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Abstract

Lysenin, a hemolytic protein derived from the body fluid of earthworm, was incorporated into artificial bilayer membranes. Upon
insertion, it formed a voltage-dependent large conductance channel in asolectin bilayers in a sphingomyelin-dependent manner. The
channel had low ion-selectivity. Single-channel conductance was calculated as approximately 550 pS in 100 mM KCI. The channel in
asolectin bilayers closed when the membrane was held at a positive potential. In contrast, the channel showed no voltage dependency
in membranes made of pure phosphatidylcholine and sphingomyelin, suggesting some lipid contents included in the asolectin membranes

affected channel gating.
© 2006 Elsevier Inc. All rights reserved.
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The body fluid of earthworms is known to contain var-
ious proteins that exhibit anti-bacterial, hemolytic, cyto-
toxic, and hemagglutinating activities [1-4]. Lysenin is a
member of proteins derived from coelomic fluid of the
earthworm FEisenia fetida, having 297 amino acids. It is
known to specifically recognize sphingomyelin (SM) and
induces cell lysis. Accordingly, it has been used as a probe
for lipid rafts that are defined as sphingolipids and choles-
terol rich clusters in the membrane [5-9]. Electron-micro-
scopic studies and flux measurements from liposomes
have shown that lysenin forms an oligomer in the mem-
brane which has a large pore in the center of the complex
[6]. This oligomer formation induces an increase in the
membrane permeability and lysis of cells, although the
detailed mechanism underlying lysenin-induced cell lysis
has never been clarified.

Lysenin-induced increase in membrane permeability has
been studied by measuring the lysis rate of living cells or by
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flux measurement with liposomes. To date, few electro-
physiological studies examined the lysenin channel [10]. It
is expected that detailed electrophysiological investigations
on lysenin channels may unravel the mechanism of its
physiological activities. For such a study, it is preferable
to use the planar bilayer method because it is easy to con-
trol the lipid composition of the membrane. In this report,
using this method, we measured the basic properties of the
lysenin channel.

Materials and methods

Materials. Lysenin and asolectin were purchased from Sigma—Aldrich,
diphytanoylphosphatidylcholine (DPhPC) and sphingomyelin (SM) from
Avanti Plar Lipids, Inc. (Alabaster, USA), and n-decane from Wako Pure
Chemical Industries (Osaka, Japan). All other chemicals were commercial
products of an analytical grade.

Current recordings. Unless otherwise noted, electrophysiological
recordings were performed with the planar bilayer current recording sys-
tem in which a horizontal artificial bilayer membrane was formed across a
small aperture in a plastic sheet [11,12]. The bilayer was made by painting
a lipid solution in n-decane over the aperture. Formation of lipid bilayers
were facilitated by applying membrane voltages (£75 mV) and checked
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with a bright field microscope. To form a bilayer at the tip of a glass
pipette (tip diameter 5-30 um), the pipette was plunged into a recording
solution through a lipid layer which was made by applying a lipid solution
on the aqueous solution. Lysenin was added to the bottom side of the
bilayer membrane. The membrane voltage was defined as the voltage of
the upper side of the membrane with respect to the bottom side which was
held at virtual ground. Current fluctuations were recorded with a patch-
clamp amplifier (CEZ-2400, Nihon Kohden), filtered, at 2 kHz and ana-
lyzed with pClamp9.02 (Axon Instruments).

Results

We found that lysenin molecules form voltage-depen-
dent ion-channels in artificial lipid bilayer membranes.
Current across a membrane began to increase stepwise just
after the addition of lysenins to the solution, reaching a
steady state value within several minutes. Fig. 1A is a cur-
rent record taken after the current reached a steady plateau
in the presence of 1.5 nM lysenin at the bottom of the arti-
ficial bilayer. These current records show that there were
many channels incorporated into the bilayer. As shown lat-
er, the single-channel conductance was determined to be
approximately 550 pS by single-channel recordings. Hence
there were about 180 channels in this bilayer. In Fig. 1A,
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current traces recorded after the membrane potential
jumped from —90 mV to the indicated values. As shown
in this figure, multiple-channel current decreased slowly
when the membrane was held at positive high voltages
while no such decrease was seen at negative membrane
potentials. Remaining current amplitudes were determined
30 s after the voltage-jump and plotted against membrane
voltage in Fig. 1B.

