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Bacteriorhodopsin monomer dispersed in a solution of the detergent L-1690 could maintain the specific interac- 
tion between retinal and protein in the pH range 9 .0 -0 .0  at 25°C. Xmax of the absorbance spectrum was 550 nm 
at pH 9.0, 556 nm at pH 5 .5 ,609  nm at pH 2.1 and 570 nm at pH 0.0. Increasing the NaCI concentration in the 
solution promoted formation of the 609 nm product at pH 5 .0-3 .0  and also its transition to the 570 nm product 
at pH 2.5-1 .0 .  Retinal isomer analysis gave a ratio of 13-cis- to all.trans-retinal of 53 : 47 at pH 5.5. When the 
pH of the solution was reduced, the relative content of all-trans.retinal increased and the ratio of 13-cis- to all- 
trans-retinal was 14 : 86 at pH 0.0. Illumination of the solution at pH 7.2 yielded a product containing 9-cis. 
retinal or 9-c/s, 13-cis-retinal, which may be due to a reaction other than the photoreaction cycle. 

Introduction 

Bacteriorhodopsin found in Halobacterium halobi- 

um is a chromoprotein containing retinal as its chro- 
mophore, like visual pigments of higher animals [1]. 
This molecule forms a two-dimensional hexagonal 
crystalline lattice in the purple membrane [2,3]. 
Bacteriorhodopsin functions not only as a sensory 
receptor molecule for phototactic behavior, but also 
as a light-driven proton pump for various energy- 
dependent processes occurring inside the cell [4-6]. 

Absorption of light by visual pigment brings about 
the isomerization of its chromophoric retinal accom- 
panied by successive changes in the retinal-protein 
interaction which may be recognized as several inter- 
mediates of different absorbance spectra [7]. Changes 
in protein conformation involving retinal-protein 
interactions may trigger the visual transduction pro- 
cess. 

Photoreaction of bacteriorhodopsin constitutes a 
cycle made up of several intermediate stages [8], pos- 
sibly involving photoisomerization and thermal iso- 
merization of retinal [9] and concomitant changes in 

protein conformation. Purple membranes contain 
all-trans- and 13-cis-retinal in an equimolar ratio in 
the dark at neutral pH [10,11]. Light changes the 
molar ratio towards a predominance of all-tram-re- 
tinal [10,11] and the equilibrium is recovered by 
thermal reaction in the dark. On the other hand, the 
absorbance spectrum of bacteriorhodopsin is altered 
depending on pH, and concomitantly its chromo- 
phore composition is varied [12,13]. A close correla- 
tion between the protein structure and configuration 
of retinal can be seen in bacteriorhodopsin. Thus, 
bacteriorhodopsin is an interesting material and 
knowledge about this molecule will give significant 
information to help understand the retinal-protein 
interactions in visual pigment and its intermediates. 

In the purple membrane, there may be some con- 
tribution from the crystalline structure to retinal- 
protein interactions [14,15]. Investigation of the 
individual bacteriorhodopsin molecule (monomer) 
should provide clues as to the contribution from the 
crystalline structure. 

The bacteriorhodopsin monomer is obtainable by 
solubilizing the purple membrane with detergents 
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such as Triton X-100 [16-21] and octyl glucoside 
[19]. We used the detergent L-1690 which is effec- 
tive for dispersing other photoreceptor membranes 
[22]. In this paper, pH-dependent spectral changes of 
solubilized bacteriorhodopsin were examined 
together with retinal isomer compositions. 

