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The Chromoprotein of Halorhodopsin Is the Light-Driven Electrogenic
Chloride Pump in Halobacterium halobium®

E. Bamberg,* P. Hegemann, and D. Qesterhelt

ABSTRACT: The chromoprotein of halorhodopsin was isolated
from Halobacterium halobium strain L-33, a bacterio-
rhodopsin-deficient mutant, and incorporated into asolectin
lipid vesicles. When these vesicles are added to one side of
a planar lipid membrane, the membrane system becomes
photoelectrically active. The observed photoresponse occurs
only in the presence of chloride (and other halides). The action
spectrum of the photoresponse is identical with the visible
absorption band of the chromoprotein in lipid vesicles. The
photoresponse consists of a transient photocurrent, which in-
dicates that the lipid vesicles are adsorbed to the surface of

’Ee retinal-binding protein, halorhodopsin, occurs in the cell
membrane of Halobacterium halobium in addition to the
predominant and well-characterized proton pump bacterio-
rhodopsin (Matsumo-Yagi & Mukohata, 1977; Lanyi &
Oesterhelt, 1982; Mukohata & Kayji, 1980; Wagner et al.,
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the planar lipid membrane but not integrated into it. The
stationary photocurrent is extremely low because the under-
lying lipid membrane is virtually impermeable to the trans-
ported ion. The stationary photocurrent, however, increases
drastically upon the addition of the lipophilic anion tetraphenyl
borate or of the protonophore tetrachloro-2-(trifluoro-
methyl)benzimidazole (TTFB, HA) to the system. The
TTFB-enhanced stationary photocurrent is caused by the
transport of an HA,™ species. The results obtained demon-
strate that the chromoprotein of halorhodopsin is the light-
driven CI” pump in H. halobium.

1981). On the basis of transport measurements with cell
envelope vesicles from the bacteriorhodopsin-deficient mutant
strain L-33, it was proposed that halorhodopsin acts as a
light-driven chloride pump (Schobert & Lanyi, 1982). This
function was demonstrated with cell membrane fragments on
black lipid membranes (Bamberg et al., 1984). Both types
of experiments, however, do not determine whether the
functional unit of halorhodopsin consists of an individual
protein species or whether several different proteins contribute
to the function. The retinal binding component of halo-

© 1984 American Chemical Society
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rhodopsin was isolated in its native state (Steiner & Oesterhelt,
1983; Taylor et al., 1983). The photochemical and chlo-
ride-binding properties of halorhodopsin (Steiner et al., 1984;
Falke et al., 1984) were similar to those of halorhodopsin in
membrane fragments and cell envelope vesicles (Weber &
Bogomolni, 1981; Schobert et al., 1983). Reconstitution of
purified halorhodopsin into an artificial membrane system
therefore is necessary to order to decide the question whether
the chromoprotein is the chloride-transporting unit of halo-
rhodopsin. Passive proton transport can be used as an assay
for the light-induced chloride pump activity of halorhodopsin
in cell envelope vesicles. This assay, however, appeared not
sensitive enough in liposomal systems for the reconstitution
of halorhodopsin activity with the purified chromoprotein.
Therefore, black lipid membranes were used to show the
chloride pump activity of the halorhodopsin chromoprotein in
these liposomes.

Materials and Methods

Purification of Halorhodopsin and Preparation of Halo-
rhodopsin-Containing Lipid Vesicles (Proteoliposomes).! H.
halobium strains L-33 and OD 2 were grown and the
Tween-washed membrane prepared from the cells as described
(Bamberg et al., 1984). Halorhodopsin was purified from
Tween-washed membranes by the procedure described (Steiner
& Oesterhelt, 1983), except that the hydroxylapatite chro-
matography was carried out in the presence of 5 mM sodium
phosphate, pH 7.

Liposomes were prepared from 80 mg of asolectin (Sigma)
in 2 mL of 1 M NaCl by sonication at 30 °C in a sonifying
bath (Branson) until the turbidity no longer decreased (about
30 min). The liposomal suspension (50 uL) was mixed with
30 uL of a halorhodopsin-containing solution (80 nmol/mL,
1% octyl glucoside in 1 M NaCl) and 1 M NaCl added to a
final volume of 200 uL. After 2-h incubation 2.8 mL of 1 M
NaCl was added, and 100 uL (80 pmol of halorhodopsin) of
this sample was used for each of the black lipid membrane
experiments.

