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Halorhodopsin-containing membrane fragments or purified halorhodopsin-containing asolectin vesicles were 
adsorbed to one side of a black lipid membrane, and the C! - transport activity was measured under different 
light conditions. Pump activity of halorhodopsin (HIRs78) induced by green light decreased in time due to the 
formation of the inactive species HR~I 0 and sodium azide accelerated this inactivation. Additional illumina- 
tion of the system with blue light restored full activity. The regulatory function of blue light could also be 
demonstrated in suspensions of cell envelope vesicles and whole cells by the use of passive proton flow as a 
measure of the chloride transport activity. The antagonistic action of yellow and blue light suggests that 
halorhodopsin acts as a photochromic pigment in the intact cell. 

Introduction 

The retinal-binding protein halorhodopsin oc- 
curs in the cell membrane of Halobac ter ium 

halobium in addition to the predominant and 
well-characterized proton pump bacteriorhodopsin 
[1]. Halorhodopsin is a light-driven chloride pump 
[2,3] and the C1- transport activity can be demon- 
strated also with purified chromoprotein [4,5]. 

Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhy- 
drazone; FCCP, carbonyl cyanide p-trifluoromethoxyphenyl- 
hydrazone; Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulphonic acid; HRindex, halorhodopsin species which absorbs 
at the indicated wavelength; HRLa0, HR41 o produced in pres- 
ence of light; HRDlo, produced in the dark; Mops, 4-mor- 
pholinepropanesulphonic acid. 

We use the term stationary for photocurrents which in 
contrast to capacitive currents decay more slowly than within 
10 s. 

Halorhodopsin shows a photocycle with distinct 
intermediates [8]. The scheme in Fig. 1 presents 
the model of the halorhodopsin photocycle which 
is based on the sum of available experimental 
information obtained with purified halorhodopsin 
in 1 M salt, 1% octylglucoside and at pH 7 [6,7]. 
Light excitation generates the photoproduct HRr0o 
within 5 ps [9,10]. HRro 0 returns via the inter- 
mediates HR52o, HR64 o and HR56 s back to the 
ground-state HR578. In the photocycle a branching 
occurs at the level of the intermediate HR520 (or 
alternatively at HR640, see Ref. 7). A small pro- 
portion of the molecules release a proton and pass 
into HRLlo [6,7]. Thermally HRL410 returns to 
HR578 also via the HR520 species, i.e., HRL10 is a 
side-product of the cycle [6,7]. Alternatively, HRL10 
can be photochemicaUy reconverted to HR578, a 
reaction which is also known for the M inter- 
mediate of bacteriorhodopsin. HRL410 accumulates 
up to 100% under constant illumination with 
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Fig. 1. Photochemical cycle of halorhodopsin (see also Refs. 1, 
6 and 7). The spectra for HRL10 are shown. Whether the 
photochemical reaction of HRL10 leads directly to HR57 s or 
passes intermediate stages is not known. 

saturating intensities of yellow light * at pH 7 
within several minutes [6,7]. Both the rate of for- 
mation and of decay of HRL10 are drastically 
increased by the addition of azide [6], which 
facilitates the analysis of the physiological role of 
HRL10 . In this communication we report the in- 
fluence of blue light on the photosteady-state con- 
centration of HRL10 arid its correlation with the 
chloride transport activity of halorhodopsin. 

* The light from a halogen-tungsten lamp filtered through a 
cut-off filter X >t 495 run appears yellow in colour because 
red fight, not active on halorhodopsin, is also passing through. 
Light absorbed by halorhodopsin is green in colour. There- 
fore title and summary use the word green, but in the text 
the term yellow is preferred. 

Material and Methods 

Preparation of halorhodopsin-containing lipid 
vesicles (proteoliposomes) 

Halobacterium halobium strains L-33 and OD 2 
were grown and the Tween-washed membranes 
prepared from the cells as described [11,3]. 
Halorhodopsin was purified from Tween-washed 
membranes by the procedure described [11,4]. 
Liposomes were prepared [4] from 80 mg asolectin 
(Sigma) in 2 ml 1 M NaC1 solution (pH 7.0) by 
sonication at 30°C in a sonifying bath (Branson) 
until turbidity no longer decreased (about 30 min). 
The liposomal suspension (50 ~1) was mixed with 
30 t~l of a halorhodopsin-containing solution (80 
nmol/ml, 1% octyl glucoside, 1 M NaC1, 10 mM 
Mops, pH 7.0) and 1 M NaC1 solution was added 
to a final volume of 200 jal. After 2 h of incubation 
1 M NaCI solution (2.8 ml) was added. 

Cell envelope vesicles were prepared from cells 
as described [12]. Limited proteolysis with 
chymotrypsin was carried out in I M NaC1/0.1 M 
MgSO4 solution at 37°C for 1 h with 0.04 mg 
chymotrypsin/mg vesicle protein. 

