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The lipodepsipeptide syringomycin E (SR-E) interacts with two mercury-supported biomimetic membranes,
which consist of a self-assembled phospholipid monolayer (SAM) and of a tethered bilayer lipid membrane
(tBLM) separated from the mercury surface by a hydrophilic tetraethyleneoxy (TEO) spacer that acts as an
ionic reservoir. SR-E interacts more rapidly and effectively with a SAM of dioleoylphosphatidylserine (DOPS)
than with one of dioleoylphosphatidylcholine (DOPC). The proximal lipid monolayer of the tBLM has no polar
head region, being linked to the TEO spacer via an ether bond, while the distal monolayer consists of either a
DOPC or a DOPS leaflet. The ion flow into or out of the spacer through the lipid bilayer moiety of the tBLM was
monitored by potential step chronocoulometry and cyclic voltammetry. With the distal monolayer bathed by
aqueous 0.1 M KCl and 0.8 uM SR-E, an ion flow in two stages was monitored with DOPC at pH 3 and 5.4 and
with DOPS at pH 3, while a single stage was observed with DOPS at pH 5.4. This behavior was compared with
that already described at conventional bilayer lipid membranes. The sigmoidal shape of the chronocoulometric
charge transients points to an aggregation of SR-E monomers forming an ion channel via a mechanism of
nucleation and growth. The ion flow is mainly determined by potassium ions, and is inhibited by calcium ions.
The contribution to the transmembrane potential from the distal leaflet depends more on the nature of the
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lipid than that of the ion channel.
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1. Introduction

Syringomycin E (SR-E) is a cyclic lipodepsipeptide produced by the
bacterium Pseudomonas syringae, which exerts fungicidal/bactericidal
activity both on plant- and human-associated pathogenic microbes [1,
2]. A peculiar composition made also of uncommon p and L-amino
acids (4-chlorothreonine, 2,4-diaminobutyric acid, 2,3-dehydro-2-
aminobutyric acid and 3-hydroxyaspartic acid) determines its basic
characteristics [3-5]. Molecular dynamics simulations based on NMR
data in sodium dodecyl sulfate micelles point to a molecular structure
with the peptide backbone resembling the seam of a tennis ball and
bearing the 3-OH dodecanoic acid moiety in extended conformation.
Two distinct regions can be easily recognized in SR-E structure, i.e. a
small negatively charged portion and a larger positively charged
area [5].

SR-E promotes the translocation of mono- and divalent ions
across plasma membranes [6,7] and forms channels in bilayer lipid
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membranes [8,9]. A SR-E ion channel requires at least six peptide
molecules for its formation [10,11] and shows a preferential selectivity
for anions [10-13], which decreases with an increase in electrolyte
concentration. This selectivity may be ascribed to the positive charge
of the SR-E molecules at the mouth of the ion channel. Anion selectivity
increases as the negative charge of the lipid bilayer decreases [10,14].
When the SR-E molecules are added at one side of a conventional
bilayer lipid membrane interposed between two aqueous solutions
(BLM), they are incorporated asymmetrically (with the lactone ring on
the same side) and do not translocate to the opposite side for at least
6-7 h [13]. SR-E forms two types of channel having different sizes. The
large channels have a conductance about 6-fold higher and a dwell
time significantly greater than the small ones [13]. The identical ion
selectivity of the two types of channel and the identical radius of their
aqueous pores (~1 nm) strongly suggest that the large channels are
just clusters of the small ones, with synchronized opening/closing [9,
11,13]. These clusters seem stabilized electrostatically by negatively
charged lipids, which are interposed between the positively charged
small channel units. The probability of observing these clusters
increases with an increase in the negative charge of the lipid and
diminishes with increasing salt concentration [13]. The different effect
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of PEG200 after its addition at the cis or the trans side of a BLM incorpo-
rating the lipodepsipeptide suggests a conical shape of the SR-E channel,
with the cis radius larger than the trans one [15,16].

The present work aims at investigating the behavior of SR-E in
dioleoylphosphatidylcholine (DOPC) and dioleoylphosphatidylserine
(DOPS) lipid environments bathed by aqueous 0.1 KCl at pH 3 and 5.4.
To this end, two mercury-supported biomimetic membranes were
employed, namely a lipid monolayer self-assembled on the mercury
surface (SAM) and a tethered bilayer lipid membrane (tBLM). The latter
biomimetic membrane consists of a monolayer of a thiolipid, called
DPTL, with a phospholipid monolayer on top of it. The DPTL thiolipid
consists of a tetraethyleneoxy hydrophilic chain terminated at one
end with a lipoic acid residue for anchoring to the mercury surface,
and covalently linked at the other end to two phytanyl chains mimick-
ing the hydrocarbon tails of a lipid [17]. The hydrophobic interactions
between the phytanyl chains and the overlying phospholipid monolay-
er give rise to a lipid bilayer interposed between the tetraethyleneoxy
chain, called spacer, and the bulk aqueous solution. The spacer may
accommodate a number of water molecules and ions, thus acting as
an ionic reservoir. Mercury provides a defect free, fluid and readily
renewable surface to the self-assembling tBLM. Moreover, it imparts
to the lipid molecules of the whole bilayer a lateral mobility comparable
with that of biomembranes. The free movement of lipid molecules
enables mercury-supported tBLMs to react to the presence of proteins,
charges and physical forces in a dynamic and responsive manner. A
satisfactory fluidity allows these biomimetic membranes to reorganize
upon interaction with external perturbations, mimicking the function-
ality of living cell membranes. In particular, lateral mobility enables
Hg-supported tBLMs to incorporate bulky membrane proteins, such as
the HERG potassium channel [18]. As distinct from Hg-supported
tBLMs, gold-supported tBLMs do not meet the requirement of fluidity
and lipid lateral mobility, because the thiolipid molecules are rigidly
bound to the metal surface atoms [19,20]. Moreover, the hydration
of the polyethyleneoxy moiety of thiolipids anchored to gold is low
[21,22], while the incorporation of proteins with extramembrane
domains requires a significant hydration of the spacer. Hg-supported
tBLMs have been extensively employed in our laboratory for the inves-
tigation of ion channels [23-31].