Bacteriorhodopsin (3 nmol) was solubilized in 1% octyl
glucoside, pH 5, for 3 days at 32 °C. The protein was in-
corporated into the lipid vesicle by the same procedure as
described for halorhodopsin.

Cell envelope vesicles were prepared from cells as described
(Hegemann et al., 1982). Limited proteolysis with chymo-
trypsin was carried out in 1 M NaCl/0.1 M MgSO, at 37 °C
for 1 h with 0.04 mg of chymotrypsin/mg of vesicle protein.
A total of 200 uL of this vesicle suspension (2.5 mg/mL) was
used for each experiment.

Preparation of the Planar Lipid Bilayers. Optically black
lipid membranes with an area of about 7.5 X 1072 cm? were
formed in a Teflon cell filled with an appropriate electrolyte
solution (6 mL in each compartment). The membrane-form-
ing solutions contained either 1.5% (w/v) asolectin in decane
(negatively charged) or 1.5% (w/v) diphytanoyllecithin
(Avanti Biochemicals, Birmingham, AL) and 0.05% (w/v)
octadecylamine (Riedel-de Haen, Hannover, F.R.G.) in decane
positively charged; Dancshazy & Karvaly, 1976). For ad-
sorption of the negatively charged vesicles to negatively
charged membranes, the addition of 1-20 uM Ca?* ions was
necessary (Bamberg et al., 1981), whereas the vesicles ad-
sorbed to positively charged membranes without Ca?*. The

! Abbreviations: TTFB, tetrachloro-2-(trifluoromethyl)benzimidazole;
FCCP, carbony) cyanide p-(trifluoromethoxy)phenylhydrazone; Hepes,
N-(2-hydroxyethyl)piperazine-N'’-2-ethanesulfonic acid; TPB-, tetra-
phenyl borate; proteoliposomes, halorhodopsin-containing lipid vesicles.
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FIGURE 1: Short-circuit photocurrent after addition of 100 uL of
chromoprotein-containing asolectin/lipid vesicle suspension. Final
protein concentration was 13 nM. Electrolyte was 1 M NaCl/0.1
mM Hepes, pH 6.5; irradiance was 5 mW /cm?. The arrows indicate
light on and off. The membrane forming solution was asolectin in
n-decane (1.5% w/v).

temperature was kept at 25 °C. The membrane cell was
connected to an external measuring circuit via Ag/AgCl
electrodes. In order to avoid artificial photoeffects, the
electrodes were separated from the aqueous compartments of
the Teflon cell by salt bridges. Light from a 250-W halogen
tungsten lamp equipped with a heat protection and a cutoff
filter (A > 495 nm) was focused on the lipid bilayer. The light
beam first entered the front compartment; the vesicles were
added to the rear compartment.

The action spectrum of the photocurrent was determined
by using a series of narrow band interference filters (Balzers
B 40, 10-nm half-width). Further details are described in
Bamberg et al. (1979).

Results

A solution of purified halorhodopsin? (ODsgy = 4) in 1%
octyl glucoside and 1 M sodium chloride was added (8 nmol
in 100 uL) to one side of the black lipid membrane. The final
concentration of the protein in the cuvette filled with 1 M
NaCl was 1.3 nmol/ml in 0.16% octy] glycoside. A small
transient photocurrent (0.2-0.3 nA/cm? peak current) was
observed, indicating a preferentially oriented association of
the protein with the planar bilayer. Unfortunately, under these
conditions the black lipid membrane becomes unstable.
Control experiments showed that the destabilization was not
caused by the octyl glucoside but by the protein because
concentrations of the detergent up to 0.5% did not affect the
stability of the bilayer membrane. We therefore added ha-
lorhodopsin to the black lipid membrane in a lipid-bound form.

Liposomes were prepared from asolectin and preincubated
for 2 h with purified halorhodopsin at a lipid to protein ratio
of 1200 (see Materials and Methods). Then these proteoli-
posomes were added to one side of the negativly charged
asolectin bilayer membrane. The aqueous solution contained
1 M NaCl and 20 uM CaCl,. Photosensitivity developed
within minutes and continued to increase over several hours.

