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Abstract. Lipid bilayers of diphytanoyl lecithin (DPhL) in 
which a cyanobacterial toxin, microcystin-LR (MC-LR) 
was incorporated, were found to be a convenient model of 
natural mechanosensitive membranes. The effects of pres- 
sure difference, leading to lateral membrane tension, on 
artificial membranes formed on the tips of glass mi- 
cropipettes were investigated using patch-clamp method- 
ology. Emplacement of MC-LR from the bathing solu- 
tion was enhanced by transmembrane voltage and/or 
pressure difference. MC-LR pores could be recorded over 
a wide voltage range, their opening probability being first 
increased and then reduced at high membrane potential. 
The pores exhibited several open pore conductance levels, 
the higher conductance states being more probable at 
greater lateral tensions. Ion gradient experiments estab- 
lished that the MC-LR pores are cation selective, but 
discriminate only weakly between K and Na. These re- 
sults suggest that a lipid liquid crystal matrix containing 
monomers of multimeric pore-forming molecules could 
be used as a mechanical sensor and molecular switch. 
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1 Introduction 

Mechanosensitivity or mechanotransduction is a proper- 
ty of importance to both animals and plants. The discov- 
ery that membranes respond to mechanical tension by an 
increase in ion permeability was made by Katz (1950) and 
suggestions that ion channels might be involved were 
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initially made by Edwards et al. (1981) and Corey and 
Hudspeth (1983). Stress-activated (SA) membrane chan- 
nels were first discovered in 1984 (Brehm et al. 1984; 
Guharay and Sachs 1984) and their presence in more 
than 30 membrane types has been subsequently es- 
tablished (Sachs 1988; Morris 1990). Recently, Morris 
and Sigurdson (1989) have discovered stress-inacti- 
vated (SI) ion channels coexisting with SA ion chan- 
nels. 

In order to explain the high stretch sensitivity of SA 
channels, Guharay and Sachs (1984) and Sachs (1986, 
1988) proposed that the submembranous cytoskeleton 
plays an active role in membrane mechanosensitivity. The 
cytoskeleton meshwork is thought to collect stress from 
large areas of the membrane and to concentrate it in the 
channels that are "anchored" in the bilayer. If the state of 
the meshwork is under metabolic control this mechanism 
raises the possibility of physiological regulation of stress 
sensitivity (Sachs 1986). To obtain a better insight into 
membrane mechanosensitivity a reductionistic approach 
involving model membranes might be useful. Also, such 
model membranes could serve as interesting prototypes 
of molecular devices capable of mechanotransduction. 

Higher lateral tension can induce ion-conductive 
pores in pure lipid bilayers, but the appearance of these 
pores is usually a precursor of irreversible membrane rup- 
ture (for review see e.g. Petrov et al. 1980). Permeability 
changes of black lipid membranes (BLM), modified with 
dibarenyl mercury, accompaning periodical expansion 
have been reported by Passechnik and Sokolov (1973). 
Artificial membranes containing reconstituted ion chan- 
nels, particularly if they are stress-sensitive in vivo could, 
in principle, provide excellent working models. However, 
purified SA channels are not yet available, so this ap- 
proach remains hypothetical. Other channel-formers, 
such as low molecular weight peptides provide an inter- 
esting alternative to protein channels and this is the ap- 
proach adopted in this paper. The absence of cytoskele- 
ton proteins in artificial lipid/peptide membranes simpli- 
fies interpretation of stress-activated phenomena in this 
type of membrane system. 
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Fig. 1 A, g. Two types of aggregation of defect-forming molecules 
(peptides) in lipid bilayer membranes determined according to shape 
asymmetry and biphilie asymmetry: A channel; an aggregate of 
cylindric molecules featuring transverse biphilic asymmetry (hy- 
drophilic portions hatched in surface view illustrated below). Molec- 
ular length should roughly match the bilayer thickness. B pore; an 
aggregate of wedge-shaped molecules featuring longitudinal biphilic 
asymmetry. Molecular length should roughly match half of a bilayer 
thickness 

Microcystin is a generic term for at least 10 cyclic 
peptide toxins produced by cyanobacteria (blue-green 
algae). These toxins have contributed to a world-wide 
incidence of animal poisonings, and to human health 
problems, associated with toxic cyanobacterial blooms 
(Carmichael 1989; Codd et al. 1989a). The toxins con- 
sist of 7 amino acids, two of which are variable, with 
the hydrophobic fl-amino acid residue of 3-amino-9- 
methoxy-2,6,8-trimethyl- 10-phenyldeca-4,6-dienoic acid 
(Adda) invariably being present. Microcystin-LR (MC- 
LR), the toxin used in the present study is one such 
toxin (Botes et al. 1985; Krishnamurthy et al. 1989). If 
ingested by mammals, or administered intraperitoneally, 
MC-LR causes extensive liver damage (loss of lobular 
and sinusoidal architecture with hepatocyte necrosis 
and massive pooling of blood in the liver) with death 
due to haemodynamic shock and heart failure (see 
Carmichael 1989; Codd et al. 1989a). Cellular damage 
by MC-LR includes deformation of cell shape with bleb- 
formation, particularly in hepatocytes, with loss in res- 
piratory capacity, enzyme leakage and cytoskeletal mi- 
crofilament reorganisation (Falconer and Runnegar 
1987; Eriksson et al. 1988, 1989; Codd et al. 1989b). A 
significant increase in both cation and anion efflux at 