2. Material and methods

SR-E was obtained from P. syringae culture broths and purified as
already reported [5]. Peptide purity and quantity was checked by mass
spectrometry, reverse-phase chromatography, and amino acid analyses,
respectively [3,5]. Stock solutions of 8 x 10~ M SR-E in DMSO were
stored at 4 °C. Merck (Darmstadt, Germany); suprapur® KCl was
baked at 500 °C before use to remove any organic impurities. Adenosine
5’-triphosphate disodium salt (ATP), dimethylsulfoxide (DMSO) and
CaCl, from Sigma-Aldrich (St. Louis, MO, USA) and KH,PO, and
K,HPO4 from Merck were used without further purification. DOPC
and DOPS were purchased in chloroform solution from Avanti Polar
Lipids (Birmingham, AL, USA). The 2,3,di-O-phytanyl-sn-glycerol-1-
tetraethylene-glycol-p,.-a lipoic acid ester thiolipid (DPTL) was
provided by Prof. Adrian Schwan (Department of Chemistry, University
of Guelph, Canada) [17]; stock solutions of this thiolipid were stored at
— 18 °C. Deionized water was distilled once and then redistilled from
alkaline permanganate before its use.

All measurements were carried out with a home-made hanging
mercury drop electrode (HMDE) described elsewhere [32]. A home-
made glass capillary with a finely tapered tip (about 1 mm in outer
diameter) was used. Capillary and mercury reservoir were thermostat-
ed at 25 £ 0.1 °Cin a water-jacketed box to avoid any changes in drop
area due to a change in temperature. The HMDE acted as the working
electrode in a three-electrode system, with an Ag/AgCl (0.1 M KCl)
reference electrode and a platinum coil counter electrode. Mercury-
supported lipid SAMs were obtained by spreading a lipid solution in

pentane on the surface of a buffered or unbuffered 0.1 M KCl aqueous
solution, in an amount corresponding to about five phospholipid
monolayers. After allowing the pentane to evaporate, the HMDE was
immersed into the aqueous solution across the lipid film. This
procedure gives rise to a lipid monolayer with the hydrocarbon tails di-
rected toward the mercury surface and the polar heads directed toward
the aqueous solution, thanks to the hydrophobic nature of the mercury
surface. The lipid monolayer is at its equilibrium spreading pressure
(45 mN m™ 1), in equilibrium with the bulk phase of the surfactant,
i.e,, a floating crystal of the surfactant [33,34]. Mercury-supported
tBLMs were obtained by tethering a monolayer of the thiolipid DPTL
on the HMDE, upon keeping the mercury drop immersed in a
0.2 mg/mL DPTL solution in ethanol for about 20 min [26]. A
phospholipid monolayer was then formed on top of the DPTL monolay-
er by a procedure analogous to that used for the preparation of
mercury-supported lipid monolayers; it consisted in spreading a lipid
solution in pentane on the surface of a 0.1 M KCI aqueous solution.
Immersing the DPTL-coated mercury into the aqueous solution across
the lipid film causes a lipid monolayer to self-assemble on top of the
DPTL monolayer, thanks to the hydrophobic interactions between the
alkyl chains of the phospholipid and those of the thiolipid. The tBLM
was then subjected to repeated potential scans over a potential range
from —0.20 to —1.20 V, while continuously monitoring the curve of
the quadrature component of the current at 75 Hz against the applied
potential, E, using AC voltammetry, until a stable curve was attained.
Impedance spectroscopy, potential-step chronocoulometry, AC and
cyclic voltammetry measurements were carried out with an Autolab
instrument PGSTAT12 (Echo Chemie, Utrecht, The Netherlands)
supplied with FRA2 module for impedance measurements, SCAN-GEN
scan generator and GPES 4.9007 software. Potentials were measured
vs. a Ag/AgCl electrode immersed in the 0.1 M KCI working solution,
and are referred to this reference electrode. Impedance spectra at
DOPC SAMs were recorded from 10~ 2 to 10° Hz over the potential
range of stability of the SAM, i.e. from —0.3 V to —0.8 V. The absolute
precision of the numerical values reported in what follows is of
+5 pC cm™ 2 for charge densities and of 45 mV for applied potentials.

3. Results
3.1. Effect of SR-E on DOPC and DOPS SAMs

The intercalation of biomolecules within a Hg-supported lipid
monolayer has a disorganizing effect, even if only that of separating
the lipid molecules from each other. It is, therefore, interesting to
compare this effect with that obtained by expanding a pure lipid-
coated mercury drop. Fig. 1 shows the AC voltammogram of a DOPC
SAM in an unbuffered 0.1 M KCI aqueous solution both before and
after two consecutive expansions of the drop area. Over the potential
region of minimum capacitance, which ranges from —0.20 to
—0.80 V, the DOPC monolayer on the unexpanded mercury drop is
impermeable to inorganic ions, whereas it becomes permeable outside
this region. The C value over this region amounts to 1.8 uF cm™2, namely
twice the value for a solvent-free BLM [35]. At positive potentials, the re-
gion of minimum capacitance is delimited by a capacitance increase that
precedes mercury oxidation. At negative potentials, it is delimited by a
sharp pseudocapacitance peak that lies at about — 1.02 V, followed by
two further peaks at about —1.10 V and —1.35V, as shown by the
solid curve in Fig. 1. The first two peaks are ascribed to a cooperative re-
orientation of the lipid molecules, whereas the third one is due to their
partial desorption [33]. The first peak results from surface defects that
allow a practically uninhibited access of inorganic ions to the mercury
surface, whereas the second peak results from nucleation and growth
of the defects formed during the first peak, causing their coalescence.
The drop expansion causes the first sharp peak to be replaced by a
broad shoulder, whereas the second and third peaks are practically un-
altered. The minimum capacitance varies proportionally to the drop
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area A [35,36] without incorporation of water into the lipid monolayer,
thus maintaining the dielectric constant ¢ of the film practically unal-
tered. The specific capacitance C of the film can be approximately
expressed by the Helmholtz formula, C = &€/ d, for a parallel plate ca-
pacitor, where d is the film thickness and & is the permittivity of free
space. Noting that, for a constant volume V = Ad of the lipid material,
Ais inversely proportional to d, the specific capacitance C of the expand-
ed drop is directly proportional to its surface area A.

The first sharp peak of the unexpanded DOPC monolayer is due to
an arrangement of the phosphorylcholine zwitterion coplanar to the
monolayer, due to electrostatic interactions between trimethylam-
monium and phosphate groups of adjacent lipid molecules, with a
resulting stabilization of the unprotonated form of the latter groups
[37]. As the interfacial electric field forces the zwitterionic dipoles to
align normally to the plane of the lipid SAM, it determines a “domino ef-
fect”, whereby the trimethylammonium-phosphate dipoles formed by
adjacent polar heads collapse like a falling row of dominoes. This coop-
erative effect occurs over the narrow potential range of the first
pseudocapacitance peak. An expansion of the mercury drop weakens
the electrostatic interactions between adjacent trimethylammonium
and phosphate groups. Consequently, the alignment of the zwitterionic
dipoles along the direction of the electric field occurs independent of
each other, over the broader potential range covered by the shoulder
in Fig. 1. Apparently, this phenomenon does not affect the nucleation
and growth of monolayer defects responsible for the second peak.