Materials and Methods 

Purple membrane was prepared from H. halobium 

RIM1 according to the method of Oesterhelt and 
Stoeckenius [23]. Detergents used for solubilizing 
purple membranes were L-1690 (lauryl ester of 
sucrose, monoester 90%) and Triton X-100. Dark- 
adapted purple membrane was dispersed in 2% deter- 
gent solution (1 ml/mg purple membrane) at pH 5 - 6  
and incubated at room temperature for 2 days in the 
dark. Then the solution was centrifuged at 100 000 × 
g for 1 h and the supernatant was collected. ~kma x of 
the absorbance spectrum of the supernatant was 556 
nm in L-1690 solution and 550 nm in Triton X-100 
solution at pH 5.5, shorter than that of the purple 
membrane (560 nm), It is known that bacteriorho- 
dopsin in the monomeric state does not show the 
negative CD couplet in the visible region characteris- 
tic of the purple membrane [16,17]. The supernatant 
obtained did not show the negative CD couplet but a 
weak positive CD in the visible region, indicative of 
the monomeric state [16,17]. The bacteriorhodopsin 
solubilized in L-1690 solution was stable for at least 
1 month at pH 5.5 and 4°C. It denatured at 60°C 
with a half-life of 250 min. 

pH and salt-dependence of the absorbance spec- 
trum were examined on the dark-adapted solubilized 
bacteriorhodopsin. The solubilized bacteriorhodopsin 
was illuminated at 4°C and at pH 7.2 by light from a 
tungsten lamp (500 W) which had passed through 
glass filters (Toshiba) (see legend to Fig. 4). 

Retinal isomer composition was analyzed by the 
method of Pettei et al. [11] with a slight modifica- 
tion. The bacteriorhodopsin solution (1 ml) was 
mixed with 2 ml of dichloromethane followed by 
shaking. The pH of the mixture was adjusted to 
neutral. The mixture was allowed to stand for 5 min 
at 0°C, shaken with 20 ml of diethyl ether and cen- 
trifuged at 5 000 rev./min for 5 min. The upper layer 
of the supernatant was collected and dehydrated by 

adding anhydrous Na2SO4 and evaporated to 10/al. 
This sample was applied to an HPLC system (Yanaco 
L-2 000) equipped with a silica gel column (Mercko- 
sorb SI 60, 4 X 500 mm). The elution solvent was a 
mixture of hexane, diethyl ether (12%) and acetone 
(0.25%). The flow rate was set at 1.0 ml/min and 
each isomer was detected by the absorbance at 375 
nm. The relative content of each isomer was deter- 
mined after correcting for the difference in molar 
extinction of each isomer in hexane [24]. The ratio 
of the molar extinction coefficient of each isomer in 
our solvent system was estimated to be the same as in 
hexane within the experimental error of +2%. 

Absorbance spectra were determined with a Union 
SM-401 spectrophotometer (scanning rate 10 nm/s). 
CD spectra were measured with Jovin-Yvon Dichro- 
graph Mark III-J. The temperature of the cell-holders 
was controlled by circulating water of a constant 
temperature. 

The detergent L-1690 was kindly synthesized by 
Ryoto Co. Ltd. (Tokyo). Other chemicals were pur- 
chased from Wake Pure Chemicals (Osaka). H. halobi- 

um R1M1 was generously supplied by Dr. Stoecke- 
nius. 

Results 

Fig. 1 shows the absorbance spectra of bacterio- 
rhodopsin solubilized in L-1690 solution at various 
pH values. When the pH of the solution was lowered 
from 5.5 to 2.1 by the addition ofHC1, ~'max shifted 
towards longer wavelengths from 556 nm (curve 1) 
to a limit of 609 nm (curve 2). Absorbance spectra 
measured in the pH range 5.5-2.1 did not show a 
definite isosbestic point and intersected in the wave- 
length region 572-575 nm. With further lowering 
of pH, Xmax returned from 609 nm to shorter wave- 
lengths: 602 nm at pH 1.4 and 592 nm at pH 0.9. 
When the solution was kept below pH 2.0 for a while 
in the dark, Amax gradually decreased and the absor- 
bance at about 450 nm rose (half-time of the reac- 
tion: 7 h at pH 1.5 and 25°C). In contrast, in the 
presence of 1 M NaC1 the formation of the 450 nm 
product mentioned above did not occur below pH 
2.0. Curve 3 shows the absorbance spectrum at pH 
0.0 in 1 M NaCI (Xrnax 570 rim). The solution, being 
kept for more than 1 h at pH 0.0, became turbid. 
This was due to the hydrolysis of L-1690. In a paral- 
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Fig. 1. Absorbance spectra of solubilized bacteriorhodopsin 
in L-1690 solution at various pH values. The pH of the bac- 
teriorhodopsin solution (1.5% L-1690) was adjusted by 
adding HCI or NaOH. Spectra measured at 25°C, with a 1 cm 
light-path cell. (Curve 1) pH 5.5, hmax = 556 nm; (curve 2) 
pH 2.1, ?'max = 609 nm; (curve 3) pH 0.0, ?,max = 570 nm, 
in the presence of 1 M NaC1; (curve 4) pH 9.0, ?,max = 550 
rim. Curves 1, 2, and 4 were measured in the absence of NaCI. 