Preparation of the planar lipid bilayers 
Optically black lipid membranes with an area 

of  a b o u t  7 . 5 - 1 0  -3  cm 2 were formed in a Teflon 
cell filled with an appropriate electrolyte solution 
(6 ml each compartment). The membrane-forming 
solution contained in the case of the Tween-washed 
membranes and the liposomes 1.5% (w/v) di- 
phytanoyllecithin (Avanti Biochemicals, Birming- 
ham, AL) and 0.025% (w/v) octadecylamine 
(Riedel de Haen, Hannover, F.R.G.) in decane 
(positively charged surface) [13]. In the case of the 
proteoliposomes also 1.5% (w/v) asolectin in n-de- 
cane (negatively charged) was used. For adsorp- 
tion of the proteoliposomes to negatively charged 
membranes the presence of 1-20 /~M Ca 2÷ was 
necessary [14]. The temperature was kept at 25°C. 
The membrane cell was connected to an external 
measuring circuit via Ag/AgC1 electrodes. The 
time response of the measuring circuit was set to 
10 ms rise time. In order to avoid artificial photo- 
effects the electrodes were separated from the 
aqueous compartments of the Teflon cell by salt 
bridges. The lipid membrane~ were illuminated 
with light of different colours: yellow, X >/495 



(OG 495, Schott. Mainz), blue, 410 + 30 nm (Bal- 
zers, Liechtenstein) and white light (blue plus yel- 
low), )~ >/395 nm (OG 395, Schott, Maim). Light 
was generated by two 250 W halogen-tungsten 
lamps equipped with heat-protection filters. The 
light beams were combined with the help of a 
semitransparent mirror and passed first the front 
compartment. Tween-washed membranes or pro- 
teoliposomes (100 #I) were added to the rear com- 
partment. Light intensity was measured by a 
calibrated photodiode (Kontron). Maximal light 
intensity was 0.2 W/cm 2. 

Resul ts  

Blue light regulation of halorhodopsin activity recon- 
stituted in proteoliposomes 

Halorhodopsin-containing asolectin vesicles 
(proteoliposomes) were added to the aqueous phase 
(1 M NaC1) of one side of the black lipid mem- 
brane. The tight association of the negatively 
charged proteoliposomes to the positively charged 
planar lipid bilayer led to electric (capacitive) cou- 
pling between the proteoliposomes and the un- 
derlying bilayer. As a consequence, the membrane 
system became photoelectrically active (Fig. 2a). 
The addition of the lipophilic anion tetraphenyl- 
borate yielded stationary photocurrents which only 
slowly decreased (Fig. 2b). The decay of the pho- 
tocurrent in the time range of minutes indicates 
the formation of gradients of tetraphenylborate 
and chloride ions across the vesicle membrane as 
the result of the pump action of halorhodopsin [4]. 

Spectroscopic data had shown previously that 
continuous illumination with yellow light converts 
a fraction of the HR578 molecules into an HRL10 
species in the time range of minutes. In the dark 
HRL10 reconverts to HR578 also within minutes. 
This reconversion can be photochemically accel- 
erated by blue light [11] with a quantum yield (~) 
of approx. 0.01 [7]. Both the formation and the 
decay of HRL10 are drastically enhanced by the 
addition of azide. Experiments with stationary 
photocurrents should allow one to demonstrate 
that the accumulation of HRL10 is connected to 
the inactivation of the pump. This, however, de- 
pends on the time course of inactivation being 
faster than the formation of the ion gradients, 
which also leads to a decay of the photocurrent 
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Fig. 2. Photocurrents induced by halorhodopsin-containing 
proteoliposomes (10 nM halorhodopsin) in the presence of 1 M 
NaC1 and 10 mM Hepes (pH 7.5) (h >1 495 nm). (a) capacitive 
current in absence of tetraphenylborate; (b) stationary current 
in the presence of 1 /~M tetraphenylborate. The light intensity 
was 0.2 W/cm 2. 

(Fig. 2b and Ref. 4). The fast decay occurs under 
the conditions of the experiments with proteolipo- 
somes only in the presence of azide. Fig. 3 (part a) 
shows an enhanced decay of the photocurrent in 
the presence of 2 mM azide (for comparison see 
Fig. 2b), which must be due to an inactivation of 
the pump. These experimental conditions also al- 
low one to demonstrate the reactivation of the 
pump by blue light. After the decay of the sta- 
tionary current to a low level, additional blue light 
was given (Fig. 3, b). As a result, not only was 
further decay prevented but an increase of the 
current reversed the effect of azide. As expected, 
simultaneous illumination of the membrane sys- 
tem with yellow (~ 1> 495 nm) and blue light (2, = 
410 + 30 nm) prevented the inactivation of 
halorhodopsin in the presence of azide (2 mM) 
and turning off the blue light led again to an 
increased decay of the photocurrent (not shown). 



198 

[ yeltow 
I '-> 49o5n nm 

400 ~- 

30O 
'7, E 
.~ 20o 

lOO 

blue 
~, =/,lOt 3Ohm h=410-. 3Ohm 

1 °n I oft 

fl 

10 20 30 time [s]  

Fig. 3. Stationary photocurrent induced by halorhodopsin-con- 
taining proteoliposomes in the presence of 1 /~M tetraphenyl- 
borate and 2 rnM azide upon illumination with light (arrows). 
The conditions were as in Fig. 2. Yellow light intensity was 0.1 
W/cm 2 and blue light intensity was 0.03 W/cm 2. 

