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Abstract In the bacteriorhodopsin-containing proteoliposomes,
a laser flash is found to induce formation of a bathointermediate
decaying in several seconds, the difference spectrum being similar
to the purple^blue transition. Different pH buffers do not affect
the intermediate, whereas an uncoupler, gramicidin A, and
lipophilic ions accelerate decay of the intermediate or inhibit its
formation. In the liposomes containing E204Q bacteriorhodopsin
mutant, formation of the intermediate is suppressed. In the wild-
type bacteriorhodopsin liposomes, the bathointermediate forma-
tion is pH-independent within the pH 5^7 range. The efficiency
of the long-lived O intermediate formation increases at a low pH.
In the wild-type as well as in the E204Q mutant purple
membrane, the O intermediate decay is slowed down at slightly
higher pH values than that of the purple^blue transition. It is
suggested that the membrane potential affects the equilibrium
between the bacteriorhodopsin ground state (Glu-204 is proto-
nated and Asp-85 is deprotonated) and the O intermediate (Asp-
85 is protonated and Glu-204 is deprotonated), stabilizing the
latter by changing the relative affinity of Asp-85 and Glu-204 to
H+. At a low pH, protonation of a proton-releasing group
(possibly Glu-194) in the bacteriorhodopsin ground state seems
to prevent deprotonation of the Glu-204 during the photocycle.
Thus, all protonatable residues of the outward proton pathway
should be protonated in the O intermediate. Under such
conditions, membrane potential stabilization of the O inter-
mediate in the liposomes can be attributed to the direct effect of
the potential on the pK value of Asp-85.
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1. Introduction

Bacteriorhodopsin (bR) from Halobacterium salinarium is a
proton pump that converts light energy into a proton electro-
chemical gradient across the bacterial membrane (for reviews,
see [1^4]). The chromophore group of bR is a retinal cova-
lently bound to the O-amino group of the Lys-216 via proto-
nated Schi¡ base. Light absorption induces an all-trans to 13-
cis isomerization of the chromophore and a complex photo-
chemical cycle including J, K, L, M, N and O intermediates.
During the LCM transition, the chromophore isomerization
initiates the proton transfer directed to the outer membrane
surface, occurring from the Schi¡ base to the proton acceptor
group of Asp-85. The following MCN transition is coupled

with the Schi¡ base reprotonation by the proton donor group
of Asp-96 localized between the chromophore and the cyto-
plasmic surface. The N decay and bR initial state restoration
is accompanied by reprotonation of the Asp-96 and the chro-
mophore 13-cis-all-trans re-isomerization.

The OCbR transition seems to be the reaction which com-
pletes the bR photocycle. The O intermediate contains all-
trans-retinal [5], while in the L93A mutant, long-lived O in-
termediate containing 13-cis-retinal was found [6]. Investiga-
tion of pH-dependence of the O intermediate in the wild-type
bR and comparison between kinetics of the O intermediate
and proton release and uptake, as well as studies of the mu-
tant with substituted Glu-194 and Glu-204, led to the conclu-
sion that the OCbR transition is accompanied by intrapro-
tein proton transfer from Asp-85 to Glu-204 [4,8^11].

Nasuda-Koyama et al. [12] described formation of a blue
form in bR liposomes under continuous illumination. The
authors suggested that this e¡ect is due to the formation of
the blue acid bR form induced by a large decrease in the
intravesicular pH. Hellingwerf et al. [13] found that the decay
kinetics of the £ash-induced O intermediate are slightly slower
under steady-state illumination than in the dark, but can be
accelerated by protonophore uncoupler or nigericin+valino-
mycin. Quintanilha [14] ascribed this phenomenon mainly to
the inhibition of the decay of the preceding M intermediate by
an electric ¢eld. The e¡ect of the membrane potential on the
M decay was also investigated in the whole cells [15,16]. Hel-
lingwerf et al. [13] noted the existence of a slow component in
the bR photocycle measured at a long wavelength, which was
attributed to light scattering processes.

In our experiments on bR liposomes with a high degree of
protein orientation asymmetry, we have found that this slow
process is due to the slow relaxation of the £ash-induced O-
like intermediate. We have concluded that this phenomenon is
a consequence of stabilization of the O intermediate by the
membrane potential, a¡ecting the equilibrium between the O
intermediate and the bR ground state.

2. Materials and methods

Freshly prepared purple membrane sheets from the halobacterial
wild-type ET1001 and E204Q mutant strain were used. The E204Q
strain was kindly provided by Prof. J. Lanyi and Prof. R. Needleman.

To prepare bR liposomes, a suspension of L-K-phosphatidylcholine
(type II-S from soybean, Sigma) (50 mg/ml) in a medium containing
30 mM Na2SO4, 1 mM MES, pH 6.0, was sonicated (UZDN-4 dis-
integrator, 22 kHz) for W4 min until it became transparent. After
addition of the purple membranes (0.5 mg protein/ml), the suspension
was sonicated once more for 4 min. Then, the proteoliposome sus-
pension was centrifuged at 160 000Ug for 40 min.