Fig. 2. Comparison of space-filling models of the bilayer-forming 
lipid, diphytanoyl lecithin (DPhL, left) and the pore forming pep- 
tide, mycrocystin-LR (MC-LR, right). Phytanoyl chains of DPhL 
are shown in a disordered, 'fluid' conformation. MC-LR conforma- 
tion is according to the amino acid sequence of Botes et al. (1985) 
and Krishnamurthy et al. (1989). Note that the lengths of the hydro- 
phobic portions of both molecules almost match. The hydrophilic 
part of MC-LR is much bulkier than that of DPhL; therefore, the 
wedge shape of MC-LR could lead to a pore type of aggregation in 
a bilayer (Fig. 1 B) 

toxin concentrations as low as 1 nM has been found 
(Eriksson et al. 1987). 

Quite surprisingly, we have found the MC-LR in- 
duces tension-sensitive ion channels in model lecithin 
membranes. 

The usual way of inducing lateral stress in membrane 
experiments is to impose a pressure difference across the 
membrane. For  closed membrane systems, like vesicles or 
cells, this is best achieved using osmotic pressure differ- 
ences, but for planar lipid bilayers hydrostatic pressure is 
a more relevant option. 

Let us now consider lipid/peptide model membranes 
with multimeric ion channels formed by aggregation of 
peptide monomers. Depending on the biphilic asymmetry 
and shape asymmetry of the peptides (Derzhanski and 
Petrov 1982; Petrov and Derzhanski 1987; Petrov 1988) 
two limiting types of peptide aggregates could be expect- 
ed (Fig. 1): cylindrical and semi-toroidal. The former are 
likely to be formed by roughly cylindric peptides with 
hydrophilic groups located on one side of the cylinder 
surface only (e.g. alamethicin, ~5-toxin etc.) (Fig. 1 A). The 
latter are to be expected for wedge-shaped peptides with 
hydrophilic groups located on the thicker end of the 
wedge (Fig. 1 B). We will designate the first type as a chan- 
nel and the second type as a pore. Intermediate types of 
aggregates are also possible. According to the molecular 
model of MC-LR (Fig. 2) multimers with the structure of 
pores are to be expected with this toxin. 



The influence of tension on a pore can be discussed in 
terms of one basic pore parameter i.e. the edge energy of 
the pore periphery 7(R) (Petrov et al. 1980). This energy is 
related to the radius of the pore according to a series 
expansion: 

7( R)=70+7I /R+72 /R2 .  (1) 

Note that with toroidal pores, R is the radius measured 
with respect to the torus axis (Fig. 1 B). For cylindrical 
channels the origin of the increase of edge energy seen 
with decreasing pore radius can be sought in the "hydra- 
tion force" resisting the extrusion of water from the chan- 
nel interior. In pores, additional contributions may arise 
from the curvature and saddle curvature energy of the 
edge. More specific molecular models could provide val- 
ues for ~0,71 and 72 (Petrov et al. 1980; Pastushenko and 
Petrov 1984). 

By minimizing the total pore energy 2 ~r 7 (R) • R with 
respect to the radius an equilibrium radius can be found: 

R o = o ( 2 )  

With a low lateral tension a, the dependence of this radius 
on tension can be obtained on the basis of an additional 
contribution of the kind described in the linear model 
presented above: an area increase directly coupled to lat- 
eral tension. The total pore energy is now: 

E(R)=27z 70 R +27r 71 +2re 72~R--re R 2 cr. (3) 

By minimizing it with respect to R, one obtains a cubic 
equation for the equilibrium radius. An approximate so- 
lution of this equation in the limit of low a is obtained by 
representing 

R (a) = R o + A R  (a) (4) 

where R o is the radius with zero tension (9) and A R  is 

a R o  ~ 
A R -  2~o--3a R o ' (5) 

When the tension is low, A R  increases linearly with a; 
when it approaches a critical tension of 

a .  = 270/3 R o (6) 

an irreversible growth of the pore results and the mem- 
brane proceeds to mechanical breakdown, or lysis. A typ- 
ical value for the edge energy of a pure lipid bilayer is 
2 .10-11  N. Wedge-like molecules concentrated in the 
edge tend to decrease this energy (Petrov et al. 1980). 
With a pore radius of 1 nm the critical tension from (13) 
is of the order of 10 mN m - 1. If the initial pore radius is 
small then the concentration of ions within it may be 
vanishingly low, because of the steep increase of ion 
chemical potential in narrow pores (see Pastushenko and 
Petrov 1984). As a result the pore may be nonconducting. 
In the description of edge energy presented above the 
pore radius is continuously variable. In reality the in- 
crease of the pore radius is not smooth but stepwise, 
because each change in radius will require an increase of 
one in the number of molecules forming the pore. Thus, 
pore gating by voltage and tension may be better described 
in terms of a discrete stochastic approach based on the 
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nucleation theory of bilayer stability (Exerowa and 
Kashchiev 1986) and its extension for the case of an ap- 
plied electric field, the stochastic model of electric field-in- 
duced membrane pores (Sugar 1989). Such an approach, 
however, has not yet been developed for the case of bilay- 
ers containing two types of lipids with different shape 
asymmetry. Discrete radii increments of a pore could be 
responsible for the sudden transitions from closed to open 
state and to higher conductance open states. Charged 
groups on the channel and pore surface may control the 
ion selectivity of a pore. 

