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Charge transport by ion translocating membrane proteins on solid
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ABSTRACT A new method for the investigation of ion translocating membrane proteins is presented. Protein containing membrane
fragments or vesicles are adsorbed to a solid supported membrane. The solid supported membrane consists of a lipid monolayer on a
gold evaporated or gold sputtered glass substrate which is coated with a long chained mercaptan (CH;(CH,),,SH, m = 15, 17). Specific
conductance and specific capacitance of the solid supported membrane are comparable to those of a biack lipid membrane. However,
the solid supported membrane has the advantage of a much higher mechanical stability. The electrical activity of bacteriorhodopsin,
Na,K-ATPase, H K-ATPase, and Ca-ATPase on the solid supported membrane is measured and compared to signals obtained on a
conventionally prepared black lipid membrane. It is shown that both methods yield similar resuits. The solid supported membrane
therefore represents an alternative method for the investigation of electrical properties of ion translocating transmembrane proteins.

INTRODUCTION

Adsorption of membrane fragments or vesicles contain-
ing ion translocating membrane proteins to a black lipid
membrane (BLM) has been used to study time resolved
charge translocations of these enzymes ( e.g., Bacteriorho-
dopsin (4, 8), Na,K-ATPase (11), Ca-ATPase (14)).
Low specific conductance and high specific capacitance
of the BLM leads to transient capacitive currents after
activation of the ion pumps. Analysis of these currents
has provided information about charge transport during
distinct partial reactions of a variety of membrane pro-
teins (4, 5, 8, 11, 12, 14, 18, 27).

The advantages of the BLM are its low specific con-
ductance and its high specific capacitance. Low conduc-
tance is important because of the high background noise
associated with a high conductance sample. High spe-
cific capacitance yields a large signal in current measure-
ments (4 ). The major drawbacks are mechanical instabil-
ity and small surfaces (~0.01 cm?).

As shown recently by Florin and Gaub (13), the solid
supported membrane (SSM ) maintains high specific ca-
pacitance and low specific conductance but at the same
time has a large surface (=~0.25 cm?) and mechanical
stability as compared to the BLM. Using this device,
charge transport in ion pumps can be studied in an envi-
ronment comparable to that of a BLM.

MATERIALS AND METHODS

Chemicals

Diphytanoyl phosphatidylcholine ( PC; synthetic; Avanti Polar Lipids,
Inc., Pelham, AL), phosphatidylserine ( PS; bovine brain; Avanti Polar
Lipids, Inc.), and octadecyl amine (purity 98%; Riedel-DeHaén AG,
Seelze-Hannover, Germany) were used.

Monolayers were prepared from PC and octadecyl amine (60:1, wt/
wt) or PC and PS (4:1, vol/vol, PC/PS) both 1.5% in n-decane. The
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lipid solutions were prepared as described in Bamberg et al, 1979 (4).
All other chemicals were purchased in analytical grade.

Caged ATP, a photolabile, inactive analogue of ATP used for the
experiments with different ATPases, was prepared by a method de-
scribed by Fendler et al., 1985 (11) and kindly provided by E. Grell
(MPI fiir Biophysik, Frankfurt/M., Germany).

Purple membrane (PM) fragments containing bacteriorhodopsin
(BR) were prepared according to Stoeckenius and Kunau, 1968 (35)
and Oesterhelt and Stoeckenius, 1974 (28). The PM suspension had a
optical density of ODgg;.m = 1.6 (protein concentration 656
ug-ml™"). A typical PM fragment has a diameter of about 0.5 pm and
a thickness of ~4.8 nm (17, 36).