Figure 1 shows the photocurrent 30 min after the addition
of the proteoliposomes. Although halorhodopsin was present
only in 1/100 of the concentration used in the experiment with
solubilized protein described above, a 20-fold higher peak
current, I, of 5.5 nA/cm? was obtained. As seen from Figure
1, the photocurrent is transient. This is due to an association
of the vesicles to the planar bilayer (Herrmann & Rayfield,
1978). Figure 2a shows schematically the tight association
that leads to electric coupling between the proteoliposomes and
the underlying black lipid membrane. The capacitive decay
of the photocurrent can be explained by the equivalent circuit

2 The experiments described in this paper demonstrate that the pure
chromoprotein acts as the chloride pump. Therefore, we use from now
on the term halorhodopsin instead of chromoprotein of halorhodopsin.
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FIGURE 2: Schematic representation of the adsorption of asolectin
vesicles on the black lipid membrane. (a) Adsorption of the vesicles
to the underlying membrane in the presence of Ca?* ions. (b)
Equivalent circuit diagram for the vesicle black lipid membrane system.
Gyr and Cyg are the conductance and the capacitance of halo-
rhodopsin-containing vesicles. G, and C, are the corresponding
elements for the underlying lipid membrane. Iy is the photocurrent
generating element in the liposomal membrane. The RC time of the
system is given by 7 = (G, + Cyr)/(Gp + Gugr + Iyr/V*) where
V* is a constant. Under our experimental conditions (Figure 1), 7
is 100 — 200 ms.
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FIGURE 3: Action spectrum of the initial photocurrent /, measured
with a series of narrow band interference filters (13 nM halorhodopsin).
ITo.mex TEPresents the photocurrent at 578 nm. Correction factors
accounting for the emission spectrum of the lamp and transmission
of the filters were obtained by calibration with a bolometer. Data
points are photocurrent measurements. The dashed line represents
the absorption spectrum of the halorhodopsin-containing lipid vesicles.
The membrane-forming solution was as in Figure 1.

diagram in Figure 2b. The decay time, , which corresponds
with the RC time of the system is in the range of 100 ms
(Bamberg et al., 1979, 1984; Herrmann & Rayfield, 1978).
Similar results were obtained with positively charged octa-
decylamine-containing black lipid membranes without the
addition of Ca?* ions.

The action spectrum of the peak current and the absorption
spectrum of the proteoliposomes are compared in Figure 3.
The maxima are both at 578 nm, which is very close to the
absorption maximum of light-adapted halorhodopsin in solu-
tion (Steiner & Oesterhelt, 1983; Taylor et al.,, 1983). Ina
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FIGURE 4: Stationary photocurrent induced by halorhodopsin-con-
taining vesicles (13 nM halorhodopsin) in the presence of 1 uM TPB-,
1 M NaCl, and 0.1 mM Hepes, pH 6.5. Light intensity was 1/
mM/cm?  The black lipid membrane forming solution was di-
phytanoyllecitin (1.5% w/v) with octadecylamine (0.05% w/v) in
n-decane.

previous paper (Bamberg et al., 1984) we have shown that the
photoresponse of halorhodopsin-containing membrane frag-
ments depends specifically on the concentration of CI™ ions
(half-saturation at 8 mM) and that a photoresponse is already
measurable below 1 mM CI-. In contrast to this, the halo-
rhodopsin-containing vesicles give no measurable photocurrent
below 50 mM CI” even at high ionic strength (1 M Na,SO,),
preventing the determination of the affinity constant for CI".
No dependence of the photocurrent on different cations such
as Na*, K*, or Mg?* was found.

Since the underlying membrane is nearly impermeable to
CI, only transient photocurrents can be observed. The dem-
onstration of transient photocurrents, however, does not prove
that halorhodopsin acts as a light-driven ion pump because
the transient photocurrent could be a light-induced displace-
ment current, corresponding to a charge movement within the
protein. In bilayer systems only the appearance of stationary
photocurrents® can prove that halorhodopsin acts as an ion
pump [see also Bamberg et al. (1984)].

In whole cells and cell envelope vesicles the action of ha-
lorhodopsin causes protonophore-enhanced passive proton flow
that is abolished upon addition of lipophilic ions (Wagner et
al., 1981). The lipophilic anion TPB- short-circuits by counter
transport the current produced by halorhodopsin in a liposome.
After association of the liposomes with the planar bilayer,
TPB- is also transported through the planar bilayer in response
to the CI™ transport (Figure 7a).

Figure 4 shows a stationary photocurrent after addition of
0.1-1 uM TPB- to the aqueous phases of the lipid bilayer
system and appropriate preequilibration with the lipophilic
anion. After the initial capacitive transient, the photocurrent
decays only slowly (in the range of minutes) to a constant
value. This indicates the formation of concentration gradients
of TPB~ and CI across the vesicle membrane due to the pump
action of halorhodopsin. If a continuous layer of proteolipo-
somes containing only halorhodopsin molecules oriented in one
direction would cover the planar film, the total charge cor-
responding to one CI™ per halorhodopsin, i.e., a single turnover,
would be about 87 nC cm2, If a current of 5 nA cm™ flows
for several minutes (compare Figure 4), the transferred charge
is far in excess of 87 nC. This clearly demonstrates the
continuous function of the chloride pump in contrast to a
displacement current caused by a single photoevent.

