
formed with a Varian E-109 spectrometer equipped
with a temperature control device.
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Miscellaneous. Cell lysis was estimated by assaying
the lactate dehydrogenase (LDH) activity present in
the supernatant of a centrifuged cell sample. In all the
reported experiments, lysis was less than 3%. Statistical
comparisons were done using a t-test (paired observa-
tion, a = 0.05). Cell ATP content was determined by
the luciferin-luciferase assay (LKB 1243-200 ATP
monitoring reagent kit).

3. Results

3.1. Transmembrane movement of spin-labelled phospho-
lipids

After incorporation in the outer leaflet, the be-
haviour of the spin-labelled analogues differed clearly
according to the nature of the polar headgroup (Fig. 1).
The cholinephospholipids PC* and SM* remained in
the outer monolayer, no significant redistribution into
the inner one being measurable over the incubation
time. On the other hand, the aminophospholipids
quickly left the exofacial layer and accumulated in the
cytoplasmic one. This redistribution was rapid for PS*
and required several hours for PE*. When studied over
at least six independent experiments, less than 5% of
either PC* or SM* was moved through the bilayer,
while 91.2 +2.9% of PS* and 843 + 1.8% of PE*
were at equilibrium in the inner monolayer. In order to
assess the involvement of the aminophospholipid
translocase activity in the differential behaviour, relo-
calization kinetics were repeated in cells with different
amounts of cytoplasmic ATP. The source of ATP syn-
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Fig. 1. Transmembrane relocation of spin-labelled phospholipid ana-
logues initially inserted in the outer leaflet. At given times, aliquots
of cell suspension were sampled out and the fraction of analogue
present in the outer leaflet was assayed by back-exchange on bovine
serum albumin (see Materials and methods). Data presented here
represent a typical experiment. PC* (o), PS* (O), PE* (©) and
SM* (a). Curves were fitted by Kaleidagraph (Abelbeck Software)
programme.
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Fig. 2. Lineweaver-Burk representation of the initial rate of PS*
reorientation to the membrane inner leaflet as a function of the
cytoplasmic ATP content. Rates were determined from curves simi-
lar to those shown in Fig. 1 obtained with cells of varied cytoplasmic
ATP concentrations after storage in oxygen-free conditions for vary-
ing length of time.

thesis being the unique spermatozoa mitochondrion,
ATP concentration could be manipulated by incubat-
ing the cells for different length of time in oxygen-free
conditions. Lowering the nucleotide content induced a
slower redistribution of PS* towards the cytoplasmic
leaflet (Fig. 2). The apparent K, for ATP appeared to
be 3.58 + 0.78 mM. Similarly, the steady-state distribu-
tion of PS* was very sensitive to the cytoplasmic ATP,
as when ATP dropped below 0.4 mM the asymmetric
PS* distribution was less pronounced (Fig. 3). To verify
that a drop in cytoplasmic ATP will affect the distribu-
tion of analogues previously equilibrated in the bilayer,
cells were treated by 15 mM KCN which reduced the
cytoplasmic ATP level to 20.1 +2.9% of its original
value. This induced a redistribution of some PS* in
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Fig. 3. Steady-state distribution of PS* analogue in spermatozoa
plasma membrane according to cytoplasmic ATP concentrations.
The nucleotide content is given after one hour of incubation, i.e.,
once the equilibrium was reached under any condition.
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Fig. 4. PC* (0) and PS* (&) analogues were added to sperm cells
and allowed to equilibrate within the bilayer. After a 45 min incuba-
tion, part of the cells were treated by KCN and the reorientation of
PC* () and PS* (e) was followed with time. In parallel, a cell
suspension has been treated by KCN prior to monitor the transmem-
brane movement of PC* (O) and PS* (8).

favour of the outer membrane leaflet and a movement
of PC* toward the inner monolayer (Fig. 4). The new
PS* distribution was identical to the one obtained with
cells which were first poisoned prior to studying the
analogue transbilayer movement.