Membrane fragments containing Na,K-ATPase (protein concentra-
tion 2-3 mg- ml~', ATPase activity 20 umol P, - mg ~'protein - min ')
from pig kidney were prepared as described by Jergensen, 1974 (20,
21). H,K-ATPase containing vesicles (protein concentration 10
mg-ml~!, ATPase activity 1.7 umol P,-mg~'protein- min~') from
pig stomach were prepared as described by Ljungstrém et al., 1984 (25)
and Saccomani et al., 1977 (32). Vesicles containing Ca-ATPase (pro-
tein concentration 11 mg-ml™', ATPase activity 0.8 umol
P, - mg~'protein-min~') from sarcoplasmic reticulum from rabbit
skeletal muscle were prepared according to Hasselbach and Makinose,
1963 (15).

The ATPase containing membrane fragments and vesicles have typi-
cal diameters of ~100-300 nm (16, 33). The thickness of the frag-
ments is ~4 nm.

Gold electrodes

Glass plates (7 X 25 mm?) were cleaned, dried, brought into an atmo-
sphere of dichlorodimethyl silane for ~60 s, and then stored for 60 min
at 130°C to allow the silane to react with the glass surface. The silanized
glass plates were then sputtered with a gold layer. Sputtering was per-
formed under an argon atmosphere of 50-70 - 10 73 torr, with a sputter
current of 35-45. 107 A and a sputter yield of 0.2-0.4 nm/s without
cooling the substrate. The final thickness of the gold layer was 50 to 100
nm. The silanization procedure makes the glass surface hydrophobic
and enhances the stability of the gold layer in the electrolyte. We used
masks to obtain well defined gold covered areas on the glass support: a
circular disk with a thin connecting line (Fig. 1 4).

The freshly deposited gold films were incubated in a mercaptan solu-
tion for 6 h at 30°C. We used a solution of 1 mM hexadecyl mercaptan
(C ¢-mercaptan; Fluka, Neu-Ulm, Germany) or octadecyl mercaptan
(C,g-mercaptan; Aldrich, Steinheim, Germany) in ethanol. After mer-
captan incubation, the surfaces were rinsed with ethanol and then
dried. At this stage the electrodes can be stored dust-free for several
days without significant loss of quality.
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FIGURE | Experimental setup. (A4) Macroscopical structure of a mer-

captan treated gold electrode. Ag: connecting silver wire; F: filling
level; G: glass support; I: insulating coating; MAu: mercaptan treated
gold surface. (B) General experimental setup. C: cuvette; CE: counter
electrode; E: membrane fragments containing electrolyte solution; Q:
quartz window; S: solid supported membrane. (C) Microscopical
structure of the SSM in the case of adsorbed membrane fragments
containing Na,K-ATPase. G: silanized glass; Au: gold layer; M: mer-
captan monolayer; L: lipid monolayer; Mf: membrane fragment. (D)
Electrical equivalent circuit. I,(¢) is the time-dependent pump current
generated by the proteins. I(1) is the time-dependent current which is
measured in the outer circuit. The SSM is characterized by the specific
capacitances C,, C,, and by the specific conductances G,, G,, of the
membrane fragments and the SSM, respectively.

The connecting line was covered with nail polish as an electrically
insulating coating. The circular disk remains as the only accessible
mercaptan treated gold surface.

Lipid coating and SSM

The gold surface of an area of A = 0.25 cm? was coated with 10 ul of an
appropriate lipid solution while the glass plate was held horizontally.
During this procedure the electrode was exposed to air. The incubation
time was between 2 and 3 min. Then the lipid coated gold electrode was
brought into a electrolyte filled teflon cuvette as shown in Fig. 1 B.
Vertical positioning of the gold electrode ensures the run off of excess
lipid solution and the formation of the monolayer. The lipid coated
gold electrode was connected to a low noise current amplifier (gain:
105-10% V/A) via Ag/AgCl- or platinized Pt-electrodes. The output
signals of the current amplifier were filtered (risetime: 1 us-1 ms),
recorded with a digital storage oscilloscope, stored, and analyzed with a
personal computer.

Cuvette setup and illumination

The teflon cuvette (Fig. 1 B) had a volume of ~2.0 ml. The tempera-
ture was kept at 21°C via thermostat (RCS; MGW-Lauda, Lauda/

Konigshofen, Germany). A quartz window enabled the passage of visi-
ble and UV light.