The AC voltammetry curve of an unexpanded mercury-supported
DOPS monolayer in unbuffered aqueous 0.1 KCI differs from that
of a DOPC monolayer by a broader region of minimum capaci-
tance, which extends up to —1.10 V, and by the presence of two
pseudocapacitance peaks [38]. Since the potential region negative of
the first pseudocapacitance peak, which lies at about — 1.20V, is not en-
tirely reproducible, only the first peak is shown in the solid curve of
Fig. 2. The DOPS monolayer was shown to be positively charged at
pH 3, almost neutral around pH 6 and negatively charged with a further
increase in pH [37]. This behavior was tentatively explained by a confor-
mation with the carboxyl and the amino groups of adjacent DOPS mol-
ecules coplanar to the monolayer and characterized by electrostatic
dipole-dipole interactions. The phosphate group, whose pK is about 8,
is buried inside the polar head region and is almost completely proton-
ated at pH 6. The expansion of the DOPS-coated mercury drop causes a
notable increase and a moderate broadening of the pseudocapacitance
peak with an increase in drop area, as shown in Fig. 2. The drop expan-
sion at potentials along the flat capacitance minimum is unlikely to ex-
pose the phosphate group to the aqueous solution, with its resulting
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Fig. 1. AC voltammograms at 75 Hz of a Hg-supported DOPC SAM in an unbuffered pH 5.4
aqueous solution of 0.1 M KCI at an unexpanded mercury drop (solid curve), and after
drop expansion by a factor of 1.28 (dashed curve) and of 1.57 (dot-dashed curve).
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Fig. 2. AC voltammograms at 75 Hz of a Hg-supported DOPS SAM in an unbuffered pH 5.4
aqueous solution of 0.1 M KCl at an unexpanded mercury drop (solid curve), and after
drop expansion by a factor of 1.28 (dashed curve) and of 1.57 (dot-dashed curve).

deprotonation. In fact, surface dipole potential measurements carried
out by drop expansion in unbuffered solution yield a value of about
+0.150V, practically equal to that obtained by the same measurements
for the DOPC monolayer, and ascribable to the ester linkages of the
glycerol backbone [36]. If phosphate deprotonation took place during
drop expansion, if would cause an appreciable change in the surface di-
pole potential with respect to that of DOPC. As a sufficiently strong elec-
tric field forces the dipolar heads to align normally to the monolayer
plane, the exposition of the protonated phosphate group to the aqueous
solution is expected to cause its deprotonation. This might possibly
cause a back and forth movement of protons along the polar heads fol-
lowing the AC signal, with a resulting increase in the pseudocapacitance
peak.

The effect of SR-E upon a mercury-supported DOPC SAM was
investigated at pH 3, 5.4 and 7. Incidentally, the capacitance of a pure
DOPC SAM is independent of pH. The first two peaks of the AC voltam-
mogram of the DOPC SAM, as recorded immediately after addition of
0.5 UM SR-E, followed by a rapid solution stirring and four consecutive
voltage scans, were only slightly affected at pH 3 and practically
unaffected at pH 5.4 and 7 (Fig. 3). However, if a series of impedance
spectra is first recorded along the whole flat capacitance minimum in
the presence of 0.5 uM SR-E, the subsequent AC voltammogram is
characterized by the almost complete suppression of the peaks at
pH 3 and 5.4, whereas at pH 7 the peaks are only slightly decreased.
This behavior indicates that the SR-E molecules in solution do not
interact directly with the polar heads when coming in contact with
them from the aqueous solution. Only their intercalation with the
lipid monolayer, induced by a prolonged permanence over a broad
potential range under electrochemical impedance spectroscopy condi-
tions, has an effect; the intercalation prevents cooperative reorientation
of the DOPC molecules causing peak suppression. The attack of the pos-
itively charged SR-E to the DOPC monolayer is probably similar to that
made by polyvalent cations of lanthanides to phosphatidylcholine
(PC) vesicles. The 'H, 'P and '>C NMR spectra of PC vesicles in the
presence of these cations seem to point to a change in the orientation
of the trimethylammonium-phosphate dipoles from parallel to the bi-
layer plane to tilted by about 45° [37,39]. The pH dependence of the
intercalation of the SR-E molecules is consistent with this hypothesis.
Thus, the phosphate group of DOPC is partially protonated at pH 3 and
becomes completely deprotonated at pH > 4 [37]. The stability of the
planar orientation of the trimethylammonium-phosphate dipoles is
clearly decreased by the presence of protonated phosphate groups,
which cannot interact electrostatically with neighboring trimethylam-
monium groups. Hence, the SR-E attack to the DOPC monolayer
will be more effective at lower pH values, also in view of the fact that
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Fig. 3. AC voltammograms at 75 Hz of Hg-supported DOPC SAMs in pH 3, pH 5.4 (unbuf-
fered) and pH 7 solutions of 0.1 M KCl in the absence of SR-E (solid curves), immediately
after addition of 0.5 pM SR-E (dashed curves) and after recording a series of impedance
spectra (dot-dashed curves).

SR-E has a charge close to + 3 at pH 3 and + 2 at higher pH values. The
attack is likely to occur by H-bond formation between one of the three
SR-E amino groups and a DOPC phosphate group. A similar effect is ob-
served upon replacing 0.1 M KCI by 0.05 M CaCl, (data not shown).
The effect of SR-E on the DOPS monolayer in 0.1 M KCl differs from
that on the DOPC monolayer mainly because it is immediately felt
upon recording a few AC voltammograms after SR-E addition to the
aqueous solution. SR-E depresses the pseudocapacitance peak, whereas
it eliminates it completely after recording an impedance spectrum over
the stability range of the DOPS monolayer, as shown in Fig. 4. The effect
of SR-E is more pronounced at pH 3 than in unbuffered solution
of pH 5.4. Replacing 0.1 M KCI by 0.05 M CaCl, enhances the effect of
SR-E on DOPS at pH 5.4, making it comparable with that in 0.1 M KCl
at pH 3 (data not shown). The effect of SR-E occurring more rapidly
on the DOPS monolayer than on the DOPC one is to be ascribed to the
ease with which the DOPS monolayer may change its rather complex
conformation. The “camaleontic” adaptability of the DOPS conformation
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Fig. 4. AC voltammograms at 75 Hz of a Hg-supported DOPS SAM in a pH 5.4 unbuffered
solution of 0.1 M KCl in the absence of SR-E (solid curve), immediately after addition of
0.5 uM SR-E (dashed curve) and after recording a series of impedance spectra (dot-dashed
curve).

to even slightly different environmental conditions is testified by the
notable scatter in the pK values of its carboxyl and phosphate groups
reported in the literature [37]. The protonated state of the phosphate
groups of DOPS, which is a maximum at low pH values, is endangered
by any exogenous species capable of disrupting the planar arrangement
of the carboxyl-amino dipoles between adjacent DOPS molecules. This
is particularly true for calcium ion, which has a high affinity for the
deprotonated phosphate group and may shift the equilibrium from
the protonated to the deprotonated form. A similar effect may possibly
be exerted by SR-E, which can form H-bonds between its amino groups
and the deprotonated phosphate groups in equilibrium with the still
protonated ones.