lel experiment, bacteriorhodopsin solubilized in 
Triton X-100 solution was converted below pH 4.0 
to the product having a Xmax of  450 nm even in the 
presence of  1 M NaC1. The 450 nm product was 
further converted at pH 3.0 and 25°C with a haiti 
life of  5 min to a product having a Xmax of  385 nm. 
The 385 nm product did not show CD in the wave- 
length region 3 0 0 - 6 0 0  nm, and the addition of  20 
mM NH2OH to the solution containing the 385 nm 
product resulted in the formation of  retinal oxime. 
This fact suggests that the specific interaction 
between chromophoric retinal and protein disap- 
peared in the Triton-solubilized,bacteriorhodopsin. 

The absorbance spectrum of  the purple membrane 
is not altered in the pH range 5 .0-8 .5  [25]. When 
bacteriorhodopsin solubilized in L-1690 solution was 
brought from pH 5.5 to a weak alkaline pH value, 
Xma x shifted to shorter wavelengths and Amax slightly 
decreased. Curve 4 in Fig. 1 shows the spectrum ~at 
pH 9.0 (Xma x 550 nm). Absorbance spectra measured 
in the pH range 5 .5 -9 .0  intersected at about,540 nm. 

Fig. 2 shows the CD spectra o f  solubilized bac- 
teriorhodopsin corresponding to the absorbance spec- 
tra in Fig. 1. The spectra do not show the negative 
CD couplet but do show positive CD corresponding 
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Fig. 2. The CD spectra of solubilized bacteriorhodopsin cor- 
responding to the absorbance spectra in Fig. 1. (Curve 1) 
pH 5.5, (curve 2) pH 2.1, (curve 3) pH 0.0, in the presence 
of 1 M NaC1, (curve4) pH 9.0. Spectra were measured at 
25°C with a 1 cm light-path cell. 

to the respective a-bands. The CD magnitude is 
particularly large at pH0 .0  (curve3).  Another 
feature which is shown is that the CD spectrum at 
pH 2.1 (curve 2) has a Xmax of  620 nm, being differ- 
ent from Xma x of  the absorbance spectrum (609 nm). 

Table I shows the retinal isomer composition of  
bacteriorhodopsin solubilized in L-1690 solution at 
various pH values in the dark. Among the isomers, 
only 13-cis- and aU-trans-retinal were detected. The 
ratio" of  13-cis- to all-trans-retinai was 53 : 47 at pH 
5.5. On lowering the pH of  the solution, the relative 
content of  aU-trans-retinal increased below pH 5.5. 
The ratio did not vary significantly in the pH range 
5 .5-9 .0 .  In order  to determine the molar extinction 
coefficient of  solubilized bacteriorhodopsin, the 
bacteriorhodopsin was denatured with 2% sodium 
dodecyl sulfate in the presence of  100 mM NH2OH 

TABLE I 

THE RETINAL ISOMER COMPOSITION OF SOLUBIL- 
IZED BACTERIORHODOPSIN IN L-1690 SOLUTION AT 
VARIOUS pH VALUES IN THE DARK 

Each experiment was performed at least twice. The experi- 
ment at pH 0.0 was carried out in the presence of 1 M NaCI. 

