The Mossbauer spectrum of *’Fe in
rasvumite was taken by means of a
1024 multichannel analyzer and an
electromechanical drive system oper-
ated at constant acceleration and a
symmetric triangular velocity wave
form. During the measurement the ab-
sorber and source (*”Co/Rh) were held
at room temperature.

The spectrum (Fig. 1) exhibits two re-
solved lines which were fitted by least-
squares methods to one doublet and as-
signed to iron in tetrahedral sites (Ta-
ble 2). The rather small half-width
I'=0.25 mm/s of these lines confirms
this assignment to only one crystallo-
graphic site. The quadrupole splitting
A4E4=0.53 mm/s indicates a distinct
deviation of the Fe—S tetrahedron
from cubic symmetry. The existence of
only one doublet instead of two, which
had to be assigned to Fe?* or Fe3*,
respectively, can be explained by elec-
tron delocalization including the Fe2*
and Fe*" ions in neighbouring, crystal-
lographically equivalent sites leading to
an intermediate hyperfine interaction
in the Mossbauer spectrum. This inter-
pretation is confirmed by comparison
of the isomer shift §=0.29 mm/s in
rasvumite with the isomer shifts
6=0.60 mm/s of Fe2* in FeCr,S, and
6=0.16 mm/s of Fe3®* in KFeS, [6],
where Fe?™ and Fe®*, respectively, are
also found in tetrahedral coordination.
The isomer shift in rasvumite is inter-
mediate in value indicating an electron
density at the iron nuclei between pure
“jonic” Fe?*™ or Fe3*, respectively,
which may be referred to valence fluc-
tuations faster than ~10 8s, e.g. the
mean lifetime of the excited iron nu-
cleus. These interactions between
neighboured Fe ions are facilitated by
the small average Fe— Fe distances of
271 pm [3]. Using the empirical
formula of Hoggins and Steinfink [7]
and the average Fe—S distance of
226.4 pm the isomer shift of Fe in ras-
vumite was calculated by Clark and
Brown [3] to be §=0.30 mm/s, which
is in fairly good agreement with the ex-
perimental value 6 =0.29 mm/s of this
work. The temperatures of the rasvu-
mite synthesis correspond to its forma-
tion under “‘ pegmatitic” conditions.
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Fig. 1. Mdssbauer Spectrum of 37Fe in ras-
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ture. The solid line is a least-squares fit of
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We reported recently that acetylcholin-
esterase (AChase) can induce ion chan-
nels in lipid bilayers in the presence of
acetylcholine (ACh) [1]. It was sug-
gested that channel induction might
involve a change in the state of the
membrane resulting from protonation
of lipid head groups [2] due to local
pH changes produced by substrate hy-
drolysis [3]. In the following, we pre-
sent direct evidence that ion channels
[4] can be induced in phospholipid
membranes by acidification of the bulk
solution on one side of the bilayer, by
addition of HCI, acetic acid, or by hy-
drolytic production of protons using
purified AChase.

Bilayer membranes containing the ap-
propriate phospholipid were built [5,
6] between two compartments contain-
ing unbuffered 1 M KCI (pH ca. 6.5).
Acid was added only to one compart-
ment so that, at positive applied volt-
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age, protons in the acidified compart-
ment would be attracted to the
bilayer.

Figure 1 shows an experiment with a
membrane made with L-a-phosphati-
dylcholine Type II-S (Sigma), a crude
mixture of soybean lipids. The mem-
brane, of resting conductivity 2 pA/V
(2 pS), initially displayed no significant
appearance of channels (Fig.1a at
0.3 uM H™). On addition of small ali-
quots of 0.1 N HCI, it started to display
signs of opening and closing of re-
solved ion channels (Fig. 1b, 200 uM
H™). Channels of manifold conductivi-
ties (between 6 and 20 pS in Fig. 1b)
occurred, but opening predominated so
that, after 1 h, a conductance equiva-
lent to several thousand pS was ob-
served (not shown). The pH was then
lowered drastically, to a value ap-
proaching 1, by adding 2 N HCI. Mem-
brane conductivity decreased immedi-
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Fig. 1. pH-dependent appearance of ion channels in a soybean lecithin bilayer. The mem-
brane was formed in unbuffered 1 M KCl. The bulk solution on one side was adjusted
to the proton concentrations denoted. Titration was performed with aqueous HCl or KOH.
The applied potential is denoted alongside the proton concentration. The traces show
the observed membrane current as a function of time. Initial current is zero within experi-
mental error (i.e. below 0.3 pA), and is indicated by horizontal bars in traces b) and
d). Discrete channels are clearly discerned in the expanded traces f) and g)
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Fig. 2. Manifold ion channel conductivities. Individual conductivity steps between 5 pS
and 30 pS are visible in the upper trace taken from an experiment using diphytanoyl-lecithin
at 2.6 mM H*/—189 mV. However, apparent conductivities as low as 1 pS and as high
as several thousand pS can also be resolved (not shown). A stationary state with “unit”
conductivity steps of ca. 200 pS is shown in the lower trace, taken from an experiment
using a soybean lecithin membrane containing AChase; channels were induced by addition
of phenyl acetate (750 wM). Stationary states corresponding to 50 and to 400 pS also
appeared, and channels smaller than 10 pS and larger than 1000 pS could also be resolved
(not shown)

ately, returning to a level not signifi-
cantly different from that at neutral pH
(Fig. 1¢), although opening and closing
of individual channels was still ob-
served. On lowering the proton concen-
tration to 60 mM with 1 N KOH, the
membrane reverted to a state of greatly
increased conductivity (Fig. 1d). This
was not due to irreversible damage in-
flicted by the KOH, since further addi-
tion of HCl again reduced the mem-
brane  conductivity  dramatically
(Fig. 1e).