3.2. Effect of SR-E on tBLMs

In Section 3.1, phospholipid SAMs were investigated using AC
voltammetry, a phase-sensitive technique particularly convenient for
recording pseudocapacitance peaks. In investigating tBLMs, use was
made of potential-step chronocoulometry, the technique of choice for
monitoring the time dependence of the ionic charge that accumulates
in the hydrophilic spacer at constant applied potential. TBLMs were
also interrogated using cyclic voltammetry, the most appropriate
technique for monitoring the flow of translocating ions in and out of
the hydrophilic spacer.

3.2.1. Chronocoulometric behavior

The charge Q flowing at a DPTL/DOPS tBLM in a pH 3 aqueous
solution of 0.1 M KCl and 0.8 uM SR-E, as a consequence of a series of
potential jumps from a fixed initial potential E; = —0.30 V to more
negative final potentials Ey, was recorded as a function of time t. The
final potentials were made progressively more negative by —50 mV
increments. The presence of 0.8 UM SR-E starts causing an increase in
charge over the background value at —0.90 V, as shown by curve a in
Fig. 5. This is due to an inflow of K™ ions into the spacer and/or an
outflow of CI™ ions. The charge transient exhibits two inflection points,
namely two subsequent sigmoidal charge steps very close to each other.
Inflection points in the charge transients correspond to current peaks in
the relative current transients, which are reported on the upper part of
Fig. 5. In fact, the differentiable function Q(t) has an inflection point of
coordinates (Q(t),t) if, and only if, its first derivative, j = dQ/dt, has an
isolated extremum at t. The occurrence of two inflection points in the
Q vs. t curves is clearly highlighted by the presence of two maxima in
the corresponding j vs. t curves. The height of the overall two-stage
charge step, as measured from the background charge, ranges from
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Fig. 5. Charge transients following potential jumps from E; = —0.30 V to —0.90 V at a
DPTL/DOPS tBLM in a pH 3 solution of 0.1 M KCI and 0.8 uM SR-E; pristine potential
jump (a), after a rest time of 30 s at E; (b) and after a further rest time of 300 s at E; (c).
The curves a’, b" and ¢’ are the corresponding current transients. The dotted curve is the
charge transient from —0.30 V to —0.90 V in the absence of SR-E under otherwise identi-
cal conditions.

—45 to — 50 uC cm™ 2. It corresponds to the maximum charge of K™
ions that can be accommodated in the hydrophilic spacer of the DPTL
thiolipid [23]. The plateau of the charge transient is attained at shorter
times the more negative the final potential E is (data not shown).

If the rest time, 7, at E; interposed between two consecutive identical
potential jumps is 30 s, the long foot that precedes the charge step is
completely absent, the plateau is reduced by about half and only a single
inflection point is observed (see curve b in Fig. 5). This indicates that a
rest time 7 of 30 s is insufficient to expel all ions from the hydrophilic
spacer. After a further rest time 7 of 300 s at E;, a subsequent potential
jump to —0.90 V yields a charge transient practically identical with
the pristine one, albeit with a longer foot (see curve c in Fig. 5).

If a potential jump to E¢ values more negative than —0.90 V is
immediately followed by a further potential jump from E; to an E¢
value of —0.75 V, a sigmoidal charge step with a single inflection
point is obtained, as shown by curve b in Fig. 6. Importantly, no charge
step would be obtained if the E; — —0.75 V potential jump were not
immediately preceded by a potential jump negative enough to fill the
hydrophilic spacer by K™ ions. The charge step of curve b in Fig. 6 has
practically the same height as the first sigmoidal stage of the overall
two-stage charge step of curves a and c in Fig. 5, but it is not followed
by the second stage, at least over a time period of 100 s. If a further
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Fig. 6. Charge transients following potential jumps from E; = —0.30 V to different final po-
tentials Egat a DPTL/DOPS tBLM in a pH 3 solution of 0.1 M KCl and 0.8 pM SR-E; pristine
potential jump to Er = —1.00 (a), subsequent potential jump to —0.75 V after a rest time
of 30 s at E; (b) and after a further rest time of 300 s at E; (c). The curves a’, b’ and ¢’ are the
corresponding current transients. The dotted curve is the charge transient from —0.30 V
to —1.00 V in the absence of SR-E under otherwise identical conditions.

E; — —0.75V potential jump is carried out after a rest time 7 of 100 s
at E;, the same sigmoidal charge step is obtained, albeit with a much
longer foot (see curve c in Fig. 6). This behavior suggests that the SR-E
channel triggered by a pristine potential jump to an E value negative
of —0.90 V is not disrupted for rest times 7 at E; as long as 100 s and
may also allow an ion flow along the channel by immediately jumping
from E; to a less negative final potential Ey.

A similar chronocoulometric behavior was observed for the DPTL/
DOPC tBLM in a pH 5.4 unbuffered solution of 0.1 M KCI and 0.8 pM
SR-E. Thus, upon carrying out potential jumps from E; = —0.30 V to
progressively more negative potentials Ef by — 50 mV increments, a
charge transient with a long foot and a sigmoidal charge step, about
20 uC cm~2 in height, is only attained for Es = —0.90 V (curve a in
Fig. 7). At t > 60 s, this curve shows an embryo of a second charge
step. Repeated potential jumps to Ef = —0.90 V, each preceded by a
rest time 7 of 30 s at E;, cause the appearance and the progressive
increase of a second sigmoidal charge step, until ultimately a two-
stage overall charge transient, —45 pC cm™2 in height, is attained,
which corresponds to complete saturation of the spacer by K* ions
(see curve b in Fig. 7). A potential jump from E; to —0.75 V carried out
immediately after a potential jump to — 1.0 V yields a charge transient
identical with that observed in the absence of SR-E, as distinct from
the behavior observed at a DPTL/DOPS tBLM at pH 3 (Fig. 6). As
a whole, the two-stage behavior of the charge transients induced by
SR-E at a DPTL/DOPC tBLM at pH 5.4 is slightly less pronounced than
the one occurring at a DPTL/DOPS tBLM at pH 3. A still less pronounced,
albeit clearly detectable, two-stage chronocoulometric behavior is
induced by SR-E at a DPTL/DOPC tBLM at pH 3 (data not shown).