2 Materials and methods 

The purified cyanobacterial toxin, MC-LR (tool wt 994 
Da) was isolated from Microcystis aeruginosa strain 
PCC 7820 according to Brooks and Codd (1986) with con- 
firmation using a Waters 991 photodiode array detector. It 
was dissolved in methanol (AR grade, Fisons) and kept at 
- 2 0  °C. The toxin is a cyclic peptide with 7 amino acid 
residues, viz. cyclo-(D-Ala-L-Leu-erythro-f l -methyl-Asp-  
Arg-Adda-D-Glu-N-methyldehydro-Ala) (Carmichael 
1989; Eriksson et al. 1987). Among these residues is a 
novel fi-amino acid, Adda, with an unsaturated side 
chain, which, apart from containing a methoxy group, is 
markedly hydrophobic (Fig. 2). 

Lipid bilayers were formed using diphytanoyl lecithin 
i.e. 3,7,11,15-tetramethylhexadecanoyl lecithin (DPhL), 
mol wt 846.27 Da (Avanti Polar Lipids, Birmingham, 
Alabama). Due to its branched alkyl chains, this lipid is in 
a liquid crystal state at room temperature (22 °C, i.e. the 
temperature at which the experiments were undertaken) 
and it does not display a phase transition to the gel state 
until - 1 2 0 ° C  (Lindsey et al. 1979). A comparison of 
space-filling molecular models of DPhL and MC-LR 
(Fig. 2) demonstrates that the hydrophobic moieties of 
these molecules are almost equal in length (DPhL chains 
shown in a 'fluid' conformation). Judging from the molec- 
ular asymmetry of MC-LR, a pore type of aggregation in 
DPhL bilayers is conceivable (see Discussion). 

The buffer used in most cases was 150 mM KC1 (FSA 
Lab. Suppl.), 10 m M  BES (Sigma), pH 7.0. Experiments 
aimed at establishing the ion selectivity of the MC-LR 
channels were performed under ion gradient conditions 
using KC1 and NaC1 buffers of various concentrations 
(see below). 

Lipid bilayers were formed at the tips of patch pipettes 
from lipid monolayers spread on an air/water interface by 
the method of Corronado and Latorre (1983). A solution 
of DPhL in either chloroform (10 mg ml-  1) or n-pentane 
(10 mg ml-  1 or 1 mg ml-  1) was employed. The pipettes 
were pulled from thick walled borosilicate glass (GC150- 
l 0, Clark Electromedical Instruments) on a modified hor- 
izontal puller (Industrial Science Associates) or a modi- 
fied vertical puller, Model 700C (David Kopf Instru- 
ments). When filled with 150 mM KC1 buffer, the pipettes 
had resistances in the range 1 -4  MfL which correspond 
to tip diameters of 2 - 4  ~tm (Sakmann and Neher 1983). 
The large tip diameters were expected to enhance the 
amount of lateral tension in the bilayer at lower pressure 
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differences according to the Laplace law for a hemispher- 
ical patch at a pipette tip (Sachs 1988). Disposable Petri 
dishes of 10 cm 2, 20 cm 2 and 60 cmz area were filled with 
5 ml, 5 ml and 18 ml buffer, respectively. A lipid solution 
of typically 1 ~xl volume (10 mg ml-1 concentration) or 
10 ~tl (1 mg ml-  ~ concentration) was spread over the elec- 
trolyte surface using a Hamilton syringe. Lipid spreading 
was monitored by a Leitz inverted, phase contrast micro- 
scope with an attached colour video camera, VK-C150ED 
(Hitachi). Larger areas of buffer surface and higher con- 
centrations of lipid were used in an attempt to minimize 
the number of the solvent droplets which were often 
found on the buffer surface many hours after spreading of 
the lipid. Surface pressure and thus the surface packing 
density of the lipid monolayer was controlled in separate 
experiments by means of a torsion balance (White model) 
by measuring (using a filter paper strip) the fall in surface 
tension of the buffer produced by spreading a given 
amount of lipid. 

The seal resistance of the formed bilayers was typically 
a few tens of gigaohms. The bilayers were exposed to 
MC-LR added to the pipette-filling electrolyte or, in some 
cases, to the bathing electrolyte as a methanol solution to 
a final concentration in the buffer ranging from 10 ng ml-  1 
up to 200 ng ml-  1. Emplacement of the toxin was facili- 
tated by briefly raising the membrane potential to 
- 200 mV (MC-LR in the pipette) or 200 mV (MC-LR in 
the bath) and/or by mechanical stressing the bilayer. 