pH % composition 

13-¢is-Retinal ail-trans-R e tinal 

0.0 14±2 86±2 
2.2 36±2 64±2  
5.5 53±1 47±1 
7.0 57±1 43±1 
9.0 52±3 48±3 
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Fig. 3. pH dependence of kma x of the absorbance spectrum 
of solubilized bactedorhodopsin at different concentrations 
of NaCI. Bacteriorhodopsin was solubilized into L-1690 
solutions containing I0 mM NaCI (m), I00 mM NaCl (a), and 
1 M NaCI (o). By the addition of HCI, the pH of each solu- 
tion was changed at 25°C. 

at pH 5.5. Amax of  the retinal oxime formed was 
equal to Ama x of  the original bacteriorhodopsin. The 
molar extinction coefficient of  the dark-adapted 
bacteriorhodopsin solubilized in L-1690 solution at 
556 nm (pH 5.5) was estimated at 49 000-+ i 000 
M -1 • cm -1, using the values of  51 600 M -~ • cm -~ for 
all-trans.retinal oxime [26] and 46 600 M -t • cm -~ 
for 13-cis-retinal oxime. 

The pH dependence of  the absorbance spectrum of  
solubilized bacteriorhodopsin was examined also in 
the presence of  NaC1 at various concentrations. ~kma x 
values of  the spectra in 10 raM, 100 mM and 1 M 
NaC1 were plotted against pH in Fig. 3. In the se- 
quence 10mM, 100raM, 1 M NaCI, ~kma x became 
longer at pH 5 .0-3 .0 ,  while it became shorter at pH 
2 .5-1 .0 .  This means that in the presence of  1 M NaC1 

Fig. 4. The absorbance spectra of solubilized bacteriorhodop- 
sin illuminated with light of various wavelengths. (a) Bac- 
teriorhodopsin in 0.5% L-1690, 10 mM Tris-HC1 (pH 7.2) 
solution was illuminated at 4°C with light (k > 600 nm) pas- 
sed through a glass filter (Toshiba VR-60). (Curve 1) The 
absorbance spectrum of solubilized bacteriorhodopsin 
(curve 2) illuminated for 15 min, (curve 3) illuminated for 
30 rain, (curve 4) illuminated for 90 rain, (curve 5) iUumi- 
hated for 210 min. (b) The same as a except illumination 
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with light of 2~ > 640 nm passed through a glass filter 
(Toshiba VR-64). (Curve 1) The absorbance spectrum of 
solubilized bacteriorhodopsin, (curve 2) illuminated for 40 
min, (curve 3) illuminated for 120 min, (curve 4)illuminated 
for 300 rain. (c) Baeteriorhodopsin in 1.5% L-1690, 10 mM 
Tris-HC1 (pH 7.2) solution was illuminated at 4°C with violet 
light passed through a glass filter (Toshiba VV-40, Tma x = 
400 nm, half-bandwidth = 106 rim). (Curve 1) The absor- 
bance spectrum of solubilized bacteriorhodopsin, (curve 2) 
illuminated for 20 min. 



the formation of the 609 nm product and its transi- 
tion to the 570 nm product occurred at higher pH 
than in 10 mM and 1 O0 mM NaC1. 