At variance with the previous systems, no two-stage charge
transients are observed at a DPTL/DOPS tBLM in a pH 5.4 unbuffered
solution of 0.1 M KCI and 0.8 pM SR-E. Potential jumps from E; to
progressively more negative final potentials Eg in the presence of SR-E
start yielding charge transients distinctly different from those in its
absence only for E¢ more negative than —0.80 V (Fig. 8). The resulting
charge steps have a sigmoidal shape with only a single inflection point
and a height of about — 45 pC cm~2, corresponding to spacer saturation
by K™ ion. The presence of a single sigmoidal charge step is apparent
from the corresponding current transients, which show only a single
peak. As expected, the plateau of the transients is attained at
progressively shorter times, the more negative the E¢ value is.

3.2.2. Cyclic voltammetric behavior
The steady-state cyclic voltammogram of a DPTL/DOPS tBLM in a
pH 3 aqueous solution of 0.1 M KCl and 0.8 uM SR-E, as recorded by
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Fig. 7. Charge transients following potential jumps from E; = —0.30 Vto E;= —0.90V at a
DPTL/DOPC tBLM in a pH 5.4 unbuffered solution of 0.1 M KCl and 0.8 pM SR-E; pristine
potential jump to Er = —0.90 V (a), potential jump to Es = —0.90 V obtained after repeat-
ed identical potential jumps, each preceded by a rest time of 30 s at E;. The dotted curve is
the charge transient from —0.30 V to —0.90 V in the absence of SR-E under otherwise
identical conditions.
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Fig. 8. Charge transients following potential jumps from E; = —0.30 V to progressively
more negative final potentials Eg, which vary from —0.70 V to — 1.00 V by —50 mV incre-
ments, at a DPTL/DOPS tBLM in a pH 5.4 unbuffered solution of 0.1 M KCl and 0.8 uM SR-E.
The slope of the charge transients increases progressively with a negative shift in Er. The
four current transients correspond to the charge transients from —0.85V to —1.00 V.

scanning the potential between —0.20 V and —0.90 V at a scan rate of
10 mV/s, shows a negative peak at about —0.72 V, followed by a
shoulder (see the solid curve in the inset of Fig. 9). The corresponding
positive current is flat and distributed almost uniformly at potentials
positive of —0.65 V. The overall charge under the negative peak and
the shoulder amounts to about — 20 pC cm™2. An increase in the scan
rate to 50 mV/s converts the negative peak into a shoulder and the
shoulder into a rounded peak, as shown by the dashed curve in the
inset of Fig. 9, and causes the charge obtained by integration of the
negative current to decrease to — 10 uC cm™2,

A similar steady-state cyclic voltammogram, with a negative peak
followed by a shoulder, is also provided by a DPTL/DOPC tBLM in a
pH 5.4 unbuffered solution of 0.1 M KCl and 0.8 uM SR-E (Fig. 9). The
negative peak is shifted by about 150 mV toward more negative poten-
tials with respect to that at a DPTL/DOPS tBLM at pH 3. The presence of a
negative peak and of a subsequent shoulder in the cyclic voltammo-
grams of the DPTL/DOPS tBLM in pH 3 aqueous 0.1 M KCl and of the
DPTL/DOPC tBLM in pH 5.4 aqueous 0.1 M KCl, both in the presence of
0.8 UM SR-E, are to be related to the two-stage charge transients provid-
ed by these two systems. In keeping with this statement, the DPTL/DOPS
tBLM in a pH 5.4 unbuffered solution of 0.1 M KCI and 0.8 uM SR-E,
which provides a single sigmoidal charge transient, yields a cyclic
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Fig. 9. Cyclic voltammogram of a DPTL/DOPC tBLM in a pH 5.4 unbuffered solution of 0.1 M
KClin the absence (dotted curve) and in the presence of 0.8 uM SR-E (solid curve) ata scan
rate of 50 mV/s. The inset is the cyclic voltammogram of a DPTL/DOPS tBLM in a pH 3 so-
lution of 0.1 M KCl in the absence (dotted curve) and in the presence of 0.8 M SR-E at a
scan rate of 10 mV/s (solid curve) and 50 mV/s (dashed curve).

voltammogram with a single sharp negative current peak and a flat pos-
itive current, as appears from the solid curve in Fig. 10. At a scan rate of
10 mV/s, the charge under the negative current peak amounts to about
—40 uC cm™2. Interestingly, addition of 0.5 mM CaCl, to the solution
bathing the tBLM suppresses the current induced by SR-E (see the dot-
ted curve in Fig. 10). Calcium ions exert an analogous suppressive effect
on DPTL/DOPS and DPTL/DOPC tBLMs at pH 3. This behavior can be
tentatively explained by calcium ions binding to the carboxyl groups
of the SR-E molecules that line the mouth of the SR-E channel, similarly
to their binding to the carboxyl groups of human erythrocyte mem-
branes [40]. However, at potentials negative of —0.90 V, calcium
ions move across the lipid bilayer moiety in the presence of SR-E,
yielding a sharp and high negative cyclic voltammetric peak (data not
shown). Their presence also contributes to increasing the height
of chronocoulometric charge steps for Ef = —1.0 V beyond the
—45 uC cm™2 value observed in 0.1 M KCI (data not shown), in view
of their higher charge number with respect to K™ ions.