Fig. 1C shows the closing process of the channel after
changes in membrane voltage. In this figure, multi-chan-
nel currents shown in figure A were fitted with the sum
of two exponential functions where the time constants,
71 and 1, (1) <7,), are plotted against the membrane
voltage. Being able to fit with two exponential functions
means either at least two types of channels were formed
by lysenin molecules or that there was a single-lysenin
channel type with minimum two open states. As shown
in the figure, the time constants decreased with discrete
increases in membrane. The shorter time constant, 7y,
had a more pronounced dependency on the membrane
voltage meaning the channel gating or speed of channel
inactivation was dependent on the membrane voltage as
well as the remaining current.

+20
0
20
-40 14
o)
-60 12 F o)
10 )
3 gk
Bov 2 o o©
134 6 N O O
o)
4 + o
—~60mV 2t ® o
0 : s ® o0 e
20 40 60 80
V(mV)

Fig. 1. Multi-channel recording of lysenin. (A) Lysenin (1.5 nM) was added to the bottom solution and the current across the membrane was recorded. As
lysenin channels inserted into the membrane, the membrane conductance was increased and reached the stable current level within several minutes. Traces
shown in this figure were recorded after saturation of current (more than 10 min after addition of lysenin). The membrane voltage was held at —90 mV for
2 min and then jumped to the indicated voltages. The recording solution was symmetrical across the membrane containing 100 mM KCl and 10 mM
Hepes, pH 7.4. (B) Remaining current amplitudes determined at 30 s after voltage-jump are plotted against the membrane voltages. (C) Traces as shown in
(A) were fitted by the sum of two exponential functions with the time constants, t; and 7, (1, < 1,), are plotted against membrane voltage.
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For further investigation, single-channel currents were
recorded. As shown in Fig. 2A, insertion of each lysenin
channel, or formation of channel in the artificial mem-
brane, could be detected by a stepwise increase in current
across the membrane when the lysenin concentration in
the recording solution was low. Each step in Fig. 2A is
the same in amplitude, showing that every lysenin oligomer
had the same unitary conductance.

In Fig. 2B, 7.5 pM lysenin was added to the bottom
solution allowing for current fluctuations across a mem-
brane to be recorded upon detection of a single-step cur-
rent increase. Current traces in this figure were taken in
voltage-jump experiments from —90 mV to the indicated
voltages. As expected from multi-channel experiments, at
positive voltages, the channel closed faster as voltage
increased while the channel remained open at negative volt-
ages. Single-channel current amplitudes are plotted against
membrane voltage in Fig. 2C. We analyzed current records
in which only single step increases were observed at the
beginning of the recording. From the slope of the line in
Fig. 2C, the single-channel conductance of the lysenin
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channel, y, was determined to be 552 pS. The mean value
of y was 548 4+ 21 pS (rn = 10). We found that making the
solution asymmetric with respect to the membrane by add-
ing concentrated KClI solution to one side does not shift the
zero-current potential, showing the channel has no signifi-
cant selectivity between potassium and chloride ions. Fur-
thermore, the I~V curve in Fig. 2C is not changed by
perfusing the bottom solution with the same concentration
of NaCl solution, which indicates that there was no selec-
tivity difference between potassium and sodium ions.

All the experiments described above were done with arti-
ficial bilayer membranes made of asolectin. We have found
that the lysenin channel showed no voltage dependence
when it was incorporated into DPhPC bilayer made
of diphytanoylphosphatidylcholine and sphingomyelin.
Fig. 3 shows single-channel records taken from the mem-
brane into which a single-lysenin channel was incorporat-
ed. As shown in this figure, the channel was kept open
during the recordings independent of membrane voltages.
The single-channel conductance and ion-selectivity of the
channel showed no significant difference from those