3 We use the term stationary for photocurrents that, in contrast to
capacitive photocurrents, decay only slower than 1 s. This decay depends
on diffusion polarization in the unstirred layers of the planar bilayer and
on the formation of concentration gradients.
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FIGURE 5: Decrease of photocurrent in response to increasing con-
centrations of FCCP. (a) Without FCCP; (b) 1 uM FCCP; (¢) 10
uM FCCP. (a)—(c) contain in addition 0.1 M Hepes, pH 6.0, 1 M
NaCl, 50 uM CaCl,, and 13 nM halorhodopsin. Irradiance 5
mW/cm?, the black lipid membrane forming solution was asolectin
(1.5% w/v) in n-decane.

The addition of protonophores should also increase the
stationary photocurrent, This was indeed observed after ad-
dition of FCCP in the concentration range of 1-10 nM (not
shown). Higher concentrations of 0.1-10 uM, however, did
not further increase the stationary photocurrent but rather
abolished the photocurrent altogether (Figure 5). We in-
terpret this that protons are transported at increasing rates
only across the liposomal membrane and that the transport
across the lipid bilayer is shunted out. A decreased photo-
response at high concentrations of FCCP is also observed for
bacteriorhodopsin-containing liposomes under the same con-
ditions (see Discussion).

The sign of the pump current in the halorhodopsin-con-
taining asolectin vesicles was determined with cell envelope
vesicles as the reference. It is known from the pH and light
scattering measurements (Schobert & Lanyi, 1982) on these
vesicles that chloride is pumped into the interior space as in
intact cells. In order to get reasonable electrostatic adsorption,
the cell envelope vesicles (1 mL, 10 mg of protein/mL) were
slowly brought from 4 to 1 M NaCl by dilution with water.
The addition of these vesicles to one compartment of the Teflon
cell did not yield any photoresponse. The electrical coupling
with the lipid bilayer was presumably hindered by residual cell
wall protein on the vesicular surface. Therefore, the vesicles
were incubated for 1 h at 37 °C with chymotrypsin (0.4
mg/mg of protein). These pretreated cell envelope vesicles
were added to one side of a positivly charged lipid bilayer. The
presence of 10 uM TPB~ induced the stationary photoresponse
shown in Figure 6a. The stationary current decays within
5 s to a much smaller and constant value (see Discussion). The
halorhodopsin-containing asolectin vesicles added under exactly
the same conditions to a positivly charged lipid bilayer showed
the opposite sign of the photocurrent (Figure 6b). Therefore,
CI" transport must occur in these liposomes from the inside
to the outside. The different decay times of the photocurrents
in the two different preparations will be discussed below.
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FIGURE 6: (a) Photocurrent induced by cell envelope vesicles (200
uL) in the presence of 1 uM TPB~, 1 M NaCl, and 0.1 mM Hepes,
pH 6.5. The black lipid membrane forming solution was di-
phytanoyllecitin with octadecylamine. (b) Photocurrent in the presence
of halorhodopsin-containing asolectin vesicles (13 nM halorhodopsin).
The membrane-forming solutions for (a) and (b) were di-
phytanoyllecithin (1.5% w/v) with octadecylamine (0.05% w/v) in
n-decane.

Discussion

In a previous paper we have shown that halorhodopsin-
containing membrane fragments, adsorbed to black lipid
membranes, exhibit chloride pump activity (Bamberg et al.,
1984). Since these membrane fragments also contain many
other proteins, the possibility existed that the functional unit
consists of the chromoprotein together with another protein.
The isolation of pure halorhodopsin provided the opportunity
to decide between these two alternatives. The chloride pump
activity was first measured by passive proton flux as in the
standard assay of cells or cell envelope vesicles. Purified
halorhodopsin was incorporated into artificial asolectin vesicles,
and upon illumination, only a small acidification of the lipo-
somal suspension was observed that could not be enhanced by
the addition of protonophores and corresponded to not more
than one proton per halorhodopsin. This can be explained in
several ways. Either the vesicles are rather permeable to
chloride ions and protons or the protons dissociate stoichio-
metrically from the protein. A third possibility is an almost
complete random orientation of the protein molecules. We
therefore preferred electrical measurements for the direct
demonstration of the pump activity of purified halorhodopsin.