Cyclic voltammetry was also used to test the selectivity of DPTL/
DOPC and DPTL/DOPS tBLMs toward the chloride ion. To this end, use
was made of an aqueous solution of 0.04 M Na,H,ATP salt, brought to
pH 5.5 by a small addition of NaOH. The ATP anion is known not to
permeate biomembranes. Hence, if a peptide channel is highly selective
toward chloride ion, as is the case with the small protein sarcolipin [41],
its incorporation in a tBLM will not allow ion flow across the lipid bilayer
moiety. Conversely, an appreciable anion flow will be observed upon di-
luting the 0.04 M NayH,ATP solution with a 0.08 M NaCl solution. Fig. 11
shows the cyclic voltammogram of a DPTL/DOPC tBLM in a pH 5.5 solu-
tion of 0.04 M Na,H,ATP and 0.8 uM SR-E before (dotted curve) and
after the further dilution with 0.08 M NaCl (solid curve). It is evident
that no ion flow occurs in the presence of sodium ions, whereas a cyclic
voltammogram with a sharp negative current peak at —0.97 V and a flat
positive current hump is recorded upon addition of chloride ions. At a
scan rate of 50 mV/s, the charge under the negative current peak
amounts to — 15 uC cm~ 2. This points to a high selectivity of the SR-E
channel incorporated in a DPTL/DOPC tBLM for chloride ions. The
anion selectivity of the DPTL/DOPC tBLM turns out to be apparently
lower when using electrochemical impedance spectroscopy. Thus, the
Nyquist plot of this tBLM in 0.04 M Na,H,ATP at —0.70 V yields a
resistance that is reduced to half upon addition of 1 pg/mL SR-E and to
one fourth upon a further dilution with 0.08 M NaCl. This is due to the
time required to record a whole impedance spectrum being much
longer than that required to record a cyclic voltammogram. Since the
chloride transfer number at a DPTL/DOPC tBLM incorporating SR-E is
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Fig. 10. Cyclic voltammogram of a DPTL/DOPS tBLM in a pH 5.4 unbuffered solution of
0.1 MKCl and 0.8 pM SR-E at a scan rate of 10 mV/s before (solid curve) and after addition
of 1073 M Ca** (dotted curve). The cyclic voltammogram in the absence of SR-E and Ca®
under otherwise identical conditions coincides with the dotted curve, within the limits of
experimental error.
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Fig. 11. Cyclic voltammogram of a DPTL/DOPC tBLM in a pH 5.5 solution of 0.04 M
Na,H,ATP and 0.8 uM SR-E at a scan rate of 50 mV/s (dotted curve) and upon dilution
with 0.08 M Nacl (solid curve). The cyclic voltammogram in the absence of SR-E and
NaCl under otherwise identical conditions coincides with the dotted curve, within the
limits of experimental error.

not exactly unitary, a longer time allows a higher number of sodium
ions to move along the SR-E channel into the spacer before NaCl
addition.

As distinct from a DPTL/DOPC tBLM, a DPTL/DOPS tBLM in a pH 5.5
solution of 0.04 M Na,H,ATP lacking chloride ions yields a cyclic volt-
ammogram analogous to that shown by the solid curve in Fig. 11, with
the negative peak shifted by about 100 mV toward less negative poten-
tials with respect to that in the latter curve (data not shown). Addition
of 0.08 M NaCl leaves the cyclic voltammogram practically unaltered.
This indicates that the anion selectivity of the SR-E channel incorporated
in a DPTL/DOPS tBLM, if any, is too low to be detected by the rather
crude procedure based on the use of the ATP salt. The above results
agree with the high anion transfer number of 0.97 for NaCl at a DOPC
BLM [14], to be compared with a value of 0.73 at a DOPS BLM [10].

4. Discussion

For a comparison with the results obtained at conventional BLMs,
it is important to provide an extra-thermodynamic estimate of the po-
tential difference across the lipid bilayer moiety of the Hg-supported
tBLM, namely the intramembrane potential ¢;y,. On the basis of a
number of different pieces of experimental evidence, it was concluded
that ¢, for a DPTL/DOPC tBLM in aqueous 0.1 KCl in the absence of
ions in the hydrophilic spacer equals zero at an applied potential of
about —0.48 V/SCE, and hence at about —0.52 V vs. the Ag/AgCl/
(0.1 M KCl) reference electrode [42]. The latter potential coincides
with the midpoint potential between the negative and the positive
peak of the stabilized cyclic voltammogram of a DPTL/DOPC tBLM
incorporating the ohmic channel gramicidin from its 0.3 pM solution
in unbuffered aqueous 0.1 M KCI [29]. The shape of this cyclic voltam-
mogram is typical for ohmic channels, being roughly centrosymmetric,
with the inversion center located at the midpoint potential (see
Fig. 17 in Ref. [43]). The midpoint potential for a cyclic voltammogram
at a DPTL/DOPC tBLM provided by an ohmic ion channel selective
toward a cation, such as gramicidin, is the potential at which the cation
inflow into the spacer matches the cation outflow, giving rise to a zero
net current. Hence, it can be regarded as a reliable estimate of the zero
intramembrane potential.

Surprisingly, we recently verified that the midpoint potential at a
DPTL/DOPS tBLM incorporating gramicidin from its 0.1 uM solution in
0.1 M KCl depends on pH (unpublished results). Thus, a decrease in
PH causes a positive shift in the midpoint potential and a gradual de-
crease in the separation between the positive and negative peak poten-
tials. The midpoint potential, corresponding to a zero intramembrane

potential ¢, amounts to about —0.66 V at pH 7, —0.55 Vin a pH 5.4
unbuffered solution, and —0.44 V at pH 3. Practically identical midpoint
potential values were obtained at a DPTL/DOPC tBLM under otherwise
identical conditions. Even more surprisingly, the potential at which
the current at a DPTL/DOPC tBLM or DPTL/DOPS tBLM incorporating
SR-E from its 0.8 uM solution in 0.1 M KCI intersects the corresponding
background current varies with pH, assuming values very close to those
for the midpoint potential of the gramicidin peaks at the same tBLMs.
Since gramicidin is neutral whereas SR-E is positively charged, this
effect is expected to depend more on the lipid than on the ion channel.
It is possible that the mouth of a channel may drag ionizable and/or
dipolar groups of the lipid polar heads well inside the polar head region
(even if exposed to the aqueous solution and screened by it at a
sufficient distance from the ion channel mouth). This would generate
a local nonzero potential difference, if nonexisting in the absence of
the channel, or it would modify it, if already existing. It is also possible
that the very movement of the ions passing through the mouth of a
channel during their translocation may transiently determine such a
local alteration of the lipid polar head conformation.