Blue light alone did not produce any photocurrent 
in a sample adapted to darkness for 20 rain. At a 
higher azide concentration of 10 mM the peak 
current was reduced by at least 30-40% and the 
blue light effect was also diminished. 

In another series of experiments cell envelope 
vesicles prepared from a bacteriorhodopsin-nega- 
tive strain (OD2) were attached to the lipid bilayer 
membrane. The same effect of yellow and blue 
light on the photocurrents as with proteoliposomes 
was found with the cell envelope vesicles in the 
presence of azide. In contrast to the proteolipo- 
somes, a blue light reactivation of halorhodopsin 
was found for the call envelope vesicles also in the 
absence of azide, indicating the physiological rele- 
vance of this effect. The strain OD2, like L-33, 
contains besides halorhodopsin also the sensory 
rhodopsin (SRsss), which upon illumination is 
converted into a species absorbing at 373 nm and 
decaying into SRsss thermally within 800 ms. An 
interference of this chromoprotein in our measure- 
ments is not expected because sensory rhodopsin 
does not create a membrane potential upon light 
excitation [1,18]. 

Experiments with Tween-washed membrane 
Recently it was shown that halorhodopsin-con- 

taining Tween-washed membranes adsorbed to one 
side of a black lipid membrane induce a capacitive 
photocurrent which depends on the presence of 

chloride [3]. Stationary photocurrents have been 
obtained by the addition of the C1-/OH--ex- 
changing agent triphenyltin in combination with 
the proton-cartier FCCP. The capacitive photocur- 
rent is smaller by 70-80% in the presence of 200 
mM azide during white light illumination (not 
shown). The observed inhibition could be caused 
by the formation of HRL10 and was analyzed in 
more detail by measuring capacitive photocur- 
rents. This type of analysis can be done in the 
absence of triphenyltin and FCCP and avoids 
photochemical artefacts by blue light possibly 
caused by the colour of FCCP. 

Three experimentally verified relationships de- 
rived from a previously published equivalent cir- 
cuit diagram hold for the transient photocurrent in 
white light and are important in this context [14,3]: 

J 
1o = 1?~ j + A/2 (1) 

Cm (2) 
I0 --/HR,0 CH R + Cm 

Cm + C.R (3) 
"r = Gin+ GHR + IHR,0/V. 

J is the light intensity; J1/2 is the half saturation 
light intensity; I 0 is the initial current which is 
observed after switching on the light at time zero; 
I~ is the initial current at saturating light intensi- 
ties; IHR,0 is the initial pump current in the ab- 
sence of an ion motive force (A#cl-) which is 
proportional to the number of active molecules; 
GHR and G m are the conductances of the 
halorhodopsin-containing membrane and the un- 
derlying bilayer membrane (black lipid film); CHR 

and C,~ are the capacitances of these two systems 
and assumed to be constant; V* is a constant. 

The experiments were carried out at non- 
saturating (25%) and at saturating (100%) light 
intensities in the absence (Fig. 4a and b) and 
presence of 2 mM azide (Fig. 4c and d). Under 
non-saturating yellow light intensities (25%) in the 
absence of azide an additional signal upon ad- 
ditional yellow light illumination (75%) can be 
observed (Fig. 4a, Eqn. 1). If the same experiment 
was repeated, but with an additional 75% of white 
light intensity instead of yellow light, a larger 
second signal is obtained (Fig. 4b). The blue light 
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Fig. 4. Capacitive photocurrents induced by adsorbed Tween. 
washed membranes (1 rag/6 ml) from OD2 cells in the pres- 
ence of 100 mM NaC1 and 10 mM Hepes at pH 7.5 under 
different light conditions (a), and (b) in the absence of azide. (c 
and d) in the presence of 1 mM azide. 100% yellow light 
corresponds to 0.2 W/cm 2 and 100% blue light (~, = 395-495 
nm) to 0.07 W/cm 2. 

component of the white light does not cause an 
electric signal on its own (see also Fig. 5). There- 
fore the result of the experiments in Fig. 4a and b 
indicates that halorhodopsin is inactivated in the 
presence of yellow light, but only partially because 
a second signal can be observed (Fig. 4a). The 
white light pulse which contained blue light in 
addition to yellow light and which induced a larger 
second photocurrent (Fig. 4b) apparently re- 
activated halorhodopsin molecules. 