Membrane potentials by convention bear the sign of 
the electrode inside the pipette; thus positive potentials 
correspond to currents flowing out of the pipette, pore 
openings being plotted upwards on the text-figures. Pres- 
sure differences are similarly identified as positive when 
the pressure inside the pipette is higher than outside 
(blowing of the bilayer) and negative in the opposite case 
(sucking of the bilayer). Constant and variable pressures 
(pressure ramps) were created by a reversible peristaltic 
pump (Camlab) and monitored by a pressure meter which 
was a bridge based on a MPX100AP (Motorola) silicon 
piezoresistive pressure sensor. It provided an accurate, 
linear voltage output which was directly proportional to 
the applied pressure. It was calibrated against a mercury 
manometer to provide an output of 1 mV torr-  ~. 

Pore activity was recorded using a List EPC7 patch- 
clamp amplifier (List-Electronic, Darmstadt) with current 
and voltage output directed either to a modified Sony 
PCM linked to a standard video recorder or to a four- 
channel RACAL Store-4 tape recorder. Simultaneous 
recording of the pressure signal was also made on a 
RACAL tape recorder. Stimulating voltages of various 
waveforms and slow voltage ramps were generated by a 
VCF/sweep generator, Model 126 (Exact). 

Data analysis was undertaken on a Masscomp 
MC5500 computer. Recordings of membrane currents 
were low-pass filtered at 1 -3  kHz on playback and A/D 
converted at 10kHz. Current amplitude distributions 
were obtained and fitted as described in MeUor et al. 
(1988). Analysis of pore gating in response to voltage 
ramps was performed by the method of current-voltage 
surfaces (Sansom and Mellor 1990). Pore gating kinetics 
were studied by constructing probability density func- 

tions (pdfs) (as in Kerry et al. 1987), from pore current 
records reduced to vectors of pore dwell times using a 
single-threshold crossing algorithm (Kerry et al. 1987). 

3 Results 

3.1 MC-LR does create pores in lipid bilayers 

The pore forming action of MC-LR is best demonstrated 
when the toxin is added to a preformed lipid bilayer 
which does not exhibit pore openings in the absence of 
toxin. Figure 3 reports the result of such an experiment. 
After recording the membrane current response to a slow 
voltage ramp (1.5 mVs-1 ;  _+100 mV) the toxin was 
added to the bathing electrolyte to give a concentration of 
20 ng ml-1. Initially, no pore openings were observed 
(Fig. 3 A). Successful MC-LR emplacement was accom- 
plished only by raising the steady-state (d.c.) membrane 
potential to 200 inV. After about 15 s, large conductance 
pore openings were observed. If the d.c. voltage was 
brought back to zero and the ramp then restarted, the 
current trace was remarkably different than before (see 
the inset of Fig. 3 B). Current-voltage surfaces from the 
membrane now exhibited as many as 8 discrete conduc- 
tance levels ranging from 150 to 1800 pS (Fig. 3B). Pore 
gating seemed to be voltage-dependent: at zero mem- 
brane potential open pores were mainly absent. The num- 
ber of open pore conductance states was larger at nega- 
tive than at positive voltages. Somewhat surprisingly, a 
small negative current was sometimes observed at 0 mV 
when toxin was emplaced. 

Another example of MC-LR emplacement, this time 
from the pipette-filled solution, is shown in Fig. 4. In this 
case it was achieved at a membrane potential of 
- 2 0 0  mV, which was typical for toxin emplacement from 
the pipette side of the membrane. Figure 4 demonstrates 
the appearance of brief currents signalling the initial stage 
of pore formation by MC-LR. 

3.2 MC-LR is weakly surface active. 

Surface tension measurements gave an idea of the surface 
activity of MC-LR in comparison to the lipid DPhL. 
Spreading 10 gl of 1 mg ml-  1 MC-LR in MeOH over a 
10 cm 2 Petri dish resulted in a fall in surface tension of the 
150 mM KC1 buffer of 2.5 mN m -  1. Addition of another 
10 ~tl of MC-LR reduced surface tension by 1 mN m -  1. 
Presumably, most of the MC-LR dissolves in the buffer 
and its surface density is low. In contrast, when pipetting 
pure MeOH onto the buffer surface, a fall in surface ten- 
sion of 1 mN m -  ~ was obtained with only 60 gl of the 
alcohol. When 1 ~tl of 10 mg/m1-1 DPhL solution in 
chloroform (a solution in which the number of DPhL 
molecules was about the same as the number of MC-LR 
molecules in the toxin solution) was spread on the buffer 
surface, a 49 mN m-1 fall in surface tension was ob- 
served. The lipid produces a tightly packed monolayer of 
49 mN m -  ~ surface pressure because DPhL is practically 
insoluble in water. When the same amount of DPhL was 
spread from a pentane solution (10 gl of 1 mg ml-~), a 
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Fig. 3. Current-voltage surfaces of A a pure DPhL bilayer and B of 
the same bilayer exposed to MC-LR added to the bath to give a 
final concentration of 20 ng ml -I. Ordinates, membrane current; 
abscissae, ramp voltage. Both recordings at 0 tort. I/V surfaces 
were averaged over 5 successive ramps. Pipette resistance, i Mr2 
(150 mM KCI). I gl of 10rag ml -a DPhL/pentane spread over 
10 cm 2 petri dish; seal resistance, 8 Gf~; - 100 mV to 90 mV voltage 
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ramp, during 132 s. Insets are current traces produced by the voltage 
ramp. In B note discrete pore conductance states emerging after 
adding 10 gl of l 0 gg ml- z MC-LR-methanol to the 5 ml of bathing 
electrolyte and briefly increasing the membrane potential to 200 inV. 
Conductance states of 151pS, 283pS, 382pS, 604pS, 922pS, 
1.1 nS, 1.6 nS and 1.8 nS (not shown) were identified 