In light of the above results, the positive shift by about 150 mV in the
negative peak potential of the cyclic voltammogram in passing from a
DPTL/DOPC tBLM incorporating SR-E at pH 5.4 to a DPTL/DOPS tBLM
at pH 3 (cf. Fig. 9 and its inset) is mainly to be ascribed to a concomitant
shift in the zero intramembrane potential. In view of the position of the
corresponding zero ¢;, values, the negative peaks in Fig. 9 and in its
inset fall at intramembrane potentials ranging from —300 to
—400 mV, and hence somewhat outside the range of physiological
transmembrane potentials of BLMs. It should be noted that the
intramembrane potential of a tBLM is the potential difference across
its hydrocarbon tail region, whereas the transmembrane potential of a
BLM is the potential difference between the bulk phases that bath its
two sides. In a symmetrical BLM interposed between two identical
aqueous solutions, transmembrane potential and intramembrane po-
tential coincide, because the surface dipole potentials on the two sides
of the hydrocarbon tail region counterbalance each other, but only if
any ion channels are symmetrically incorporated in the BLM, so as not
to generate sidedness; this is not the case with SR-E. The non-
physiological intramembrane potentials required for ion flow in tBLMs
are in apparent contrast with the currents at conventional BLMs
incorporating SR-E in field-reversal experiments, which flow at trans-
membrane potentials ranging from + 120 to 4+ 200 mV [10,14]. The
higher ¢, values required to activate the SR-E channels at tBLMs
have to be ascribed to the fixed proximal monolayer of phytanyl
hydrocarbon tails bound via ether linkages to the tetraethyleneoxy
spacer. This monolayer has practically no polar heads. Conversely, the
movement of the polar heads on the opposite side of a conventional
DOPS BLM with respect to SR-E addition (i.e., the trans side) was consid-
ered by Malev et al. [14] to play a major role in favoring SR-E channel
opening in a pH 6 aqueous solution of 0.1 M NaCl, when the transmem-
brane potential was negative on the trans side. The opening of the SR-E
ion channel was tentatively ascribed to an electrostatic pushing of the
negatively charged DOPS polar heads of the trans lipid leaflet toward
the interior of the lipid bilayer, so as to line the trans side of the SR-E
channel. This should not be counterbalanced by an analogous pushing
of the DOPS polar heads of the cis leaflet away from the bilayer because
of their lower number, due to the presence of the positively charged lac-
tone rings forming the SR-E channel mouth [14].

In spite of the different structures of BLMs and tBLMs, some similar-
ities in the behavior of SR-E channels in these two different biomimetic
membranes are clearly apparent. A peculiar feature of SR-E incorporat-
ed in Hg-supported tBLMs consists in the two-stage sigmoidal
chronocoulometric charge transients recorded with DPTL/DOPC tBLMs
at pH 3 and 5.4, and with DPTL/DOPS tBLMs at pH 3. Conversely,
DPTL/DOPS tBLMs at pH 5.4 yield charge transients characterized by
a single sigmoidal charge step. The two-stage sigmoidal behavior
contrasts with all potential-jump chronocoulometric measurements
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carried out at these tBLMs upon incorporating several channel-forming
peptides [27-29,31,41] from aqueous 0.1 M KCl. In all these cases, a
single sigmoidal charge step, about 45 uC cm™2 high, was recorded, by
jumping from an initial potential E; ranging from —0.20 to —0.30 V to
sufficiently negative final potentials Er. These E; values correspond to
positive intramembrane potentials, ¢;,,, as measured from the mercury
side of the bilayer. They should be compared with the transmembrane
potentials on the side of conventional BLMs opposite to that where
SR-E is added, taken as the cis side. It is worth noting that the peculiar
two-stage sigmoidal charge transients are observed in 0.1 M KCI
at tBLMs with a distal DOPC monolayer at pH 5.4 and with a
distal DOPS monolayer at pH 3, under experimental conditions
close to those at which the SR-E incorporated in the corresponding
diphytanoylphosphatidylcholine (DPhPC) [14] and DOPS [10,14] BLMs
have been reported to be open at negative transmembrane potentials
on the trans side. On the other hand, single sigmoidal charge transients
are observed at tBLMs with a distal DOPS monolayer in pH 5.4 aqueous
0.1 M KCl, under experimental conditions close to those at which
the corresponding DOPS BLMs have been reported to be open at
positive transmembrane values on the trans side [10,14]. Even
though Hg-supported tBLMs are highly asymmetrical, while the BLMs
employed in SR-E measurements are symmetrical, the above similari-
ties could hardly be regarded as fortuitous.

In consideration of the results on BLMs by Malev and coworkers [14],
we will assume that the SR-E channels incorporated in DPTL/DOPC
tBLMs in 0.1 M KClI at pH 3 and 5.4, and in DPTL/DOPS tBLMs at pH 3,
are in a “potentially” open state at E; = —0.30 V. In spite of this
assumption, our measurements exclude that they may allow an ion
flow across the lipid bilayer moiety while resting at E;. If this were the
case, then the SR-E channels would allow a flow of chloride ions into
the hydrophilic spacer at E;. A subsequent potential jump to a sufficient-
ly negative Ef value would then yield an overall two-stage charge
transient involving a charge appreciably greater than —45 uC cm™2,
which corresponds to spacer saturation by potassium ions. In fact,
such a charge transient would also include a charge density of the
same sign due to an outflow of chloride ions concomitant with the
inflow of potassium ions. Moreover, the sigmoidal shape of the charge
transients is indicative of the formation of SR-E channels by a mecha-
nism of nucleation and growth during the negative potential jump
from E; to Ef [27]. We may tentatively hypothesize that the SR-E
molecules retain a memory of their potentially open state at E; during
channel formation following the potential jump, thereby opening
during the first stage of the charge transient at Er and then starting to
close before the spacer is saturated by potassium ions. A form of
memory is not only present in sodium ion channels, but also in the
ion channel formed by the microcyclic polyol lactone monazomycin in
BLMs [44]. Conversely, the SR-E channels incorporated in a DPTL/
DOPS tBLM at pH 5.6, which are expected to be close at E; in view of
the results at BLMs [10,14], will start to open at negative final potentials
Ey, like the other biomimetic systems, but they will have no tendency to
close. This will allow the spacer to be fully saturated by potassium ions
in a one-stage sigmoidal charge transient. In all cases, the backward
potential jump from E; to E; involves only the charge due to the
expulsion of K* ions from the spacer, indicating that Cl~ ions are not
allowed to enter the spacer during this jump. This is quite probably
due to the outflow of K™ ions hindering a concomitant inflow of Cl1~
ions. This behavior points to the propensity of SR-E to favor K* ion
flow, in agreement with the increase in K* efflux from plant and yeast
cells induced by this lipodepsipeptide [6-47].