The photoresponses in yellow light were also 
compared to that in white light (~ >/395 nm) at 
100% light intensity (Table I). Without azide the 
initial current I 0 was equal under both light condi- 
tions. The decay, however, in yellow light is faster 
(~- = 1.9 s) compared to that in white light (~- = 2.8 
s). Azide enhanced this effect, reducing the "r 

TABLE I 

REPRESENTATION OF THE TIME CONSTANT ~" OF 
THE CAPACITIVE PHOTOCURRENTS AND OF THE 
INITIAL CURRENTS I o UNDER DIFFERENT LIGHT 
CONDITIONS 

Without azide With azide 

>i 395 nm >~ 495 nm >/395 nm >/495 nm 

T(s) 2.8 1.9 2.9 0.8 

I o 1 1 1 0.7 
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Fig. 5. Capacitive photocurrents induced by Tween-washed 
membranes (1 mg/6 ml) from OD2 cells in the presence of 100 
mM NaCI, 10 mM Hepes and 2 mM azide at pH 7.5 under 
different light conditions as indicated by the arrows. 

value from 2.9 s in white light to 0.8 s in yellow 
light. In addition, the initial current I 0 is reduced 
to 70% (Table I). The large decrease of the total 
current demonstrates the inactivation of halorho- 
dopsin by yellow light during the response time of 
the system. The concomitant decrease of ~" and 10 
upon a change from white to yellow light (Table I) 
is not predicted by Eqn. 3, which holds for a 
constant number of active pump molecules during 
the transient current. The decrease of both z and 
10 therefore is explained by a decreasing number 
of active pump molecules in yellow light. This 
inactivation of halorhodopsin is in agreement with 
the photochemical cycle shown in Fig. 1 and caused 
by the transition of HR520 to HRL10 . The reactiva- 
tion of halorhodopsin by blue light, i.e., conver- 
sion of HRL10 into HR578, could be eliminated if 
the blue light component was removed from white 
light by insertion of a cut-off filter (~ >/495 nm) 
during the decay of the current (Fig. 4d). The 
decay of the transient current was accelerated. 
Upon addition of increasing amounts of azide (up 
to 100 mM) under constant yellow light intensities 
the initial current I o decreased concomitantly with 
~-. This not only confirms that yellow light in- 
activates and blue light reactivates the pump but 
also that HRL10 is the inactive state. 

The transport activities of halorhodopsin in 
Tween-washed membranes under different light 
conditions are summarized by the experiment 



200 

shown in Fig. 5. In the presence of 2 mM sodium 
azide yellow light produced a transient photocur- 
rent (Fig. 5,1) and additional yellow light a few 
seconds later (not indicated) did not produce a 
second signal, demonstrating that no active 
halorhodopsin molecules were left. If, however, 
additional blue light was projected onto the mem- 
brane system a second transient current was ob- 
served (Fig. 5,2). Turning off the yellow light with 
the blue light still on resulted in a transient current 
of opposite sign (off response, Fig. 5,3, see Ref. 3). 
By turning on the yellow light again a 2.5-times 
larger transient current (Fig. 5,4) was produced 
than by yellow light alone (Fig. 5,1). Turning off 
this additional yellow light produced an off re- 
sponse (Fig. 5,5) equal to the off response in Fig. 
5,3. All these observations are explained by the 
formation of inactive HRLa0 during illumination 
(see Fig. 1). Its formation depends on light inten- 
sity and azide concentration and can reach the 
time range of the transient photosignal (see above). 
The blue light effect due to the photochemical 
reconversion of inactive HRL10 into active HR578 
was observable whenever an appreciable forma- 
tion of HRL4a0 occurred. 

Lowering the chloride concentration decreased 
both the yellow and blue light-induced signal, but 
their ratio remained constant between 2 mM and 1 
M chloride (not shown). This experimental result 
is explained by the fact that the relative ratios of 
all three dark forms, HR578, HRs65 and HRD410, 
are changed at different chloride concentrations 
(with significant HRD410 concentrations under low 
chloride conditions, Ref. 15). At low chloride con- 
centrations the amount of HRs78 is low and only 
small photocurrents are measured [3,4]. During 
several seconds under saturating yellow light con- 
ditions, however, at high and at low chloride con- 
centrations as well all three species are converted 
into HRL410 . Blue light reconverts the HRL410 back 
into HRs78, HR565 and HR~a0 so that the same 
amount of HR578 is available for a transport cycle 
as at the beginning of yellow light illumination. 
Thus, the blue light-induced signal also is propor- 
tional to the equilibrium concentration of HRs78. 

From the experimental results in Figs. 4 and 5 
it cannot be concluded whether the pathway from 
HRL4a0 to HR578 involves an electrogenic event or 
not. This was answered by a separate experiment 
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Fig. 6. Capacitive photocurrents induced by adsorbed Tween- 
washed membranes (1 mg/6 ml) from OD2 cells in the pres- 
ence of 100 mM NaC1 and 10 mM Hepes at pH 7.5 (a) in the 
presence of yellow light (k >/495 rim), (b) in the presence of 
blue light (h = 410 ± 30 nm) 5 s after yellow light is turned off, 
and (c) 5 min after yellow light is turned off. 

shown in Fig. 6. Fig. 6a represents the standard on 
and off response to yellow light in the absence of 
azide. During the time of yellow light illumination 
HRLa0 accumulated. After turning off the light 
HR~10 had thermally decayed within minutes. 5 s 
after the end of yellow light illumination blue light 
was turned on (trace b). The electric response 
apparently represents a charge movement within 
the halorhodopsin molecules during the photo- 
chemical reconversion from HRL10 into HR578 
and is not linked to transport activity because the 
same response is obtained in the absence of chlo- 
ride (see below). This electric response was not 
seen if the system was kept for 5 min after yellow 
light illumination in the dark before blue light was 
turned on (trace c) because HRLa0 had decayed 
already. An electric response to the thermal decay 
was not detectable because this process is slow. 
These results also explain the observation that the 
ratio of the yellow light- and blue light-induced 
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signals is not constant below 2 mM chloride. In 
the presence of 500 PM chloride at pH 7.5 
halorhodopsin shows no detectable chloride trans- 
port activity but is converted into HR$, during 
yellow light illumination within seconds. An ad- 
ditional blue light pulse shows a small signal which 
represents the charge movement during recon- 
version from HR&, into HR,,, and not a restored 
transport activity. 