5 0  p A  

I 1 O 0  m s  
Fig. 4. Membrane currents observed during the initial period of 
MC-LR (10 ng ml-1) emplacement from the pipette to a bilayer 
at -200 mV membrane potential and 0 tort pressure difference. 
Pipette resistance, 10Mf~ (100mM KCI buffer); seal resistance, 
ca 100 Gf2. 1.5 gl of 10 mg m1-1 DPhL/chloroform spread over 
20 cm 2 petri dish. Monolayer surface pressure 43 mNml-  1 (see 
Materials and Methods). 10 ng ml- I MC-LR in pipette buffer. Suc- 
cessive traces are shown starting from the moment of voltage appli- 
cation 

lower surface pressure monolayer  (37 m N  m -  1) resulted. 
The lower packing density in this case may  have been due 
to the larger number  of nonspreading solvent microdro- 
plets which could be readily visualised by phase contrast 
microscopy. Addition of the same amount  of MC-LR in 
M e O H  solution (10 gl of 1 mg m1-1) to this monolayer  
decreased its surface tension by 2.5 m N  m -  1, indicating 
additivity of surface pressure in a mixed monolayer.  

The final concentration of MC-LR in the buffer (buffer 
volume of 5 ml) in the above experiments was 2 ~tg m l -  1, 
i.e. 100 times higher than the typical concentration em- 
ployed in pore-forming experiments. There was no mea- 
surable change in surface tension following spreading of 
10 ~tl of 10 ~tg m l -  ~ MC-LR solution; with 20 gl it fell by 
0,25 m N  m -  1, but this change may have been due to the 
M e O H  solvent. 

3.3 Toxin emplacement depends on monolayer 
lipid packing density 

By varying the amount  of lipid spread and the area of the 
buffer surface, monolayers with various surface pressures 
could be prepared. For  example, with 20 cm 2 dishes and 
10 mg ml-1  DPhL-chloroform solution spreading of lip- 
id in volumes ranging from 0.5 to 2 gl resulted in surface 
pressures in the range 2 5 - 5 0  m N  m-2;  1 mg m l -  1 
DPhL/pentane  solutions, in volumes ranging from 5 to 
20 gl, resulted in surface pressures in the range 15 -  
45 m N  m -  2. These data were prone to substantial scatter 
due to volume errors. The errors were largest with con- 
centrated lipid solutions, which may  have been due to 
incomplete spreading of the lipid as mentioned previous- 
ly. When spreading from chloroform, the surface pressure 
of a monolayer  equilibrated at least twice as quickly as 
when spreading from pentane. The use of phase-contrast  
video microscopy enabled us to select monolayer  areas 
free of droplets for bilayer formation. 
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A general finding was that the seal resistance of a mem- 
brane patch was directly proportional to the surface pres- 
sure of a monolayer; in the upper range of pressures (45- 
50mN m-l),  the seal resistance could be as high as 
100 G~). On the other hand, Gfl seals could not be 
formed below 15 mN m- 1. With respect to MC-LR em- 
placement, spontaneous pore activity (i.e. at 0 torr and 
0 mV) was often observed with surface pressures of about 
20-25 mN m-1. With membranes formed from mono- 
layers of higher surface pressures, either transmembrane 
potential or pressure application was required to achieve 
MC-LR emplacement. However, in the upper limit of 
50 mN m- 1 surface pressure +_ 200 mV alone was insuffi- 
cient for pore formation, although pore formation 
(MC-LR emplacement?) could be achieved if negative lat- 
eral tension was simultaneously applied by sucking the 
membrane patch. The z-A isotherm of DPhL has not 
been obtained, but judging from other double-chained 
lecithins (Albrecht et al. 1978) a 50 mN m- 1 surface pres- 
sure results in a tightly packed monolayer; native mem- 
branes have lateral pressures of about 25 mN m- 1, so the 
packing of lipids is less tight. 