OmV

80 V(mv)

Fig. 2. Single-channel recording of lysenin channel. The recording solution was composed of 100 mM KCIl and 10 mM Hepes, pH 7.4. The artificial
bilayer was formed from lipid solution containing 20 mg/ml asolectin and 5 mg/ml SM in n-decane. (A) Within several minutes after the addition of
7.5 pM lysenin to the bottom of the solution, current across the membrane began to increase stepwise. The membrane voltage was held at —50 mV. (B)
Single-channel current traces recorded at indicated voltages. Current records were taken after voltage-jumps from —90 mV to the indicated voltages at the
arrowheads. To remove capacitive current of the membrane, current recorded before the addition of lysenin was subtracted from each trace. (C) I-V
relationship of a single-lysenin channel. Open channel current amplitudes shown in (B) are plotted against the membrane voltage. The single-channel

conductance is determined to be 552 pS from the slope of the line.
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Fig. 3. Single-channel recording of lysenin channel in a DPhPC bilayer.
The membrane was formed at the tip of a glass pipette from lipid solution
containing DPhPC and SM (DPhPC:SM = 1:1). The recording solution
was symmetrical across the membrane and consisted of 100 mM NaCl and
10 mM Mops (pH7.4). Lysenin (5 pM) was added to the bath solution.
Each trace was recorded several minutes after the membrane was held at
the indicated voltage.

determined with asolectin bilayer. Therefore, the lipid
composition only affects the gating of the channel.

Discussion

Lysenin increases membrane permeability and, as its
name indicates, induces lysis of cells. Although there has
been ample speculation about the protein’s affect on pores
and channels in membranes, very little regarding the elec-
trophysiological properties of the lysenin channel has actu-
ally been observed [10]. In this study, we investigated the
properties of the channel using artificial planar bilayer
membranes and found that lysenin incorporates into the
membrane and forms a voltage dependent channel.

Kobayashi and co-workers recently used lysenin as a
marker for lipid rafts composed of sphingolipid and choles-
terol rich clusters in the membrane because lysenin is
known to specifically recognize sphingomyelin-rich
domains of membranes [5-9]. It had been expected that
pore formation by lysenin is dependent on sphingomyelin
content in the membrane and that lysenin does not form
a channel in the absence of sphingomyelin. As expected,
lysenin did not increase membrane permeability when the
membrane was made only of DPhPC. In contrast, when
the membrane was formed from a sphingomyelin-rich lipid
solution, we observed stepwise increases in the membrane
conductance within a minute after the addition of nM lyse-
nin to the solution.

Multi-channel recordings as shown in Fig. 1 show the
lysenin-induced conductance gradually decreased when
the membrane is held at high positive voltages. There are
two possibilities for this decay in conductance. One possi-
bility is that lysenin oligomers deoligomerized or become
unstable at positive potentials. The other possibility is that
the intrinsic gate of the channel closes at positive mem-
brane potentials. The robust nature of lysenin oligomers

[6] and the results in our single-channel experiments, in
which the channel closed once at high positive potentials
but then instantaneously opened at negative potentials,
suggest that the latter is more likely. Further detailed sin-
gle-channel investigations are required to elucidate the
mechanism of voltage-dependent gating.

As shown in Fig. 2, the lysenin channel is a low ion-se-
lective channel that has a single-channel conductance of
550 pSin 0.1 M KCIl. As described above, the I-V relation-
ship showed that the channel has no difference in ion-selec-
tivity among potassium, sodium, and chloride ions. The
electron-microscopic study [6] shows that the oligomer
formed by lysenin monomers has a pore of approximately
3 nm in diameter, which is about the same size as that of
o-hemolysin channel, another channel with a large conduc-
tance pore.

Lysenin channels formed in a DPhPC (DPhPC:SM = 4:1)
bilayer did not show voltage-dependent gating while chan-
nels formed in an asolectin bilayer (asolectin:SM = 4:1)
did. Asolectin is a mixture of various types of lipids suggest-
ing that one or a combination of these lipids affected the
channel gatings. Recently, Yamaji-Hasegawa et al. reported
that cholesterol in membranes changed the oligomerization
of lysenins and the release of calcein from liposomes [6].
Therefore, cholesterol is a likely candidate for modulating
the lysenin channel. As far as we investigated, change in
SM content (10-50%) in the artificial bilayer showed no
effect on the voltage dependency of the channel.

The results in this study suggest that some of the lipid
components of the bilayer change the channel activity. Bru-
hn et al. have recently proposed that lysenin has SM-inde-
pendent activities to kill bacteria as well as SM-dependent
activities [10]. Further investigation of the effect of lipid
content on channel activities should elucidate the physio-
logical function of lysenin.
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