The most direct approach, i.e., the addition of the solubilized
halorhodopsin to one side of the lipid membrane, resulted in
a small transient photocurrent, demonstrating an electric
coupling of halorhodopsin with the planar bilayer. If single
molecules associate with the bilayer, the small current can be
due to a small degree of preferential association of the mol-
ecules with one of their surfaces to the planar lipid membrane.
Alternatively, aggregates of protein resulting from dilution of
the detergent could associate with the bilayer. Again the small
current is due to only a small excess of pump molecules
electrically coupled to the bilayer in one direction. The third
possibility, i.e., insertion of halorhodopsin molecules into the
lipid bilayer, is excluded by the lack of stationary photocur-
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FIGURE 7: Schematic representation of the action of the different
lipophilic transport systems on the black lipid/liposomal system. (a)
Action of TPB~ and TTFB (HA;,"); (b) Action of FCCP.

rents. The destabilization of the bilayer indicates a strong
interaction of the protein with the planar lipid bilayer. The
small current and instability induced by the extremely hy-
drophobic nature of the protein (results from amino acid
analysis) on the one hand and low measurable pump activity
after incorporation into proteoliposomes on the other hand (pH
change) can be overcome by association of proteoliposomes
with the planar lipid bilayer and led finally to the successful
demonstration of large stationary photocurrents.

These photocurrents were obtained with only 1/100 of the
amount of halorhodopsin necessary without liposomes. Five
times higher halorhodopsin concentrations in the proteolipo-
somal preparations did not increase the photocurrents but
affected the planar bilayer to become unstable again. This
is probably caused by an excess of free halorhodopsin not
incorporated into the lipsomes by the dilution method we used
for the preparation of the proteoliposomes.

The appearance of transient photocurrents as shown in
Figure 1 can be interpreted by an absorption of the proteo-
liposomes to the lipid bilayer, so that only capacitive photo-
currents can be observed (see also the equivalent circuit dia-
gram in Figure 2b). Such a displacement current gives no
evidence that the protein acts as an ion pump but could also
be expected by a light-induced charge movement within the
protein.

In the case of the light-driven proton pump, bacterio-
rhodopsin, proteoliposomes show continuous photocurrents on
black lipid membranes after the underlying lipid bilayer has
been made permeable for protons with lipophilic uncouplers
like FCCP (Herrmann & Rayfield, 1978).

For the analogous experiments with halorhodopsin, no ap-
propriate Cl” carrier is available and thus the lipophilic anion
tetraphenyl borate was used to obtain stationary photocurrents
(Figures 4 and 6). A schematic representation of the ion
movement is given in Figure 7a. The underlying lipid bilayer
is virtually impermeable to chloride. TPB- can diffuse in
response to the potential difference created by halorhodopsin
into the inner space of the liposome either from the cis side
(pathway 1) or from the trans side (pathway 2) of the planar
bilayer. Pathway 1 involves larger areas of the liposomes and
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only the crossing of one bilayer but is electrically silent.
Pathway 2 involves small areas and two bilayers but leads to
stationary photocurrent. Its decrease, in the range of minutes,
must be due to the creation of concentration gradients of TPB~
and the pumped chloride ions across the liposomal membranes.
Because TPB™ is present in uM concentrations, the gradient
that finally limits the the net current is that of the TPB™ ions.

The photocurrent induced by cell envelope vesicles decreases
faster than that in the proteoliposomes under the same con-
ditions. Three parameters can be responsible for this effect.
First, differences in inner volume, second, the differences in
the direction of chloride translocation (Figure 6), and third,
differences in permeability. The membrane potential created
by the pump can reach values of at least 180 mV (Mukohata
& Kaji, 1980) corresponding to gradients of TPB~ with con-
centration ratios of 1000. With 1 uM TPB- in the chamber,
proteoliposomes will therefore accumulate TPB™ to 1 mM until
the stationary photocurrent decreases. Cell envelope vesicles
will deplete their inner volume by nearly 1 uM TPB-, which
was present in the inner space after preequilibration. From
this, one would expect that the total number of charges
translocated during the stationary current would lead, in en-
velope vesicles, to only about 1/1000 of that on proteolipo-
somes and the current would decay at a much faster rate. This
effect, however, is counterbalanced to some extent by the much
larger volume of the envelope vesicles and may be further
influenced by differences in permeability of the proteolipo-
somes and the envelope vesicles.