The tendency of the SR-E channels incorporated in DPTL/DOPC
tBLMs at pH 3 and 5.4 and in DPTL/DOPS at pH 3 to reopen after starting
to close can possibly be justified on the basis of some rough modelistic
considerations. The analysis of the electrochemical impedance spectra
of a DPTL/DOPC tBLM incorporating the gramicidin ohmic channel
from aqueous 0.1 M KCl reveals that the capacitance, G, of the “inner
layer” interposed between the charge density on the mercury surface

and that, Q, on the ions stored in the hydrophilic spacer increases almost
linearly with the latter charge, attaining a value of about 200 uF cm™?
when Q attains its maximum saturation value of +45 uC cm~2[17]. In
practice, the charge density on the metal is almost equal in magnitude
and opposite in sign to Q. In fact, the charge density due to diffuse
layer ions is almost negligible with respect to |Q|, and the potential dif-
ference across the diffuse layer is accordingly negligible, also in view of
the high value of the diffuse-layer capacitance [23]. Incidentally, it is
thanks to the high inner layer capacitance C; that the filling of the hy-
drophilic spacer by K* ions requires a few hundreds of mV to occur,
rather than several volts, as would be required if the capacitance were
identified with that, ~3 uF cm 2, of the lipoic acid residue in the absence
of ions in the spacer [48]. The extra-thermodynamic absolute potential
difference, A¢, across the whole mercury/solution interface can then
be approximately expressed by the equation:

Ap=-Q/Cy + Xs + dim + T (V/gyso) - ¢in=Ad +Q/Cy-xs-0; (’Y/gyso)
(1)

where ys is the surface dipole potential of the tetraethyleneoxy spacer
and ¢, is the intramembrane potential. The further term, 0i(y/&,&),
expresses the potential difference across the polar head region of the
distal lipid monolayer in the presence of a charge density o; due to
ionizable groups buried inside the polar heads; vy and &, are the length
and the dielectric constant of the polar head region, and & is the
permittivity of free space. A number of pieces of experimental evidence
combined with some mild modelistic considerations indicate that ys is
about equal to — 0.230 V and that A¢ is obtained by adding + 0.230 V to
the applied potential measured vs. the SCE [42], and, hence, by adding
+0.190 V to the Ag/AgCl/0.1 M KCl reference electrode. Setting Q =
+45 uC cm™2, G = 200 uF cm~2 and 0; = 0, Eq. (1) yields a value of
—0.65 V for the potential E; = Adé — 0.190 V at which the
intramembrane potential ¢;,, equals zero. This value is very close to
the midpoint potential, — 0.66 V, between the negative and the positive
peak of the cyclic voltammogram of a DPTL/DOPS tBLM incorporating
gramicidin at pH 7 (unpublished results), which is the applied potential
at which the intramembrane potential is estimated to be equal to zero.
As already pointed out, the above midpoint potential varies with pH.
This pH dependence can be ascribed to the 0i(y/gy&) term in Eq. (1),
which can be varied locally at the mouth of ion channels, depending
on the nature of the lipid molecules and of the pH value. Worth noting
for the present purpose is that a gradual increase in the positive charge
Q of potassium ions accommodated in the spacer causes ¢y, to shift to-
ward less negative values at the constant final potential E; of a potential
jump (and, hence, at constant A¢), in view of Eq. (1). This may explain
why the SR-E channel incorporated in DPTL/DOPC tBLMs and in the
DPTL/DOPS tBLM at pH 3, after opening and then tending to close at
Eg, may tend to open again at the same final potential, due to a positive
shift of ¢y, resulting from accumulation of potassium ions into the spac-
er. The time during which the SR-E channel remains in the closed state
at the final potential is shorter the more negative the E¢ value is. This is
probably due to the fact that, as Esbecomes progressively more negative,
the increasing electrostatic attraction exerted by the local electric field
toward K™ ions tends to overcome the resistance opposed by a closed
ion channel.

The blocking of the SR-E channel by Ca?>* ions over the range of
physiological intramembrane potentials, as shown in Fig. 10, deserves
some additional considerations. SR-E has been reported to induce
Ca®™ influx in plant [9,49,50] and yeast cells [47]. Takemoto and
colleagues provided evidence that SR-E activity is responsible primarily
for opening of Ca> ™ channels in plasma membranes [47,51]. Conversely,
Hutchinson et al. [9,50] claimed that transmembrane Ca?* flux is due to
SR-E itself forming ion channels. Thus, they state that their “findings in
both the erythrocyte lysis assay and using direct measurements in
bilayers show that SR-E forms pores that are highly permeable to
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Zn?" and Ca%™ cations”. However, to the best of our knowledge, no
direct evidence for Ca? " permeation in artificial bilayers induced by
SR-E was provided by these authors. Conversely, our measurements
indicate that Ca®?™ ions inhibit the SR-E channel, in analogy with
their effect on the pores of the lipodepsipeptide tolaasin [52]. Accord-
ingly, a re-examination of the biological effects exerted by SR-E has to
be accomplished in light of the results presented in this study.

5. Conclusions

This study describes the interaction of SR-E with a highly asymmet-
rical lipid bilayer, in which the polar heads of the proximal lipid
monolayer are practically lacking. The ion flow through the SR-E
ion channel incorporated in the lipid bilayer moiety of tBLMs was
exclusively dominated by the distal monolayer. This provides useful
information on the effect of phospholipid asymmetry of cell membranes
on ion channel behavior. The incorporation of SR-E in mercury-
supported tBLMs requires nonphysiological intramembrane potentials,
as distinct from symmetrical BLMs. However, once incorporated,
the SR-E channel remains stable over the range of physiological
intramembrane potentials. Under the same experimental conditions at
which symmetrical BLMs of DOPC and DOPS incorporating SR-E are
open at positive transmembrane potentials, the corresponding distal
monolayers of tBLMs allow ion inflow only at non-physiological nega-
tive intramembrane potentials and then tend to block it, following a
negative potential jump. On the other hand, distal DOPS monolayers
of tBLMs incorporating SR-E at pH 5.4 open at negative transmembrane
potentials and remain open, following a negative potential jump
(Fig. 8), similarly to DOPS BLMs. In all cases, the ion flow at tBLMs
induced by negative potential jumps involves exclusively K™ ions. On
the contrary, voltage cycling also induces the flow of Cl~ ions, as
appears from the cyclic voltammogram in Fig. 11. Most importantly,
the intramembrane potential of the asymmetrical tBLMs with distal
DOPC and DOPS monolayers varies appreciably with the solution pH
and depends much more on the nature of the lipid than that of the
ion channel. This effect, which is exclusively determined by the distal
monolayer, is expected to be wiped out in symmetrical BLMs. It
sheds some light on the distinct contributions to the transmembrane
potential from the two lipid leaflets of cell membranes.

A detailed investigation of the channel-forming activity of
syringopeptin 25, another interesting peptide produced by P. syringae
pv. syringae, which forms ion channels exhibiting quasi-ohmic behavior
at physiological intramembrane potentials in our mercury-supported
tBLMs, is under way. A semi-quantitative interpretation of the positive
shift of the intramembrane potential with decreasing pH, as induced by
changes in the surface dipole potential of the phospholipid polar heads
adjacent to the mouth of the gramicidin ion channel, is also in progress.
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