For experiments with BR using stationary illumination, a halogen
(HGL 12 V 250 W; Philips, Eindhoven, The Netherlands) or a high
pressure Hg-lamp (HBO 200 W/2; Osram, Germany) was used. The
spectral bandpass was limited by a heat protection filter (KG3; Schott,
Mainz, Germany) and a cut-off filter (A = 495 nm; Schott). The irra-
diance at the surface of the SSM was 400 mW /cm? (495 < A < 700
nm). Lower irradiances were obtained with neutral density filters (0.1~
70% transmission; Schott).

For the study of the kinetics of BR, we used an excimer laser pumped
dye-laser (FL. 2001; Lambda Physik, Gottingen, Germany) with a
wavelength of A = 575 nm, a pulse duration of 10 ns, and an energy
density of ~ 100 xJ /cm? at the surface of the SSM.

For concentration jump experiments with ATPases, we used an ex-
cimer laser (EMG 100; Lambda Physik ) with a wavelength of A = 308
nm, a pulse duration of 10 ns, and an energy density of about 20
mJ/cm? at the surface of the SSM.

The SSM was always positioned perpendicular to the optical axis
(parallel to the cuvette window). Caged ATP adsorbs light in the UV
range with an absorption maximum at ~260 nm. At the wavelength
of the exciting laser light of 308 nm the specific absorbance was
€caged ATP,308 nm = 2440 M ~'cm™' (7). To minimize this absorption be-
fore the light reached the SSM, the thickness of the fluid layer between
the SSM and the window of the cuvette was kept <2 mm corresponding
to an optical density of <5-1072 (89% transmission) at 100 uM
caged ATP.

RESULTS

Properties of the SSM

As described in Materials and Methods, a lipid coating
was formed on a mercaptan treated gold surface on a
glass support. This was achieved by the combination of
two different methods of monolayer assembly on solid
supports.

It has been shown that mercaptan monolayers assem-
ble spontaneously on clean gold surfaces from solutions
of alkyl mercaptans in ethanol. The mercaptan mole-
cules are probably bound covalently to the surface and
build densely packed two-dimensional crystalline struc-
tures with the alkyi-chains tilted to the surface normal by
30° (1, 2, 3, 24, 42).

Other investigations demonstrated the spontaneous
formation of lipid monolayers on alkyllated planar glass
surfaces (41). Long chained alkylsilanes were used to
obtain hydrophobic glass surfaces and the lipid mono-
layer formation was explained by the interaction be-
tween the hydrophobic alkylchains of the silane and the
lipid molecules.

For the electrical measurements described here, metal
surfaces were required. Clean gold surfaces are hydro-
philic (34). The gold surfaces were made hydrophobic
by alkyllation with a long chained mercaptan in ethanol.
In the same way as lipid monolayers assemble on alkyl-
lated glass surfaces (41), we assume that a monolayer is
formed on mercaptan coated gold surfaces by spontane-
ous self-assembly. Florin and Gaub justified this as-
sumption at least for a substantial part of the lipid
film (13).
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C,s-mercaptan pretreated SSMs were observed to be
more stable than C,,-mercaptan pretreated ones. So, in
all experiments reported here, C,s-mercaptan pretreated
SSMs were used.

To ensure the correct preparation of the electrodes
and the development of the SSMs, their electrical con-
ductance and electrical capacitance were recorded. The
gold layer served as one electrode. As counter electrodes
Ag/AgCl- or platinized Pt-electrodes were used.

In the absence of an external voltage, rest currents
were observed indicating the existence of inherent po-
tentials. These potentials were estimated to be —150 to
—250 mV by suppression of the rest current with an ex-
ternal potential. The inherent potential dropped across
both the mercaptan and the lipid layer but apparently
did not damage them.