3.2. Acyl chain composition of membrane halves

The phospholipid composition of the plasma mem-
brane was determined with isolated membranes. When
assayed over seven different preparations, the plasma
membrane contained 3.4 + 0.8% phosphatidylinositol
(PD, 1.5+ 1.1% SM, 31.8+1.6% PE, 9.8 + 0.7% PS,

49.5 + 3.1% PC and minor compounds (lysoderivatives
for instance). Considering that the asymmetry deter-
mined with the spin-labelled analogues applies to the
endogenous molecules, the composition of the outer
leaflet, expressed in mole fraction of the total phospho-
lipids, would be 0.48 PC, 0.01 SM, 0.05 PE and 0.01
PS. The inner leaflet would contain the remaining
population (0.02 PC, 0.10 PS, 0.28 PE). From these
numbers, one can hypothezise that PI should be lo-
cated in the cytoplasmic leaflet, in order to obtain
almost equally populated membrane leaflets.

For each phospholipid class, the fatty acyl chain
content was determined; the distribution of saturated,
mono-unsaturated and poly-unsaturated chains for the
lipids under study is shown in Table 1. Knowing the
phospholipid composition of the two monolayers allows
for the deduction of their fatty acyl chain composition
(Table 2). The outer leaflet contains more saturated
chains and less poly-unsaturated ones than its inner
counterpart.

3.3. Membrane microviscosity

We compared the EPR spectra recorded with spin-
labelled PC*, a marker of the outer layer, to the
spectra originating from spin-labelled PS*, which was
at more than 90% in the inner leaflet (Fig. 5). Spectra
were normalized to a same probe concentration; under
this condition, a spin-labelled molecule with a greater
mobility gives rise to a spectrum with higher and nar-
rower lines. Reported spectra show that, at a given
temperature, the PC* probe possessed a much lower
mobility than the PS* one, showing a more rigid outer
plasma membrane leaflet. Comparison of spectra
recorded at various temperature indicates that, to ex-

Table 1

Fatty acid class distribution among the main phospholipids of the trout spermatozoa plasma membrane

Phospholipid SFA MUFA PUFA UFA /SFA Ul

class (%) (%) (%)

PC 44.6 + 0.5 254 +0.1 30.0+ 0.5 1.24 + 0.02 1712+ 1.6
PE 26.5+0.8 224+ 0.6 51.1+0.2 277+ 0.11 2654+ 2.5
PS 194415 36.7+ 3.0 439+ 1.5 4154+ 040 2556+ 5.6
P1 41.5+04 21.6 + 3.0 369+ 3.5 1.41 + 0.02 190.3 + 14.3

SFA: saturated fatty acids; MUFA: mono-unsaturated fatty acids; PUFA: poly-unsaturated fatty acids; UFA: unsaturated fatty acids. The
unsaturation index (UI) was calculated as the sum of the proportion of each unsaturated fatty acid multiplied by its double bond number.

Reported values are the average of 4 different determinations, each with a mixture of spermatozoa taken from 5 trouts.

Table 2
Fatty acid chain composition of the plasma membrane hemi-leaflets

SFA MUFA PUFA UFA/SFA Ul
External leaflet 42.5 253 322 1.35 181.3
Internal leaflet 26.7 25.8 47.5 2.75 253.8

Values were calculated from the distribution of each phospholipid class within the membrane as determined with spin-labelled analogues (see
Results section) and from the fatty acid content of each species (see Table 1). Data are expressed in% of class in the hemi-leaflet. For

abbreviations, see Table 1.
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Fig. 5. EPR spectra recorded with spin-labelled phospholipid ana-
logues present in the outer (PC*) or the inner (PS*) leaflet of
spermatozoa plasma membrane at different temperature. Spectra
were recorded on a Varian E109 spectrometer. Scan width 100 G;
amplitude modulation 1 G; microwave power 10 mW.

hibit a viscosity similar to the inner leaflet one, the
outer leaflet has to be over-heated by approx. 10C°
(compare the PC* spectra recorded at 13°C and 25°C
to the PS* spectra recorded at 4°C and 13°C, respec-
tively).