The results obtained from the experiments in 
Figs, 3-6 are in agreement with the spectroscopic 
data obtained in Refs. 6 and 7 for the purified 
protein, whereas the fast inactivation of the electri- 
cal response in the Tween-washed membrane is 
not yet clear. Isolated halorhodopsin in the ab- 
sence of azide is converted into HR& upon con- 
tinuous illumination only within minutes. Al- 
though the initial velocity of HR:,, formation is 
pH-independent, the time to reach equilibrium 
and the equilibrium concentration of halorhodop- 
sin are strongly increased at alkaline pH. Accord- 
ing to this, inactivation of halorhodopsin with a 
time course of minutes was observed with proteo- 
liposomes under the conditions of the experiment 
in Fig. 2b, i.e., if stationary photocurrents were 
produced in the presence of tetraphenylborate. 

Transport in cell envelope vesicles and whole cells 

As shown in Fig. 2, the halorhodopsin-induced 
photocurrent decreased during illumination with 
yellow light due to the formation of ionic gradients 
[4] and the decrease was enhanced drastically in 
the presence of 2 mM azide due to the formation 
of HR$,, (Fig. 3). Only in the presence of azide 
was a blue light effect observed. This effect of 
azide on the transport activity can also be investi- 
gated in cell envelope vesicles (OD2 cells for the 
experiments in Figs. 7-9) by measuring halorho- 
dopsin activity as the light-induced passive proton 
flow in the presence of uncouplers (50 PM CCCP 
[19]). The pH-change which occurred as a response 
to the membrane potential created by the chloride 
transport was measured and found to be constant 
for the first 20 s (initial velocity, vi). At low 
intensities of yellow light (100 W, A 2 495 nm) 
and in the presence of 4 M NaCl, vi did not 
change significantly upon addition of azide up to 
55 mM at pH 7. Higher concentrations of azide 
were not tested because of the strong buffer capac- 

ity effect of azide. At a lower concentration of 
chloride, however, the effect of azide became ap- 
parent. Fig. 7 shows the linear relationship be- 
tween the inverse transport activity versus inverse 
chloride concentration with and without 50 mM 
azide. The plot in Fig. 7 seems to indicate that 
azide acts as a competitive inhibitor on the 
halorhodopsin-mediated chloride transport. The 
underlying mechanism, however, must not be a 
competition of azide for chloride binding sites in 
the halorhodopsin molecules. Rather, the catalytic 
action of azide on HR$,, formation (Fig. 1) pro- 
duces the effect. 

In order also to see a deactivation of transport 
induced by azide at 4 M Cl- concentrations, high 
light intensities (production of more HR,,, in the 
photocycle) and low proton concentrations were 
applied. Fig. 8 shows original traces of pH changes 
at different azide concentrations uncorrected for 
the buffer capacity of azide. The total proton 
uptake was nearly equal for the experiments in 
a-d (up to 20 mM azide). Fig. 8a shows a 
halorhodopsin-induced pH change in an 0D2 ves- 
icle-containing suspension upon illumination with 
yellow light at pH 8.0 (yellow light = yi: 900 W, 
50%, h > 495 nm, 2 ml suspension volume). The 

07 

l/ICI-I IM-'I 

Fig. 7. Halorhodopsin transport activity in cell envelope ves- 

icle-containing suspensions (8 ml, 0.2 mg/ml) measured as 

alkalinization of the medium at different chloride concentra- 

tions. Initial pH was 7.0, aride concentration 50 mM, CCCP 

concentration 50 pM. The reciprocal initial velocity is plotted 

against the reciprocal chloride concentration. The samples were 

prepared by dilution of a concentrated vesicle suspension (in 4 

M NaCl) with different amounts of 1.5 M Na,SO, and 4 M 

NaCI. Light (X > 495 nm) from a 100 W projector was used 

(unfocussed). (1) Without azide, (2) with aride. 
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Fig. 8. Halorhodopsin transport activity in cell envelope ves- 
icle-containing suspensions (2 ml, 0.1 mg/ml) measured as 
alkalinization of the medium in 4 M NaC1 containing 50 #M 
CCCP at 0, 5, 10 and 20 mM azide (a-d). Yl, 50% yellow light 
intensity (900 W focussed on the sample, approx. 1.5 cm 2, 
X >/495 nm); 3'2, additional 50% yellow light; b: 100% blue 
light (900 W, X = 420 +_ 30 nm). 