As expected, ion currents were voltage-
dependent, and their direction was re-
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versed upon reversing the sign of the
applied voltage (see traces on an en-
larged time-scale, Figs. 1f, g). Mean
channel lifetimes appeared longer when
the applied voltage was negative (re-
ducing the expected pH gradient across
the membrane).

Similar observations were made with
pure synthetic diphytanoyl-lecithin [7]
(Avanti), as can be seen in Fig. 2a, and
with a mixture containing synthetic
dioleoyl-lecithin (90% w/w) and cho-
lesterol {20]. Channels were again ob-
served in a critical pH range, ca. 2-3,
in the bulk solution.
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Induction was presumably due to
protons, since similar activation was
achieved with acetic acid. In further ex-
periments, purified AChase [8] was in-
corporated into the bilayer as described
[1]. In such membranes, ion channels
could be induced both by its specific
substrate ACh (see [1]) and by phenyl
acetate, which is also rapidly hydro-
lysed by the enzyme [9]. A trace
showing 200 pS channels induced with
phenyl acetate is shown in Fig. 2b.
Clearly, channel induction was not due
to a direct effect of the substrate on
the enzyme, since in control experi-
ments hydrolysis was complete within
seconds after its addition.

Present theories of ion-channel forma-
tion, whether in artificial bilayers or in
native membranes, favour the notion of
a polypeptide “ionophore” providing
the pore through which ion movement
occurs. There is, however, no direct ex-
perimental evidence bearing on this
issue in biological membranes. Our
results demonstrate a direct involve-
ment of the lipid bilayer [10] in pore
formation in vitro, by a mechanism in
which protonic control [11] of phos-
pholipid head groups may induce area
fluctuations [12] which destabilize the
bilayer lattice; missing-chain defects
[13] of defined conductivity (“ion
channels”) may consequently arise in
the two-dimensional point lattice [14]
of the lipid hydrocarbon tail groups.

It can be predicted that any other
mechanism leading to area fluctuations
could similarly induce ion channels.
Indeed, resolved ion channels have al-
ready been observed in homogeneous
lipid bilayers close to the phase-transi-
tion temperature [15]. Yet no caloric
phase-transition temperature can be
detected in the case of diphytanoyl-le-
cithin [16] nor in the heterogeneous
soybean lecithin preparation [17] em-
ployed in our studies. The degree of
protonation of lipid head groups may,
therefore, characterize an order transi-
tion in the bilayer, accompanied by
area fluctuations, even under condi-
tions of phospholipid heterogeneity
which prevail in biological membranes.
It is worth noting that the “proton re-
ceptors” have already been described
in vivo [18].

Finally, the present experiments
support our earlier hypothesis that
ACh-induced ion channels in mem-
branes containing AChase are pro-
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duced within the lipid bilayer as a con-
sequence of ACh hydrolysis [1, 19]. In
this way, other membrane-bound hy-
drolases such as ion-specific ATPases
might similarly induce ion channels
through the phospholipid bilayer by
the protons produced during hydroly-
sis in vivo.

W. Hanke gave us the benefit of his
experience with bilayers. Supported by
the Deutsche Forschungsgemeinschaft
and the Minerva Foundation.
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Early Receptor Potential of Pineal Organ

and Lateral Eye of the Pike
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Using intraretinal  microelectrodes
Brown and Murakami [2] recorded fast
summated potentials after an intense
flash. This so-called early receptor po-
tential (ERP) is characterized by its
very short latency and has been ob-
served in all vertebrate and inverte-
brate eyes investigated so far [3]. It is
probably generated by the direct action
of light on the visual pigment in the
outer segment of photoreceptors and
produced by charge displacements
within the pigment molecule [1]. In
mixed retinae, the ERP is said to be
generated mainly by cones [5] and is,
therefore, of particular interest for re-
search on pineal photoreceptors which
are cone-like in structure.
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So far successful recordings of rapid
photoresponses to brief, high-intensity
flashes were only obtained from the
epiphysis of Rana catesbeiana [6).
Using a similar technique, we recorded
these potentials from the exposed pine-
al organ and the eye cup of the pike,
Esox lucius. Regardless the flash lumi-
nance and state of adaptation the shape
of pineal ERP resembled that of the
lateral eye including a R, component
appearing after a very short latency
(peak time 0.1 ms) and a R, compo-
nent (peak time 0.5 ms) of opposite po-
larity. A photoresistant potential com-
ponent, as described for the eye cup,
was occasionally seen in the pineal
organ.
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Recovery in the dark of the ERP after
bleaching was similar in pineal organ
and eye cup. After an intense flash the
amplitude increased from zero to about
50% of the dark-adapted value within

100

Response [*/]

1‘0 1‘5 2‘0

Time in darkness [min}

Fig. 1. ERP recovery in the dark of the R,
amplitude of the pineal organ (o) and the
lateral eye cup (e) after a light flash equiva-
lent to a steady exposure of 1.7 x 10¢ c¢d/m?.
The measurements denote the amplitude of
the R, component at different dark intervals
after the bleaching flash, 100% being the
amplitude after 2 h in darkness
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Fig. 2. Early receptor potentials of the pine-
al organ (A) and the lateral eye cup (B) of
the pike in response to flashes of different
spectral lights carrying equal numbers of
quanta. Measurements taken 5 min after a
constant conditioning flash. The action
spectra (C, D) are the means (C) including
the standard deviations (D) of five animals.
Measurements performed during light adap-
tation (C, dots and D) and after selective
adaptation to red light (C, circles). Dart-
nall’s nomogram v.p. 617nm (C) and
650 nm (D) are drawn in full, v.p. 533 nm
(D) by dashed line
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