Fig. 4 shows the photoreactions of solubilized 
bacteriorhodopsin and Fig. 5 illustrates the conco- 
mitant chromophore analysis of illuminated bacterio- 
rhodopsin on HPLC. Fig. 4a shows the absorbance 
spectra of the solution illuminated at pH 7.2 and 4°C 
with red light (X > 600 nm)~ kmax shifted from 552 
nm (curve 1) to 559 nm (curve 2) after 15 min illu- 
mination and simultaneously Amax fell and the absor- 
bance at about 440 nm rose. Further illumination 
promoted this tendency and finally after 210 min 
illumination, the product having a Xmax of 390 nm 
appeared. The HPLC pattern shows that the solu- 
tion illuminated for 30 min contains a consider- 
able amount of 9-cis-retinal and a small amount of 
9-cis, 13-cis-retinal compared to all-trans- and 13-cis- 
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Fig. 5. HPLC patterns of retinal extxacted from solubllized 
bacteriorhodopsin. (a-l) Illuminated with light ( h >  600 
nm) for 30 min, corresponding to curve 3 in Fig. 4a. (a-2) 
Illuminated for 90 min (curve 4 in Fig. 4a). (a-3) Illuminated 
for 210 min (curve 5 in Fig. 4a). (b) Illuminated with light 
(h > 640 nm) for 300 min (curve 4 in Fig. 4b). 
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retinal (Fig. 5a-1). Further illumination increased 
the relative content of 9-cis, 13-cis-retinal ,(Fig. 
5a-2 and a-3). At first sight, formation of the 390 
nm product seemed to be parallel to the formation 
of 9-cis, 13-cis-retinal, but this was not true. When 
the photoproduct of curve 3 in Fig. 4a was allowed 
to stand at 25°C in the dark, the absorbance at 
about 440nm decreased and that at 390nm 
increased. Another observation is shown in Figs. 4b 
and 5b. When solubilized bacteriorhodopsin was 
illuminated with light of X > 640 nm, the spectral 
change occurred in a manner similar to that in the 
case of illumination with light of X > 600 nm. How- 
ever, the HPLC pattern of the 390 nm product (curve 
4 in Fig. 4b) shows the formation of 9-cis-retinal and 
a trace amount of 9-cis, 13-cis-retinal (Fig. 5b). 

This fact (the formation of the 390 nm product) 
may be explained using the following scheme: 

hp  dark 
Solubilized ~ 440 nm product--------* 390 nm product 
bacteriorhodopsin (1) (9-cis-retinal) (3) 

hv 390 nm product 
( 9-cis,13-cis-retinal ) 

The solubilized bacteriorhodopsin is converted to the 
440 nm product by reaction 1, being different from 
the photoreaction cycle of bacteriorhodopsin known 
in the purple membrane. This is transformed further 
to the 390 nm product through reaction 3 in the 
dark, or reisomerized by light (reaction 2) to the 390 
nm product containing 9-cis, 13-cis-retinal. Red light 
(X > 640 nm) is not absorbed by the 440 nm product 
and cannot promote reaction 2. The curved arrow 
shows the main photoreaction cycle (see Discussion). 

Fig. 4c shows the spectral change caused by violet 
light (kmax = 400 nm) where kmax (552 nm) in the 
dark shifted to 560 nm. After 30 min illumination, 
91% of the total chromophore was all-trans-retinal 
and the rest 13-cis-retinal. In this case, the 440 nm 
product and the 390 nm product, if any, could absorb 
the violet light to be reconverted to the 560 nm 
product. In fact, the 440 nm product and the 390 
nm product of curves 2 and 5 in Fig. 4a could be 
reconverted by the 400 nm light to the original pig- 
ment. In the parallel experiment, the purple mem- 
brane was illuminated with red light (~ > 600 nm) or 
violet light (Xmax = 400 nm) for 30 min at pH 7.2. 
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Retinal isomer analysis revealed that the ratio of 13- 
cis- to all-trans-retinal was 5 : 95, independent of the 
wavelength of the illuminating light. 

After bacteriorhodopsin was illuminated with 
violet light for 15 min, the light-dark adaptation in 
L-1690 solution proceeded about 4-times faster in 
terms of the half-time of the reaction at pH 7.2 and 
25°C than in the purple membrane. 

Discussion 

As demonstrated in Fig. 1, the bacteriorhodopsin 
monomer in L-1690 solution showed spectral changes 
depending on pH in the pH range below pH 5.5 in a 
manner essentially similar to that in purple mem- 
branes [12,13,25]. On the other hand, the Triton 
X-lO0-solubilized bacteriorhodopsin was relatively 
unstable and did not maintain the specific interaction 
between retinal and protein at such a low pH as 
shown in purple membranes and in L-1690 solution. 
In the study of cephalopod metarhodopsin [27], the 
pK of protonation of the retinal Schiff base was 
largely affected by the environmental phospholipids 
and detergents. L-1690 acted on the rhodopsin 
similarly to phospholipids. 