alkalinization was enhanced neither by additional 
irradiation with yellow light (Y2) nor with blue 
light (b) within the time period of illumination. 
When the experiment was repeated in the presence 
of 5 mM azide (Fig. 8b) an effect of blue light on 
transport activity became obvious. After the steady 
state had been reached in yellow light additional 
blue light led to further alkalinization of the 
medium. This experiment demonstrates that during 
illumination HR~10 was formed and thereby trans- 
port prevented, as already observed during the 
electrical measurements. In the presence of 10 mM 
azide (Fig. 8c) illumination with yellow light caused 
both a decreased initial velocity and a decreased 
extent of alkalinization (transport). Correspond- 
ingly, the blue light stimulation was increased. If 
20 mM azide was added to the sample (Fig. 8d) 
halorhodopsin was inactivated in yellow light so 
fast by HRL~o formation that no appreciable 
transport occurred. Blue light, on the other hand, 
fully restored the transport activity under these 
conditions. 

In the absence of azide the HR~I 0 formation 
proceeded only very slowly (5-30 rain), seen as a 
slow decrease in the stationary pH of illuminated 
cell envelope vesicle suspensions. The physiologi- 
cal significance of HR~I 0 formation leading to a 
blue light control of halorhodopsin transport activ- 
ity therefore was demonstrated in an experiment 
with intact cells, which apparently respond faster 
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Fig. 9. Light-induced pH changes in a suspension containing 
OD2 cells in 4 M NaCI at pH 7.5 (a) and pH 8.2 (b) in the 
absence of azide during yellow light (3'i = 900 W) and ad- 
ditional blue light (b, 900 W) irradiation. 

to yellow light than do envelope vesicles (Fig. 9). 
A cell suspension in the absence of azide was 
illuminated at two different pH values (pH 7.5 and 
8.2 in Fig. 9a and b). At pH 8.2 yellow light 
always induced alkalinization, which decreased 
after 3 min (Fig. 9b). At both pH values additional 
blue light increases transport activity after a period 
of 5 rain of yellow light, seen as enhanced alkalini- 
zation. 



Discussion 

The analysis of the photochemical behaviour of 
halorhodopsin summarized in Fig. 1 predicted a 
regulatory influence of blue light on the halorho- 
dopsin photocycle [6]. In this paper it is shown 
that halorhodopsin pump activity, which is depen- 
dent on yellow light, is increasingly inhibited by 
this light, but restored by additional blue light. 
This photochromic property of halorhodopsin is 
connected with the transport activity, as demon- 
strated with isolated halorhodopsin, halorhodop- 
sin-containing Tween-washed membranes and 
halorhodopsin-containing cell envelope vesicles or 
intact cells. 

Halorhodopsin-containing proteoliposomes or 
envelope vesicles were tested in the presence of 
1-4 M NaC1 either in suspension or on black lipid 
membranes. Both systems showed blue light ef- 
fects, i.e., HRL10 formation within minutes. Upon 
addition of azide, HRL410 formation, and thus the 
blue light effect connected to it, appeared increas- 
ingly more quickly. The Tween-washed membrane, 
on the other hand, showed already in the absence 
of azide an almost immediate response to blue 
light, i.e., a response within the time period of the 
transient current (Fig. 4a, b). Since the conditions 
of illumination were similar for Tween-washed 
membranes and proteoliposomes, the faster forma- 
tion of HRL10 should be explained. The experi- 
ments with Tween-washed membranes were car- 
ried out at lower (100 mM) chloride concentra- 
tions compared to those with proteoliposomes (1 
M). The HRLI0 formation is accelerated at low 
chloride concentrations and an influence on the 
decay of the photocurrent could be expected al- 
though the K m value of halorhodopsin for chlo- 
ride is near 10 mM [3]. Therefore the chloride 
dependence of the blue light effect was measured. 
Not only was the ratio of yellow and blue light 
response (see above) independent of C1- between 
2 mM and 1 M but also the time to develop the 
blue light sensitivity remained within 5 s, i.e., 
10-100-times faster than for proteoliposomes. 
Therefore the different chloride concentrations 
cannot be responsible for the different rate of 
HRL10 formation. 

A further difference between the short-circuit 
experiments with Tween-washed membranes and 
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those with proteoliposomes lies in the fact that 
during the pump process electric potentials (Fp) 
are built up to a different extent, which may 
influence the photocycle and HR410 formation. 
During the pump process a potential Vp across the 
Tween-washed membranes and Fm. across the un- 
derlying lipid bilayer is built up. In the case of a 
short-circuit experiment Fp is equal to - F  m (the 
membrane system is clamped to F = 0). To prove 
that Vp accelerates the formation of HR410, the 
C 1 - / O H -  exchanger triphenyltin, together with 
the uncoupler FCCP, yielding stationary photocur- 
rents, was added in order to decrease the pump 
potential. No effect on the formation rate could be 
detected, so that it is still unclear whether the 
membrane potential influences the formation of 
HRL410 . At present a final explanation for the fast 
inactivation of halorhodopsin in Tween-washed 
membranes cannot be given. 