3.4 M C - L R  pores are stress sensitive 

Figure 5 shows the result of a pressure experiment follow- 
ing MC-LR emplacement in the membrane of Fig. 4. Re- 
ducing the voltage to zero closed the MC-LR pore and 
voltages of + 100 mV did not result in pore openings. 
However, pore openings were obtained by clamping the 
voltage at -100 mV and gradually raising the suction 
pressure to - 6 0  torr. The pressure was kept at this level 
for 15 s and from the pore current fluctuations a his- 
togram was prepared which gave a single, open pore con- 
ductance of 67.4 +_ 4.7 pS (Fig. 5 A). Interestingly, after re- 
leasing the pressure to zero the pore remained open for 
some minutes (Fig. 5 B) before eventually closing. 
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Fig. 5A, B. Current amplitude histograms for a MC-LR-contain- 
ing bilayer demonstrating the effect of pressure at a membrane 
potential of - 100 mV. Experimental conditions identical to those of 
Fig, 4. A, a 67.4 + 7.4 pS open pore state appeared after applying 

The effects of negative pressure on opening of a pore 
were studied using a combination of voltage ramp and 
steady state pressure. Current-voltage surfaces of a MC- 
LR containing membrane for various negative pressures 
were obtained. In Fig. 6 the threshold for pore opening at 
- 110mV was -11 torr. Voltage and lateral tension 
acted in concert: higher conductance states occurred at 
increasingly lower voltages as the pressure was increased. 
They were also more abundant at negative pipette poten- 
tials. At - 5 0  torr, 3 conductance states at negative 
voltages and 2 at positive voltages were identified by mea- 
suring the slopes of the lines drawn along the centres of 
the contours in Fig. 6 D, with respect to the closed pore 
state (not shown). Somewhat surprisingly, there was a 
tendency for tension-induced, open conductance states to 
be replaced by lower conductance states at high voltages: 
the solid contours on Fig. 6 D, surrounding an area con- 
taining the second largest number of pore events (100), 
become discontinuous (island-like) and eventually termi- 
nate at high negative and high positive voltages. This 
feature was apparent in many recordings (see below). 

3.5 M C - L R  pores are cation-selective 
but only weakly K/Na selective 

In order to establish ion selectivity of the MC-LR-in- 
duced pores, experiments were undertaken to determine 
the reversal voltage from the pore currents under various 
transmembrane ion gradients. Cation versus anion selec- 
tivity was established by means of a 6-fold KC1 gradient, 
i.e. 500 mM KC1 outside and 83 mM KC1 inside the pi- 
pette. Averaged current-voltage curves for this condition 
are displayed in Fig. 7. They were obtained in response to 
a triangular voltage change of _+200 mV and various 
pressures. With zero pressure, initially no pore openings 
could be obtained; only a leak current was recorded 
which was reversed at 19 mV (arrow 1). To induce pores, 
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--60 torr suction for 15 s. The fit to the distribution shows that  the 
open state probability is 0.5. After releasing the pressure the pore 
was mainly open B, transitions to the closed state being rare. The bin 
width was 0.1 pA for A and B 
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seal resistance, 40 Gf~. 1.5 gl of 10 mg/m1-1 DPhL/chloroform 
spread over 20 cm 2 Petri dish. ~0 ng m1-1 MC-LR in pipette buffer. 
At - 5 0  torr, 3 conductance states at negative potentials (88 pS, 
147 pS and 220 pS) and 2 conductance states at positive potentials 
(71 pS and 119 pS) can be identified 

a positive pressure was applied first. This pressure pro- 
duced first an increase of seal resistance, which was max- 
imal at 120 torr (Fig. 7A), followed by a decrease in resis- 
tance. At 130 torr, pore openings started to appear. 
Negative pressures also had a threshold for pore opening 
(Fig. 8) of about - 120 torr. For both positive and nega- 
tive pressures the reversal voltage of the pore current was 
positive, its average value being 37.5 inV. Using the Gold- 

man-Hodgkin-Katz equation (Hille 1984, Eq. 10-14), a 
ratio of the permeabilities of chloride and potassium was 
obtained viz: 

Pc,/PK=0.175, 

i.e. a high cation selectivity. Note again in Fig. 8 the 
switching of high conductance states to lower ones at 
both high positive and high negative voltages. This phe- 
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Fig. 7 A, B. Averaged current-voltage relationships of MC-LR-con- 
talning bilayers under ion gradients and different positive and neg- 
ative pressures. Triangular voltage with 400 mV (pp) amplitude and 
25 s period. Data averaged over 6 cycles. Ordinates, membrane 
current; abscissae, ramp voltage. A, 6-fold KC1 gradient with 
83 mM KC1 in the pipette and 500 rnM KCI in the bath. The initial 
voltage difference was offset in order to obtain zero current at zero 
pipette potential with no bilayer at the tip. 0.5 ~tl of 10 mg ml- 1 
DPhL/chloroform was spread over a 60 cm 2 Petri dish. Initial seal 
resistance was 20 GQ, which increased up to 3 times at positive 
pressures. 10 ng m1-1 MC-LR in the pipette. No open states were 

nomenon was especially striking with asymmetric ionic 
distributions. The current-voltage curves were also non- 
linear in comparison with those obtained with symmetric 
ion distributions. 

Experiments were also undertaken to investigate the 
relative permeabilities of potassium and sodium. At 
150 raM, NaC1 inside the pipette (where the toxin was 
also present) blocked pore formation, but at 100 mM 
pore formation occurred. A 10-fold out (bath)/in (pipette) 
NaC1 gradient was established together with a &l-fold 
out/in KC1 gradient. The C1- concentration was the same 
on either side of the membrane. Therefore, the net diffu- 
sion current at zero membrane potential depended upon 
the ratio of the Na and K permeabilities. 