Furthermore, it is interesting to note that the calculated
number of TPB~ molecules in the envelope vesicles (diameter
500 nm; inner volume 6.5 X 10717 L) is only 40 TPB~ mole-
cules. These would be removed within 1 s, assuming a turnover
number of 100/s (Weber & Bogomolni, 1981) if we neglect
a buffering effect due to the distribution of TPB~ between the
aqueous phase and the liposomal membrane [the distribution
coefficient 3 is ca. 107 cm (Ketterer et al., 1971)].

Surprisingly, the presence of the protonophore FCCP at
concentrations from 0.1 to 10 uM decreases the photoactivity
of cell envelope vesicles as well as that of the proteoliposomes
via pathway 2 (Figure 7b) to an almost undetectable level.
Pathway 1 (electrically silent in our measurement) and
pathway 2 in Figure 7b abolish the membrane potential en-
hanced by the chloride pump in a competitive way. Increasing
amounts of FCCP must shunt out pathway 2 by a high
transport rate across the liposomal membrane (pathway 1).
Without attempts to interprete the molecular basis for such
an effect, this assumption explains the lack of a stationary
photocurrent at high FCCP concentrations. In addition, in
the presence of 10 uM FCCP the chloride-mediated membrane
potential is immediately abolished in the vesicles because the
proton translocation is about 1001000 times faster than the
chloride transport by halorhodopsin (Benz & McLaughlin,
1983; Weber & Bogomolni, 1981). Because the time constant
for the proton translocation in the presence of FCCP is within
the range of the RC time of the system also, the capacitive
photocurrent is reduced (Figure 5).

To support this explanation, an analogous experiment with
bacteriorhodopsin was carried out. Under the same conditions,
i.e., in the presence of bacteriorhodopsin-containing liposomes
(13 nM bacteriorhodopsin), the photocurrent increased by a
factor of 5 when FCCP was added in concentrations up to 0.1
uM, whereas 5 uM abolished the photocurrent (0.7 pA /cm?)
completely. This effect occurs only at these low concentrations
of bacteriorhodopsin, where the total pump capacity per vesicle
is small compared to experiments described earlier with at least
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FIGURE 8: Photocurrents induced by chromoprotein-containing vesicles
(13 nM halorhodopsin) in the presence of 1 uM TTFB, 0.1 mM citrate,
pH 5.8, and 1 M NaCl. The black lipid membrane forming solution
was asolectin (1.5% w/v) in n-decane.

100 times higher bacteriorhodopsin concentrations (Herrmann
& Rayfield, 1978).

A difference between the bacteriorhodopsin- and the halo-
rhodopsin-containing systems is a constant stationary photo-
current for bacteriorhodopsin and a stationary photocurrent
for halorhodopsin that decrease in the minute range. This is
explained by the fact that the proton pump, bacteriorhodopsin,
and a protonophore acting in series never deplete the inner
space of the liposome from protons, whereas a single molecule
of the chloride pump will deplete a proteoliposome of 100-nm
diameter containing 1 M NaCl in about 5 min.

The uncoupler TTFB, which acts within a pH range of 6-7
predominantly as a HA,™ anion (Neumcke & Bamberg, 1975),
also enhanced stationary photocurrents (Figure 8), which
decrease in the range of minutes to a constant level. If the
light is turned off before this happens, the dark current persists
and decays within 5 min to the basic value. This indicates a
diffusion potential of the uncoupler ions that were accumulated
before in the light. The ion gradient of chloride is negligible
because chloride is present at a concentration of 1 M. A
similar observation was also made in the presence of TPB~.

The addition of the lipophilic agents TPB™ or TTFB also
increases up to 5 times the peak currents [compare Figure 1
and Wagner et al. (1981)]. We attribute this to the distri-
bution of tetraphenyl borate within the lipid bilayer as a re-
sponse to light-induced CI” transport.

Summarizing our results, we have shown by the demon-
stration of stationary, chloride-dependent photocurrents on the
black lipid membrane system that the purified chromoprotein
of halorhodopsin is the light-driven chloride pump of H. ha-
lobium. Therefore, the chromoprotein is identical with ha-
lorhodopsin. Because under exactly the same experimental
conditions the amplitude of the photocurrents induced by
bacteriorhodopsin is comparable with those induced by halo-
rhodopsin, one can conclude that halorhodopsin pumps chloride
with a similar efficiency as bacteriorhodopsin pumps protons.
This was anticipated by the similar half-times of their pho-

tocycles and a similar degree of orientation.
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