For a conventional BLM built up from PC and octa-
decyl amine, the specific electrical conductance and the
specific electrical capacitance were estimated to be G,,, =
5.0 nS/cm? and C,, = 500 nF/cm?, respectively. These
values were obtained by observing the stationary current
following a voltage step and by observation of the rectan-
gular current response to an applied triangular voltage
respectively. As shown by Florin and Gaub (13), one
obtains comparable conductances and capacitances with
the SSM.

Direct voltage methods are only partially applicable in
the case of a SSM because of the underlying totally polar-
izable gold electrode which leads to time dependent de-
creasing currents. So no definite value for the electrical
conductance of the SSM can be given with this method.
It was used, however, to compare different SSM prepara-
tions. Therefore, the relaxing electrical current 30 s after
an applied voltage step (50 mV) was observed. For the
best preparations of SSM, meaning high stability, this
method led to conductances of 2—-10 nS/cm?. The appli-
cation of triangular voltages (0.5 Hz, AU, = 30 mV) led
to almost rectangular current responses. Capacitances of
about 100 nF/cm? were estimated.

With the Mueller-Rudin BLM life-times of about
three to six hours are typical. Especially after addition of
protein containing membrane fragments, vesicles, iono-
phores or uncouplers the BLM may become unstable.
Care must be taken to avoid mechanical perturbations,
which may destroy the BLM.

A typical SSM was stable for at least 20 h. During this
time, the electrical conductance was comparable to the
conductance of a BLM and remained constant. We per-
formed experiments with bacteriorhodopsin containing
PM fragments lasting over 48 h without significant
changes in the signal quality. For times larger than 20 h,
the conductance increased by two or three orders of
magnitude. If the inherent electrode potential was com-
pensated, the SSM showed the same behavior as without
compensation. Mechanical perturbations, which usually
destroy a BLM, did not influence the life-time of a SSM.

Photoartefact

In the absence of protein or caged ATP, light induced
signals were observed with the SSM. In the following,
these signals are referred to as photoartefacts. Shape and
magnitude of these artefacts were variable even under
constant conditions. As expected, the artefacts were espe-
cially large for UV light. In the presence of caged ATP,
the artefacts were larger than in its absence. In addition,
the artefacts depended on the electrolyte composition
and on the external voltage and were much larger com-
pared with those obtained with the BLM. The artefacts
distorted the protein generated electrical signals for
times shorter than 5 ms if an excimer laser was used for
excitation. In dye-laser experiments, the artefacts were
smaller and only the first us of the signal were distorted.

There might be at least four probable sources of arte-
facts: the photoeffect on the gold surface following the
absorption of photons in the metal surface, charge separa-
tion in caged ATP molecules situated on the surface of
the lipid layer, proton release from caged ATP during the
photolytic cleavage (7), and charge separation in the
lipid or mercaptan molecules after absorption of pho-
tons. Depending on the experimental conditions all of
these effects may contribute more or less to the photoar-
tefact and make it variable. The fact that the artefact is
larger than in the case of the BLM, is probably due to the
photoeffect after absorption of photons in the gold sur-
face.

Electric signals generated by ion
translocating proteins

After electrical characterization of the SSM, a suspen-
sion of protein containing membrane fragments or vesi-
cles was added to the cuvette under stirring. In most
cases, 30 min after addition of the suspension, the ad-
sorption of fragments or vesicles to the SSM was com-
pleted. The termination of the adsorption process was
indicated by the end of the increase of the light induced
electrical signal.

For a BLM with sufficiently low conductance, tran-
sient currents can be observed when the adsorbed ion
pumps are activated (4, 10, 23), i.e., the BLM is used as
a capacitive electrode. If the conductance of the SSM is
comparable to that of a BLM, similar electrical phenom-
ena are expected.

Bacteriorhodopsin

BR is the light-driven proton pump found in the PM of
the archaebacterium Halobacterium halobium. In the
light-adapted form it contains all-trans retinal as a chro-
mophore. After light excitation, BR passes through a
photocycle, returns to its ground state via a series of in-
termediates, and thereby translocates protons through
the PM (36).