Besides the yellow and blue light intensities and 
the membrane potential, azide and pH also in- 
fluence the photochromic behaviour of halorho- 
dopsin. On the basis of the scheme in Fig. 1 the 
concentration ratio of HR578 and HR~0 under 
conditions of non-saturating light intensities and a 
constant concentration of 1 M NaC1 can be ex- 
pressed as 

[HR578] _ k6[ H+ ]+BJ b 

[HR~,o ] k 5 .AJy 
(4) 

where k 5 and k 6 are the rate constants of forma- 
tion and decay of HRLlo and are azide-dependent 
[7]. A and B are constants describing the quantum 
efficiency of the two photoreactions, and Jy and 
Jb are the yellow and blue light intensities. The 
HR578/HRLlo ratio in the photosteady state rep- 
resents the ratio of active and inactive pump mole- 
cules at high chloride concentrations where the 
HR565 species can be neglected. Two predictions 
for shifts in this ratio and therefore in the ef- 
ficiency of activation of halorhodopsin by blue 
light can be made on the basis of Eqn. 4 and were 
borne out by experiments. (i) When the pho- 
tosteady state is established, blue light should de- 
crease in its efficiency with decreasing pH because 
the term B J  b contributes decreasingly to the ratio 
HR578/HRLlo . (ii) Increasing concentrations of 
azide not only accelerate the formation of the 
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photosteady state but also diminish the blue light 
reactivation efficiency, as mentioned above. While 
under conditions of constant pH and light in- 
tensity, the term k6[H+]/k5 AJy of Eqn. 4 re- 
mains constant due to the fact that k 5 and k 6 
both increase in the same fashion with increased 
azide concentrations: 

ks. 6 = k°,6 k5"6 
KM 

l + - -  
azide 

where k represents k 5 and k6, k°6 are the respec- 
tive rate constants at azide concentration zero 
(compare also Ref. 7), the second term BJB/k 5 
AJy becomes smaller at higher azide concentra- 
tions, explaining the decreased blue light effi- 
ciency. 

At higher pH values a second form of HR4a 0, 
i.e., HRD10, is formed in the dark and removes 
halorhodopsin molecules from the active state. In 
the presence of 1% octyl glucoside and 1 M NaC1 
this equilibrium establishes with a pK of 9.6 and 
therefore is not of practical importance at neutral 
pH. Formation of HR]~0, however, might play a 
role in intact cells if the proton pump 
bacteriorhodopsin or respiration alkalinize the cy- 
toplasm. Not only high internal pH but also a 
lowered pK value of 8.7 for the HR578-to-HRD10 
transition measured in the absence of detergent 
might allow the formation of appreciable amounts 
of HR~I 0 in the cell. This would lead to a decrease 
of active pump molecules and thereby to a regu- 
lation by pH in addition to that by blue light, 
membrane potential and chloride concentration. 

In transport as well as in spectroscopic experi- 
ments azide is an important tool for the dem- 
onstration of blue light effects but it is without 
physiological relevance. Blue light regulation oc- 
curs without azide, as demonstrated in Figs. 4, 5 
and 9. Azide cannot shift the ratio of HR57s/ 
HRLaa0 in the absence of blue light but accelerates 
the formation of the photosteady state and di- 
minishes the influence of blue light (Eqn. 4). Con- 
sidering the situation of living halobacterial cells 
under daylight conditions, the photosteady state 
will be reached within the time range of minutes. 
The halorhodopsin activity itself will therefore be 
regulated by light intensity and the wavelength of 
the incident light. 

An interference of the reported photochromic 
behaviour of sensory rhodopsin with our results on 
halorhodopsin is rather unlikely. First, pure 
halorhodopsin preparations show qualitatively the 
same photochromism and reconstituted into lipo- 
somes the same transport activity as intact cells or 
cell envelope vesicles also containing sensory 
rhodopsin (see above and Refs. 4 and 5). Second, 
sensory rhodopsin was reported to cause no sig- 
nificant change in membrane potential upon il- 
lumination [18]. 

The M intermediate of the bacteriorhodopsin 
photocycle (BR412) also contains a deprotonated 
retinylidene species and is blue-light-sensitive [16]. 
The photochemical back-reaction from BR412 to 
the ground state was analyzed in detail (for review 
see Ref. 20). The main difference between HRL10 
and BR412 is that BR4a 2 is an intermediate of the 
transport cycle of bacteriorhodopsin whereas 
HRLlo is a side-product of the halorhodopsin cycle 
(Fig. 1). This difference becomes obviously im- 
portant for blue light regulation if the ratio of 
BR568/BR412 is described by an equation analo- 
gous to Eqn. 4: 

[BR568 ] k3[H + ]+ BJb 
[BR412] A Jr 

where k 3 is the rate constant for the decay of 
BR412 and is in the range of 10 ms. A proton 
motive force of the cell could slow down the decay 
of BR412 by a factor of not more than 10 [20], i.e., 
k 3 is still several hundred-fold faster than k 5 in 
Eqn. 4 describing halorhodopsin. With the as- 
sumption that BR412 and HRLa0 react with similar 
quantum efficiency the influence of blue light on 
the equilibrium in Eqns. 4 and 5 and therefore on 
the bacteriorhodopsin and halorhodopsin pho- 
tocycles is very different. Under the same condi- 
tions of illumination (i.e., BJb/AJy is equal in 
both cases) k3[H+]/AJy is much greater than 
k 5 [H ÷ ]/AJy, i.e., the contribution of blue light-in- 
duced regeneration is much less pronounced in 
bacteriorhodopsin than in halorhodopsin. 