The bR photocycle transient absorbance changes were measured
using a home-made single-beam spectrophotometer as previously de-
scribed [17,18]. To measure £ash-induced pH changes, the di¡erence
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between spectral responses at 453 nm in the absence and in the pres-
ence of pyranine was detected [19,20].

Light £ashes were provided by a frequency-doubled Quantel Nd-
YAG-481 laser (wavelength 532 nm, pulse half-width 15 ns, energy
10 mJ).

Measurements were performed on the light-adapted proteoliposome
suspension (5^10 WM bR) at room temperature.

3. Results and discussion

In the open purple membrane sheets, the half-time of the O
intermediate decay is known to be several milliseconds [2,4].
On the other hand, in the bR proteoliposome suspension, the
relaxation of the £ash-induced optical changes at 640 nm
proved to be in the time range of several seconds (Fig. 1A).
The di¡erence spectrum of this slow relaxation is similar to
that of the bR transition into the blue acid form (Fig. 1B).
This may mean that in the long-lived intermediate, the Asp-85
residue is protonated. Note that the slow components are
absent in the kinetics of relaxation of the optical changes at
400 and 340 nm (Fig. 1A). Taking into account that optical
changes at 340 nm are sensitive to the isomeric retinal state
and relaxation of the N intermediate [21], it can be concluded
that both the M and N intermediates are not in equilibrium
with the long-lived intermediate. Thus, the latter probably
contains the trans-retinal and can be considered either as
the blue acid form or a long-lived O-type intermediate other
than the O-like intermediate with 13-cis-retinal found in the
L93A and some related mutants [6,22].

The main di¡erence between the purple membranes and the
proteoliposomes is that the proteoliposomes represent closed
membrane vesicles capable of maintaining a protonmotive
force. Thus, the reason for the long-lived intermediate forma-
tion may be formation of the light-dependent protonmotive
force on the proteoliposome membrane. In line with such an
assumption, an increase in the membrane permeability by the
protonophorous uncoupler FCCP is found to result in accel-
eration of the O-type intermediate decay (Fig. 2A). However,
gramicidin A decreases only the amplitude of this intermedi-

ate (Fig. 2B). The di¡erence in behavior of two uncouplers is
not surprising. Most probably, incorporation of a single gra-
micidin A molecule in a proteoliposome induces a so high
membrane permeability increase (a microsecond membrane
potential discharge rate [17]) that the residual responses in
the presence of gramicidin are due to the proteoliposomes
containing no gramicidin molecules.

Inasmuch as FCCP and gramicidin A induce the dissipation
of the electric potential di¡erence as well as the proton gra-
dient, the above data do not allow us to discriminate between
two factors that can be responsible for the long-lived inter-
mediate formation, namely, the membrane potential and a
decrease in the intravesicular pH.

As experiments showed, variation in the bu¡ers used (50
mM MES, HEPES, TRIS, bis-tris-propane, acetate or citrate)
did not in£uence the long-lived intermediate formation. The
bu¡ers were without e¡ect being added either to medium for
incubation of the liposomes or to the medium for their prep-
aration (not shown). Thus, these data indicate that internal
acidi¢cation is hardly the main factor inducing the appearance
of the long-lived intermediate.

On the other hand, lipophilic ions a¡ect the optical signal at
640 nm (Fig. 2C,D). Lipophilic anions at a low concentration
distinctly increase the rate of the O decay. At high concen-
trations of anions, the fast O intermediate similar to that in
the open purple membrane sheets is observed. Inasmuch as
membrane potential induces the lipophilic ion transport (the
fast phase of the O decay) and correspondingly formation of
the ion gradient, the slow components of signal decay are
possibly due to the relaxation of the membrane potential
when the electrochemical potential di¡erence of lipophilic
ions is close to zero. The absence of the fast O intermediate
at a high concentration of cations is possibly due to an addi-
tion direct e¡ect of the cations on the photocycle kinetics.

It is noteworthy that such agents as ammonium salts, imi-
dazole and 9-aminoacridine were shown to decrease the mag-
nitude of the £ash-induced optical changes at 640 nm and
slightly accelerate its decay. All these agents are pH bu¡ers

Fig. 1. Flash-induced optical changes (A) in bR proteoliposomes at pH 6.0 and comparison of the di¡erence spectrum (B) of the long-lived in-
termediate (b), measured at pH 6.0 in 200 ms after the £ash, with that of purpleCblue transition (solid line) in bR proteoliposomes (pH 6.0^
3.5). The assay medium: 30 mM Na2SO4, 1 mM MES. Here and below, a vertical arrow indicates the laser £ash.
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and are able to penetrate through the membrane in their neu-
tral forms. Hence, these data might indicate that the acidi¢-
cation of the intravesicular volume is the main reason for the
long-lived intermediate formation. However, ethanol (5^8%)
and DMSO (20^30%) produce the same e¡ect. Since ethanol
and DMSO have no proton acceptor groups but can penetrate
into the membrane, we suppose that all these e¡ects are due to
the unknown direct action on the membrane properties that
are not related to the intravesicular pH changes.