50 ul of a sonicated (30 s) suspension of light-adapted
PM (ODy45 o, = 1.6) in H,O were added to the cuvette.
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FIGURE2 Bacteriorhodopsin. Light-induced transient current density
in the presence of bacteriorhodopsin containing purple membranes
under stationary illumination. The arrows indicate switching on and of
the light. The traces are recorded in the absence (—FCCP) of and after
addition (+FCCP) of 14 uM of the proton carrier FCCP. Conditions:
SSM formed from PC + octadecyl amine; 100 mM NaCl, 10 mM
Na-Citrate/HC], pH = 6.03.

Light induced transient electrical currents were observed
as shown in Figs. 2 and 3. The direction of the current
corresponds to the translocation of protons towards the
SSM. The current density 7 rises to its peak value I, and
then decays with a characteristic relaxation time 7 to a
stationary value which depends on the SSM conductiv-
ity. Peak current densities I, of ~60-200 nA /cm? were
obtained. The specific conductance of the SSM obtained
with the direct voltage method under these condi-
tions was 1.7 nS/cm?. The second trace (labelled
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FIGURE 4 Bacteriorhodopsin. The action spectrum of BR (under sta-
tionary illumination) shows the normalized initial current density I,/
Io max 3s a function of wavelength A. The solid line represents the nor-
malized absorption ¢/ ey, of BR. Conditions as in Fig. 2.

“+FCCP”) in Fig. 2 shows a signal from the same exper-
iment 45 min after addition of 14 uM of the proton car-
rier FCCP. An increased stationary current was observed
according to a 20-fold higher specific conductance (35
nS/cm?).

To show that the light-induced signals after addition
of PM suspension reflect the electrical activity of BR,
narrow band interference filters were used to obtain the
action spectrum of the signal. The result is shown in Fig.
4, The action spectrum is compared with the absorption
spectrum of BR. Both curves are normalized to their
maximal values.

Fig. 5 shows the relaxation time 7 of the current den-
sity as a function of the reciprocal light intensity. At low
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FIGURE 3 Bacteriorhodopsin. Dye-laser flash induced transient
current density. The inset shows the beginning of the signal from the
same experiment with higher time resolution. The rise of the BR signal
is distorted by the photoartefact. The signals are averages from 128
single shots with a delay of At = 5 s between two shots. Conditions as in
Fig. 2.

FIGURE 5 Bacteriorhodopsin. Reciprocal time = ! of relaxation of the
initial current density of BR to its stationary value as a function of the
light intensity (under stationary illumination). The solid line is a fit to
the saturation function described in the text. 7, = 1.8 s is the extrapola-
tion of the relaxation time 7 for vanishing light intensity. Conditions as
in Fig. 2.
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intensities, the time constant saturates at 7, = (1.8 +
0.3)s.

To prove the correspondence between the electrical
signal in the presence of PM fragments and the photocy-
cle of bacteriorhodopsin fast kinetics of the electrical sig-
nal were studied. Fig. 3 shows a 570 nm dye-laser pulse
induced electrical signal after addition of PM under the
same conditions as in Fig. 2 except that the temperature
was 19°C.

ATPases

Three different P-type ATPases were investigated: The
Na,K-ATPase from pig kidney, the Ca-ATPase from sar-
coplasmic reticulum from rabbit skeletal muscle, and
the H,K-ATPase from pig gastric mucosa.

The Na,K-ATPase maintains the Na*- and K*-ion
gradients in animal cells. In the presence of Mg2*-ions
for every hydrolyzed ATP-molecule three Na™*-ions are
transferred outward and two K*-ions are transported
into the cell so that the enzyme transports one positive
netcharge out of the cell. It has been shown previously
that the electrical signal of the Na,K-ATPase on BLM
corresponds to the Na*-dependent steps of the reaction
cycle (5, 12, 27). It can therefore also be observed in the
absence of K+,

The Ca-ATPase from sarcoplasmic reticulum is re-
sponsible for the relaxation of muscles. After muscle con-
traction for every hydrolyzed ATP molecule two Ca?*-
ions are removed from the cytoplasm to the lumen of the
sarcoplasmic reticulum to lower the cytoplasmic Ca?*-
concentration.