4. Discussion

Like many plasma membranes, that of trout sperma-
tozoa is asymmetric regarding its phospholipid compo-
sition. The choline lipid PC* (SM being only a very
minor class) is found almost totally in the exofacial
leaflet. This distribution is similar to the one found in
mammalian spermatozoa [11-13]. The two aminophos-
pholipids, PS* and PE*, are located primarily in the
cytoplasmic leaflet. This result is close to the situation
encountered in goat sperm cells [13] but is clearly
different to the asymmetry described in ram and guinea
pig cells [11,12] in which these phospholipids are al-
most symmetrically distributed in the bilayer. The au-
thors proposed that this latter distribution should cor-
respond to the specific function of the spermatozoa
plasma membrane connected with the capacitation and
the fusion through the acrosome reaction. However
trout spermatozoa are immobile in the sperm duct, as
the motility is initiated by dilution of external K* when
cells are released in water. The distribution described
here corresponds to an unstimulated cell, which is
deprived from acrosome, and thus whose capacitation
will occur by a different mechanism. In order to as-
sume an equilibrium in mass of these two leaflets, one
has to consider that PI is also asymmetrically dis-
tributed in favour of the inner layer. This distribution
corresponds to the one found in the human erythrocyte
membrane [22,23].

The PS* and PE* asymmetry is due to the activity
of the aminophospholipid translocase present in the
membrane. Indeed, the rate of inward relocation of
PS* is dependent on the cytoplasmic ATP concentra-

tion. The apparent affinity for the nucleotide is some-
what higher than in the human erythrocyte [3], but
remains in the same range (3 mM compared to 1 mM).
As in red cells [5,9], the steady-state distribution of PS*
is also dependent on the cytoplasmic ATP: a low ATP
content only supported a low asymmetrical distribution
of the phospholipid. In addition, a drop in cytoplasmic
ATP is followed by a reduction of the phospholipid
asymmetry, as could be seen in cells which have been
poisoned. This can be explained by the fact that the
transversal equilibrium disposition of the lipids results
from a kinetics balance between an inward active
movement and an outward passive one [6,7]. Not only
did lowering the cytoplasmic ATP slow the rate of
inward movement of PS*, but it also permitted a
passive inward movement of PC* which explains the
less asymmetrical distribution obtained in these condi-
tions. We were not able to study the movement of all
the phospholipids in cells totally depleted of ATP as
under these conditions the spin-labelled analogues were
hydrolyzed at a high rate, probably due to the fact that
they resemble shortened, peroxydized molecules which
are to be treated by a de-acylase system, certainly
present in these cells [24]. This system would have to
be more active as cells lost their ATP. The sensitivity
of the spin-probes to cellular phospholipase A ,-like
enzymes is not peculiar to the spermatozoa [25].

As in the human erythrocyte, the acyl-chain compo-
sition depends on the polar headgroup [26]. The choline
phospholipids contain more saturated chains than the
aminophospholipids, the reverse being true for the
polyunsaturated chains. As a consequence, the outer
and the inner leaflets differ in their degree of unsatu-
ration, the cytoplasmic one being the leaflet with the
more unsaturations. One can thus expect that the
spectra recorded with spin-labelled phospholipids em-
bedded in one or the other membrane halves would
reflect a different rotational mobility. Indeed, the PS*
probe gave rise to a narrower EPR spectrum than the
PC* probe at a given temperature. This is the sign of a
higher fluidity of the cytoplasmic leaflet when com-
pared to the exofacial one. Such a result has been
described in human erythrocyte membrane [25]. In this
plasma membrane [16], as well as in fibroblasts [27], it
appeared that the phospholipids could diffuse more
easily in the plane of the inner monolayer than in the
plane of the outer one. We thus presume that it will be
also the case in the spermatozoa plasma membrane.

An external monolayer containing cholinephospho-
lipids [1,2] and relatively rigid [28] is not favourable to
cell fusion. It would rather require the outward ap-
pearance of PS and PE, which are fusogenic and which
would decrease the leaflet rigidity. However, emission
of the spermatozoa in water induces a drop in cytoplas-
mic ATP [29] and an uptake of calcium ions [30]. Such
an increase in cytoplasmic calcium should favour a



26 K. Miiller et al. / Biochimica et Biophysica Acta 1192 (1994) 21-26

bilayer scrambling during which PS and PE would be
relocalized in the outer leaflet, as it happens in
erythrocytes [31,32] and platelets [33]. Moreover, ATP
depletion and high calcium in the cytoplasm will inhibit
the aminophospholipid translocase and prevent it from
returning the aminophospholipids into the cytoplasmic
leaflet [6,34].
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