This current was positive and the reversal voltage 
slightly negative (Fig. 7B), indicating that the MC-LR 
pore is weakly K + selective over Na +. The total pore 
current at zero voltage (Fig. 7 B) increased with pressure 
(i.e. more pores opened), but the reversal voltage for this 
current did not change. F rom its average value of 
- 7 . 7  mV and using the ratio Po/Pr~ = 0.175, as calculated 
above, the Goldman-Hodgkin-Katz  equation gives 

PN,/ P K =0.61. 

3.6 Pressure affects both the pore conductance 
and the kinetics o f  a pore 

About 30 conductance levels were identified in mem- 
branes containing MC-LR. These ranged from 3 pS to 
1800 pS (Fig. 12), Some appeared to be multiples of a 
single conductance step (Fig. 10), but in general they were 
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seen at zero pressure. Numbers next to I/V curves indicate the 
pressures. Arrow 1." reversal voltage of the leak current at zero pres- 
sure is 19 mV; arrow 2: mean reversal voltage of the open state 
currents is 37.5 mV. B, 10-fold NaC1 gradient, &l-fold KC1 gradient 
i.e. 15 mMNaC1 and 150raM KC1 in the pipette, 150mMNaC1 and 
15 mMKC1 in the bath. 0.6 gl of 10mgm1-1 DPhL/chloroform 
spread over 60 cm 2 Petri dish. Seal resistance, 2 Gf~. 50 lag ml- 
MC-LR in the pipette. Numbers next to I/V curves indicate the 
pressures. Open states present at zero pressure. Arrow. reversal 
voltage of open state current is -7.7 mV 

not obviously related. This precludes definite conclusions 
concerning the number of pores in the bilayer. At low 
MC-LR concentrations (e.g. 10-50 ng ml-1) open states 
were more numerous at negative voltages; at high toxin 
concentrations (e.g. 200 ng ml-1)  the opposite situation 
held. 

The existence of numerous open conductance states 
hampered systematic studies of pore gating kinetics. 
However, when only one major open conductance state 
was present, the pore open-close kinetics could be studied 
by constructing pdfs of pore dwell times (Fig. 11). With 
450 events (openings and closings) the average pore open 
time in Fig. 11 was 144 ms and the open time pdfwas best 
fitted by two exponential functions, suggesting at least 
two substrates of each open state. The closed state kinetic 
data should be interpreted cautiously because the patches 
may have contained more than one pore despite the ab- 
sence of superpositions of openings of the major conduc- 
tance state in this recording. 

It is worth noting that transiently-applied lateral ten- 
sion sometimes dramatically changed the kinetics of a 
pore by switching it to a metastable, long lived open state 
(Fig. 5). A more frequent phenomenon during applied 
pressure was an increase in open state probability fol- 
lowed by the induction of higher conductance open states 
(Figs. 8, 9). 

4 D i s c u s s i o n  

The space-filled molecular model of MC-LR (Fig. 2) un- 
derlines the importance of the side chain of the fl-amino 
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Fig. 8 A - E  Opening of higher 
conductance states in a MC-LR- 
containing bilayer under positive 
and negative pressures; 6-fold KC1 
gradient. Current-voltage surfaces 
constructed from the same data 
sets as the average I/V curves in 
Fig. 7A. Ordinates, membrane 
current; abscissae, ramp voltage. 
Experimental conditions identical 
to Fig. 7A. Note the threshold- 
like behaviour of the openings: 
positive pressure threshold is 
135 tort (F), negative pressure 
threshold is - 120 torr (C). One 
open state of 164 pS conductance 
at 135 tort (F) and four open 
states of 10 pS, 55 pS, 107 pS and 
160 pS at - 1 2 0  tort (C) can be 
identified at negative pipette po- 
tentials. Note the tendency to 
switch from high conductance 
states to lower ones both at posi- 
tive and negative potentials 

acid Adda, vtz., 3-amino-9-methoxy-10-phenyl-2,6,8- 
trimethyldeca-4,6-dienoic acid. It is this chain which gives 
a biphilic nature to the toxin molecule. This conclusion is 
supported by the surface tension measurements reported 
herein. In terms of the generalized molecular asymmetry 
model (Derzhanski and Petrov 1982; Petrov and 
Derzhanski 1987; Petrov 1988) MC-LR can be consid- 
ered as a combination of a longitudinal biphilic dipole 
and a longitudinal steric (wedge-like) dipole. A compari- 

son of the models of MC-LR and DPhL demonstrates 
that the lengths of their hydrophobic moieties almost 
match. It follows, therefore, that emplacement of MC-LR 
in only one half of the lipid bilayer is conceivable. Howev- 
er, the hydrophilic part of the toxin is bulkier than that of 
lecithin. Therefore, a single MC-LR molecule, with its 
wedge-like asymmetry, could induce strong local curva- 
ture of the adjacent lipid monolayer, a prerequisite of 
edge formation and pore appearance. Emplacement of 
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current also increased slightIy 
with pressure 

MC-LR with its unsaturated chain located inside the hy- 
drophobic core of the bilayer could be anticipated and a 
pore-type of aggregation of the wedge-like molecules 
could be expected. 