The function of the H, K-ATPase from parietal cells of
gastric mucosa is the acid secretion in the stomach and
the maintenance of the low pH level of ~1 against a
proton gradient of about 6 pH units. For every hydro-
lyzed ATP molecule, H*-ions are secreted and K*-ions
are transfered into the parietal cells. The stoichiometry is
1:1 or 2:2. Therefore, under physiological conditions,
the H,K-ATPase is electrosilent. However, under K*-
free conditions, the partial reaction of the electrogenic
proton transport is observable (19).

To activate these ion pumps, a rapid concentration
jump of ATP was produced by photolyzing caged ATP
with an UV laser flash (11, 12). The obtained electrical
signals with peak current densities of about 10 nA /cm?
are shown in Fig. 6. In all three cases the obtained signals
correspond to a translocation of positive charge towards
the SSM.

Fig. 6, A and B, shows laser flash induced signals in the
presence of Na,K-ATPase containing membrane frag-
ments before and after inhibition with the specific inhibi-
tor strophantidin (250 uM). After inhibition, only the
artefact remained. The reason for the opposite direction
of the artefact before and after inhibition is not known.
Light induced signals in the presence of Ca- and
H,K-ATPase containing vesicles are shown in Fig. 6, C
and D, respectively. The H,K-ATPase could be inhib-

10 nA/cm2

D

0 400 800
t / ms

FIGURE 6 ATPases. (4) Light induced transient current density after
addition of membrane fragments containing Na,K-ATPase from pig
kidney. Conditions: SSM formed from PC + octadecyl amine; 130 mM
NaCl, 3 mM Mg(Cl,, 25 mM imidazole/HCI, pH = 6.24, 100 uM caged
ATP. (B) Conditions were the same as in A4 but 250 uM strophantidin
were added. (C) Light induced transient current density after addition
of vesicles containing Ca-ATPase from sarcoplasmic reticulum of rab-
bit skeletal muscle. Conditions: SSM formed from PC + octadecyl
amine; | mM CaCl,, 1 mM MgCl,, | mM EGTA, | mM DTT, 20 mM
MES/TRIS, pH = 6.23, 4 uM A23187, 280 uM caged ATP. (D) Light
induced transient current density after addition of vesicles containing
H,K-ATPase from pig stomach. Conditions: SSM formed from PC +
PS; 50 mM imidazole, 3 mM MgCl,, | mM DTT, 250 uM EGTA/
TRIS, pH = 6.23, 260 uM caged ATP. Release rate of ATP from caged
ATP in all cases: n = 4-8%.

ited with specific inhibitor SCH28080 (10 uM). In ali
three cases free ATP (1.6 mM ) suppressed and vanadate
(1 mM) inhibited the electrical signal and only an arte-
fact remained similar to that one shown in Fig. 6 B.

DISCUSSION

BLMs have proven to be a versatile and sensitive tool for
the investigation of the electrical properties of ion
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pumps. Because of their low specific conductance and
their high specific capacitance, they can be used as capa-
citive electrodes for the registration of pump currents
generated by the protein containing membrane frag-
ments or vesicles which are adsorbed to the BLM.

A variety of ion pumps was investigated with the SSM
method. The currents generated by the proteins on a
SSM were analyzed and compared with results obtained
from analogue experiments on BLMs.

Lipid monolayers and bilayers on solid substrates
have been produced in the past by a variety of techniques
(26, 30, 31, 37, 38, 39, 43).

However, when supported by metal surfaces, some of
these preparations had a relatively high conductance
which made them unsuited for the investigation of the
electrical properties of membrane proteins (e.g. (39,
43): G > 100 nS/cm?).