The BR412 decay is rate-limiting for the 
bacteriorhodopsin photocycle. A slower decay rate 
would facilitate blue light regulation but on the 
other hand it would also slow down the entire 
photocycle. Therefore only a side-reaction of a 



photocyc le  as real ized in ha lo rhodops in  al lows a 
slow thermal  reconvers ion  f rom the inact ive  s ta te  
and  thereby  eff icient  b lue  light regulat ion.  

A t  s a t u r a t i n g  l ight  in tens i t ies , -  howeve r ,  
b a c t e r i o r h o d o p s i n  also reaches a state where BR412 
domina te s  the p h o t o s t e a d y  state. Blue l ight under  
these condi t ions  induces  faster  regenera t ion  of 
BR568 [16]. The  regenera t ion  pa thway  seems no t  to 
be  equ iva l en t  to the  s econd  ha l f  of  the  
p ro ton - t r ans loca t i ng  photocyc le  and  therefore  blue 
l ight  does  not  act ivate  bu t  ra ther  inact ivates  the 
p u m p  [17]. Both ha lo rhodops in  and  bac te r io rho-  
dops in  are regula ted  by  b lue  l ight bu t  in a differ-  
ent  fashion.  The  p u m p  ac t ion  of  ha lo rhodops in  at  
phys io log ica l  l ight intensi t ies  is act ivated,  whereas  
the ac t ion  of  bac t e r i o rhodops in  at  near ly  sa tura t -  
ing intensi t ies  is r educed  by  blue light. 

Acknowledgements 

W e  thank  Af ra  Hi ,by  and  U t a h  H e g e m a n n  for  
excel lent  technica l  ass is tance and  J6rg Ti t to r  for 
cr i t ical  r ead ing  of  the manuscr ip t .  

References 

1 J.K. Lanyi (1984) in New Comprehensive Biochemistry 
(Ernster, L., ed.), p. 315, Elsevier Science Publishers, 
Amsterdam 

2 Schobert, B. and Lanyi, J.K. (1982) J. Biol. Chem. 257, 
10306-10313 

205 

3 Bamberg, E., Hegemann, P. and Oesterhelt, D. (1984) Bio- 
claim. Biophys. Acta, 773, 53-60 

4 Bamberg, E., Hegemann, P. and Oesterhelt, D. (1984) Bio- 
chemistry 23, 6216-6221 

5 Bogomolni, R.A., Taylor, M.E. and Stoeckenius, W. (1984) 
Proc. Natl. Acad. Sci. USA 81, 5408-5411 

6 Hegemann, P., Oesterhelt, D. and Steiner, M. (1985) EMBO 
J., in the press 

70esterhelt, D. and Hegemann, P. (1985) EMBO J., in the 
press 

8 Stoeckenius, W. and Bogomolni, R. (1982) Annu. Rev. 
Biochem. 52, 587-616 

9 Polland, H.-J., Franz, M.A., Zinth, W., Kaiser, W., Hege- 
mann, P. and Oesterhelt, D. (1985) Biophys. J. 47, 55-59 

10 Polland, H.-J. (1984) Dissertation. Technische Universitat 
Mt~nchen 

11 Steiner, M. and Oesterhelt, D. (1983) EMBO J. 2, 1379-1385 
12 Hegemann, P., Steiner, M. and Oesterhelt, D. (1982) EMBO 

J. 1, 1177-1183 
13 Dancshazy, Z. and Karvaly, B. (1976) FEBS Lett. 72, 

136-138 
14 Bamberg, E., Apell, H.-J., Dencher, N.A., Sperling, W., 

Stieve, H. and L~iuger, P. (1979) Biophys. Struct. Mech. 5, 
277-292 

15 Lanyi, J.K. and Schobert, B. (1983) Biochemistry 22, 
2763-2769 

16 Oesterhelt, D., Hartmann, R., Fischer, U., Michel, H. and 
Schreckenbach, T. (1976) Proc. 10th FEBS Meeting, Paris, 
1976 (Desnuelle, P. and Michelson, A.H., eds.), 40, pp. 
239-251 

17 Karvaly, B. and Dancshazy, Z. (1977) FEBS Lett. 76, 36-40 
18 Ehrlich, B.E., Schen, C.R. and Spudich, J.L. (1984) J. 

Membrane Biol. 82, 89-94 
19 Oesterhelt, D. (1983) Methods Enzymol. 88, 10-17 
20 Westerhoff, H.V. and Dancshazy, Z. (1984) Trends Bio- 

chem. Sci. 9, 112-116 