Absorbance spectra of visual pigments are deter- 
mined by the configuration of retinal, the degree of 
protonation to the Schiff base, and the solvent effect 
of the protein microenvironment [28,29]. This 
explanation could also be applicable to bacteriorho- 
dopsin. From investigations on purple membranes, 
Mowery et al. [12] reported that t, ix60 s~'vaeid and ul-s6sr'vaeid 
(following their nomenclature) were formed depend- 
ing on pH, and Fischer et al. [13] reported that BR- 
605 was formed from the purple complex by binding 
of proton, and PC L- arose from BR-605 by selective 
binding of anions (PC L- and BR-605 according to the 
nomenclature of Fischer et al. [13]). We observed 
similar spectral changes in the solubilized bacteriorho- 
dopsin. The 609 nm product had a CD peak of 620 
nm and the 556 nm product had a weak CD (Fig. 2). 
Thus, the 609 nm product might contain the prod- 
uct having a ~kma x longer than 609 nm as a major 
component and the 556 nm product as a minor com- 
ponent. The transition of the 556 nm product (pH 
5.5) to the 609 nm product was pH dependent and 
affected by NaC1 concentration as shown in Fig. 3. 
This might be explained by the shift of the pK value 
of the transition. The pK may be estimated to be 

between 3.0 and 4.0 and this is suggestive of the ioni- 
zation of carboxyl groups of the protein. Fischer et 
al. [13] demonstrated in purple membranes that the 
anion-induced blue shift of ~kma x due to the forma- 
tion of PC L- became larger at pH 2.0 in the order 
C10?~, I-, Br-, CI-, of decreasing anion radius. We 
examined the formation of the 570 nm product at 
pH 1.0 in the presence of 1 M NaCI, NaBr and NaI, 
and ascertained that the blue shift of ~kma x became 
larger in the order I-, Br-, C1-. When bacteriorhodop- 
sin solubilized in L-1690 solution was brought to 
pH 0.0 by the addition of H2SO4, a product having 
a kmax of 601 nm was formed and the product con- 
verted to the 450 nm product with a half-life of 30 
min at 25°C. Even at the same pH, ~krnax and the 
stability of the product were different depending on 
the anion species. Anions such as I- and SO42- could 
not resist the formation of the 450 nm product so 
effectively as C1- or Br-. Thus, pH and salt concen- 
tration affected the structure of bacteriorhodopsin 
protein, i.e., the microenvironment around the retinal 
Schiff base, and possibly altered the spatial arrange- 
ment of the Schiff base in the protein (the degree of 
protonation). The retinal configuration in bacterio- 
rhodopson changed dpending on pH, as shown in 
Table I, like in the purple membrane [12,13]. This 
isomerization of retinal was induced in the dark by 
the pH-sensitive structural change in protein and was 
related to the spectral change of bacteriorhodopsin. 

The absorbance spectrum of bacteriorhodopsin in 
the purple membrane did not alter in the pH range 
5.5-9.0, but did so in the detergent solution (curves 
1 and 4 in Fig. 1). At pH7.2, photoreaction of 
solubilized bacteriorhodopsin resulted in the for- 
mation of a product containing 9-cis- and 9¢is ,  
13-cis-retinal (Figs. 4 and 5). This was not observed in 
the purple membrane and may be due to a reaction 
other than the well known photoreaction cycle of 
bacteriorhodopsin. Since we observed the M inter- 
mediate by means of laser Raman spectroscopy (un- 
published data) and the so-called dark- and light- 
adapted spectrum was clearly distinguishable as well 
as in the purple membrane, the main photoreaction 
of the solubilized bacteriorhodopsin should be similar 
to that of the purple membrane. The formation of 
the 390 nm product containing 9-cis-retinal seems to 
result from the inability of 9-cis-retinal to accom- 
modate to the binding site of bacteriorhodopsin. A 



reconstitution experiment demonstrated the inability 

of 9-cis-retinal to accommodate to the binding site 

of bacteriorhodopsin [30]. The formation of 9-cis- 
retinal may be due to the altered conformation of 

bacteriorhodopsin protein in detergent solution. The 
product containing 9-cis-retinal was observed in 

purple membranes illuminated under acidic condi- 

tions [31 ]. 
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