Low conductance is required because only a part of
the BLM or SSM surface is covered with adsorbed mem-
brane fragments or vesicles. The uncovered surface acts
as a shunt resistance which, if excessively low, leads to a
high background noise current.

The electrical signals produced by ion translocating
membrane proteins adsorbed to a SSM are similar to
signals obtained with the BLM under comparable condi-
tions. This gives evidence that the conductance of the
SSM sample is sufficiently low to enable the use of the
SSM in the same way as a conventional BLM as a capaci-
tive electrode. In reference 13 it is shown that the specific
conductance of a SSM fits to values measured for a
BLM, although the conducting mechanism remains un-
explained.

In addition to low specific conductance, high specific
capacitance of the lipid membrane is required. The mea-
sured initial current I, is proportional to C,,/(C,, + C,,)
(4). Therefore, the specific capacitance C,, of the lipid
membrane should be of the order of magnitude of the
specific capacitance C, of the protein containing ad-
sorbed membrane fragment, to give large capacitive
currents. The specific electrical capacitance C, of a
membrane fragment is ~1 uF/cm?. The value for the
BLM s specific capacitance is ~0.5 uF/cm?.

Although the specific capacitance of the prepared
SSMs is only one-fifth of the value measured for the bi-
layer, this value is sufficient to ensure large capacitive
currents after activation of charge translocating mem-
brane proteins.

An explanation for the lowered capacitance of the
SSM might be that only a part of the lipid film on the
solid support is sufficiently thin to give a substantial con-
tribution to the capacitance. This interpretation is con-
firmed by the results presented by Florin and Gaub using
surface plasmon microscopy (13).

A disadvantage of the SSM setup is its sensitivity to
light. Especially at short wavelengths, radiation interacts
with the gold surface and leads to a photoinduced electri-

cal current. Control experiments to discriminate the pro-
tein generated signals from light induced artefacts are
therefore crucial.

After addition of the PM suspension (Figs. 2 and 3),
signals identical to those of PM adsorbed to BLM (8, 10,
18) are obtained. These signals differ from the photoar-
tefact recorded before addition of PM. Under stationary
illumination (Fig. 2) the signals are about three orders of
magnitude larger than the artefacts.

The signal shown in Fig. 3 may be described by a sum
of four exponentials. Using the fit procedure SPLMOD
(29), we obtained the decay times 7, = 4.0 us, 7, = 52 us,
73 = 173 pus, and 7, = 4.3 ms. These values are compara-
ble to the values obtained on BLM or gels (6, 9, 22, 40):
7y = 1.2 us, 7, = 50 us, 75 = 200 us, and 7, = 4 ms. The
difference found for the first component between the
SSM and the BLM measurement is probably due to the
superposition of rising BR-signal and the photoartefact
in the case of the SSM method (see inser of Fig. 3).

The action spectrum of BR (Fig. 4) on a SSM agrees
with the action spectrum on a BLM. This gives evidence
that the light induced currents in the presence of a PM
suspension are indeed due to the pump activity of BR.

According to the proposed microscopical structure of
the SSM (Fig. 1 C) we suggest an equivalent circuit iden-
tical to that of a conventional BLM. The circuit is shown
in Fig. 1 D. The time dependent pump current /, of the
membrane protein is distorted by the equivalent circuit
described by the specific conductivities G,,, G,, and the
specific capacitances C,,, C, of the SSM and the attached
membrane fragments, respectively. An expression for
the time dependent electrical current / measured in the
outer circuit can be obtained by circuit analysis. The
result (see reference 4) for stationary illumination after
switching on a constant light source is

I()=1I,+ (o —1,)-e™". ()

Here I, is the initial current density, I, is the stationary
current density and 7 is the decay time of the current
density to its stationary value. This decay time depends
on light intensity J according to:

C,+C,

=53 G, + Lo()/V*’

(2)

where the pump current I, 4 is given by:

J

Lo(J) =15, 771/2 ,

(3)
and J,,, and V'* are constants.