The aggregation of toxin monomers is a process gov- 
erned by random two-dimensional diffusion of the toxin 
in the membrane plane. If, however, the application of 
transmembrane voltage and/or lateral tension cause elec- 
troporation, i.e. the formation of hydrophylic membrane 
pores with curved monolayer edges, then the wedge-like 
steric dipoles of the MC-LR molecules will be attracted 
by long range elastic forces (Petrov 1988) towards these 
edges. They will reduce the edge energy of the pore, thus 
effectively preventing the pore from resealing. Such pores 
could respond to lateral tension by increasing their radius 
and, eventually, recruiting more toxin molecules, which 
would explain the step-wise transition to higher conduc- 
tance states (see Sect. 3.4). The basic difference between 
channel gating in native membranes and pore opening in 
model membranes is that in the case of pores mechanical 
tension not only influences open-close kinetics by lower- 
ing some potential barrier between closed and open 
state(s) but also induces higher pore conductance. 

At neutral pH, MC-LR will carry a net negative 
charge. This would explain the potential dependence of 
toxin emplacement in the lipid bilayer. The cation selec- 

tivity of the MC-LR pore probably also arises from the 
negative charges present over its surface. Our finding that 
150 mM NaC1 in the toxin-containing buffer actually pre- 
vents pore formation might also explain the difference in 
the toxin-induced membrane permeability changes in ery- 
throcytes and in hepatocytes (Eriksson et al. 1987); the 
erythrocyte experiments were performed in 145 mM NaC1 
containing buffer and revealed no pemeability changes 
with concentrations of toxin up to 90 gM. 

Negative and positive pressures seem to be equivalent 
with respect to pore opening formation. This shows that 
the effects observed are produced by membrane tension, 
not pressure itself. The small differences in the positive 
and negative pressure thresholds that were seem may be 
due to the different geometry (i.e. membrane curvature) in 
the two cases. Lack of knowledge of the patch geometry 
prevented us from pursuing a quantitative treatment of 
the tension effects. The result of attempts electronically to 
monitor patch area changes by phase sensitive capaci- 
tance measurements using a lock-in amplifier were incon- 
clusive due to the small value of the patch capacitance. 

The unusual voltage gating characteristics of the MC- 
LR pores, in which higher conductance states were initially 
enhanced with increasing voltage but then suppressed at 
high voltages, is of interest. An understanding of this phe- 
nomenon may be found in the influence of the dielectric 
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Fig. 11. Probability density functions (pdfs) of open (B) and closed 
(C) times of MC-LR pore of the major open state conductance of 
15 pS at - 8 0  torr and - 5 0  mV which is illustrated in A. Same 
membrane as in Fig. 10. Current data were low-pass filtered at 
3 kHz, sampled at 10 kHz and reduced to dwell time vectors using 
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by a sum of 2 exponentials with time constants 0.6 ms and 6.6 ms. 
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Closed state pdf  in C was fitted by 2 exponentials with time con- 
stants 10.6 ms and 16"7.8 ms, although a third brief open state may 
also be present. Closed times should be treated with caution, since 
there may be more than one pore. However, there were no superpo- 
sitions of the 15pS conductance openings in the current traces 
exemplified in A 
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ponderomot ive  force, which will tend to push apar t  the 
pore walls when water molecules are a t t racted into the 
pore interior (Chernomord ik  and Chizmadzhev  ~989), 
and the overall decrease of  bilayer tension in an electric 
field as predicted by the L i p p m a n n  equation.  The latter 
can be unders tood  qualitatively in terms of  an increase in 
lateral repulsion along the membrane  surface as the 
charge stored in the m e m b r a n e  capaci ty is increased (Re- 
quena et al. 1975). Both  of these influences on the voltage 
gating characteristics are p ropor t iona l  to the square of 
the electric field, i.e. the t r ansmembrane  voltage. The pon-  
deromotive  force prevails for small pores, but  for larger 
ones where the electric field in the pore  centre is negligibly 
small, it falls to a value which is about  50% of L i p p m a n n  
force (Sugar 1989). This ponderomot ive  force is more  in- 
fluential at high ionic strengths, since the short ing out  of 
the field in the pore centre takes place at lower radii, i.e. 
at lower pore conductance  (cf. Fig. 6 and Fig. 8). 

An attractive feature of these findings is tha t  bo th  the 
mechanical  and electric componen t s  of the lateral mem-  
brane tension could be involved and, correspondingly  
utilised, in pore switching. 

5 C o n c l u s i o n  

The cyanobacter ia l  toxin, M C - L R  induces mechanosen-  
sitive ion pores in fluid lipid membranes.  This system 
offers a useful model  of mechanosensi t ivi ty p h e n o m e n a  in 
native membranes.  The results of this s tudy also point  the 
way towards  a possible use of a liquid crystal lipid matr ix 
containing m o n o m e r s  of pore-forming molecules in me- 
chanical  sensors and molecular  switches, thus providing 
a further applicat ion of  the guest-host  liquid crystal con- 
cept in molecular  electronics. 
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