Analysis of the intensity dependence of the relaxation
time 7 of the light induced current densities under sta-
tionary illumination yields the system time 7, which de-
scribes the discharging of the capacitance of the com-
pound membrane (4). It is given as the zero intensity
limit of Eq. 2:
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For the BLM, 7, = 0.2 s was found. In the case of PM
adsorbed to SSM we obtained 7, = (1.8 £ 0.3) s as indi-
cated in Fig. 5. Taking into account that the SSM has a
lower specific capacitance (C,, ssm =~ 1/5 - C,, ppm) With
respect to the BLM and at least comparable specific con-
ductance (G,, ssm =~ G, ppm) We conclude that the shunt
conductivity G,ssn must be smaller than that of the
BLM. This may possibly be interpreted as a stronger ad-
sorption of the fragments to the SSM.

To investigate ATP-driven ion pumps, concentration
jump experiments were performed by releasing ATP
from caged ATP. Fig. 6, A, C, and D, shows the light
induced signals in the presence of caged ATP and Na,K-,
Ca- and H,K-ATPase, respectively. The spikes close to
t = 0 are photoartefacts. After decay of these artefacts for
times larger than 5-10 ms, signals are observed depen-
dent on the presence of both protein and caged ATP.

The signals could be inhibited by specific inhibitors
and only the photoartefact as before protein addition
remained. This gives strong evidence that the obtained
signals represent pump currents of the investigated ATP-
ases.

We characterized the time course of the pump
currents using the program SPLMOD to fit a sum of
three exponentials to the data (29). In the case of
Na,K-ATPase from pig kidney the data shown in Fig. 6
A can be described by the following reciprocal time con-
stants: 77! =79s7!, 75! =11s7!,and 75! = 1 s7!. Under
similar conditions 62 s™!, 14 s7!, and 3 s™! were ob-
tained for the BLM (12).

The first two time constants 7, and 7, have previously
been assigned to the pump activity of the protein. In fact,
measurements on SSM and BLM yield similar results for
these constants. This holds also in the case of Ca- and
H,K-ATPase containing vesicles.

For the signal from Na,K-ATPase measured on BLM
74 Is interpreted as the time constant of the equivalent
circuit given by its components G,,, C,,, G,, and C, via
Eq. 4 and has a value of about 0.2 to 0.3 s. From the
experiments with Na,K-ATPase containing membrane
fragments on the SSM, we obtain 75 = 1 s for the system
time, i.e., as in the case of BR, the system time for the
SSM s larger than the system time for the BLM. This
again may be interpreted as a stronger adsorption of the
membrane fragments to the SSM.

CONCLUSIONS

These results show that the electrical properties of the
SSM and the BLM are comparable. The behavior of ion
pumps contained in adsorbed membrane fragments or
vesicles is similar as in the BLM system. We have there-
fore proposed a microscopical sandwich-like structure
(Fig. 1 C, here in the case of an adsorbed membrane

fragment containing Na,K-ATPase) combining models
for the BLM and the mercaptan monolayer as proposed
in(4,5, 11, 12)and (1, 2, 3, 24, 42), respectively. As a
consequence an equivalent circuit as shown in Fig. 1 D
identical to that of the BLM setup (4, 5, 11, 12) is sug-
gested.

It is demonstrated that the SSM can be used to investi-
gate the electrical transport properties of membrane pro-
teins in much the same way as shown for the BLM.

An important advantage of the SSM over the BLM is
its mechanical stability leading to insensitivity to exter-
nal vibrations and long lifetime. This is particularly im-
portant for experiments where rapid stirring or fast ex-
change of the electrolyte is desired.

Despite the strong similarities of the SSM and the
BLM differences between these two methods remain un-
explained. The conducting mechanism with the SSM is
not yet understood. It is important to clarify which pro-
cesses are responsible for the light artefacts, reduced spe-
cific capacitance and electrode potential and whether
they can be reduced or avoided.
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