Thus, the above data indicate that the membrane potential
is the main cause for the £ash-induced formation of the long-
lived intermediate. However, they cannot exclude that its for-
mation under continuous illumination may also be caused by
acidi¢cation of the intravesicular volume as was suggested by
Nasuda-Koyuama et al. [12]. It is noteworthy that light adap-
tation increases the magnitude of the O intermediate concur-
rently with the increase in the M intermediate magnitude
(data not shown). Apparently, the long-lived O intermediate
may be formed both from the trans-bR and 13-cis-bR mole-
cules. This contradicts the conclusion of Nasuda-Koyuama et
al. [12] that only 13-cis-bR is able to give the bathoform in
response to low pH in the intravesicular volume.

There are two additional pieces of evidence con¢rming our
conclusion. The proteoliposome suspension could be roughly
separated into two fractions by centrifugation at 160 000Ug
by 40 min. The ratios of the maximal amplitudes of the re-
sponses at 640 and 400 nm are 20^30% and 50^60% in the
pellet and supernatants, respectively. The M intermediate de-
cay is slower in the supernatant (Fig. 3A). Addition of gra-
micidin A accelerates the M decay in both fractions to the
same extent. It is known that the M decay is retarded by the
membrane potential [14,16]. Thus, correlation between the

amplitude of the signal at 640 nm and the rate of the M decay
con¢rms the main role of the membrane potential in the long-
lived O-type intermediate formation. However, the reason for
the di¡erences between the liposome fractions is not clear yet.
One of the possibilities is the di¡erent degree of the bR asym-
metry in the proteoliposome membrane.

In Fig. 3B, the O intermediate decay and the passive proton
release are compared. The faster rate of the O decay can be
explained by the fact that the membrane potential discharge
may be faster than the passive transmembrane proton £ow
due to participation of ions other than H� in the discharge.
An increase in the £ash energy induces the proportional rise
of the amplitudes of the M and O intermediates (not shown),
indicating that the O formation depends on the number of
protons translocated by bR. A decrease in the £ash intensity
results in a slight decrease in the O intermediate decay rate
(Fig. 3C). The most probable explanation for this consists in
existence of the potential-dependent equilibrium between the
O intermediate and the bR ground state. In this case, some
acceleration of the O decay at high £ash intensity may re£ect
some non-linearity of the membrane resistance at a high
voltage. On the contrary, if the membrane potential simply
slows down the O decay, one should expect the O decay
acceleration at a low £ash intensity and, hence, at a low mem-
brane potential. The data obtained contradict the latter pos-
sibility.

Fig. 4A shows the pH-dependence of the ratio between the
maximal O and M amplitudes. The ratio is pH-independent in
the pH 5^7 range, pointing to that external H� ions are not
involved in the OHM equilibrium. Apparently, a proton
transfer between Asp-85 and some other intraprotein group
takes part in this process. The most plausible candidate is

Fig. 2. E¡ects of protonophorous uncoupler FCCP (A), gramicidin A (B), phenyldicarbaundecaborane anion PCB3 (C) and tetraphenyl phos-
phonium cation TPP� (D) on the £ash-induced optical changes at 640 nm in proteoliposomes. The assay medium: 30 mM Na2SO4, 1 mM
MES, pH 6.0.
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Glu-204 because the reprotonation of Glu-204 by Asp-85
probably is the ¢nal stage in the bR photocycle [8^11]. The
three-dimensional bR structure [23,24] predicts that this trans-
fer should be an electrogenic process. Note that the O inter-
mediate decay is an electrogenic process too [25]. Formation
of the O intermediate accompanied by the slow relaxation is
strongly inhibited in the E204Q mutant (Fig. 3D). Neverthe-
less, in this mutant, gramicidin A accelerates the O intermedi-
ate decay. We suppose that in this case, the membrane poten-
tial slows down the Asp-85 reprotonation, whereas in the
wild-type protein, the membrane potential a¡ects the proton
a¤nities of the Asp-85 and Glu-204, thus stabilizing the O
intermediate containing protonated Asp-85 and deprotonated
Glu-204.

The O/M ratio decreases at a pH higher than 7 (Fig. 4A).
The reason for this e¡ect is not clear. The apparent pK varied
in di¡erent proteoliposome fractions. In liposomes with a low
O/M ratio, the pK is within the 7.8^8.2 range. It is interesting
that the pK of Glu-204 in all the proteoliposome preparations
is 8^8.5 (the pK was determined from the pH-dependent de-
crease in the amplitude of the electrogenic microsecond phase,
according to Kalaidzidis et al. [11]). Thus, one may assume
that deprotonation of the Glu-204 in the bR ground state is
the process which shifts the equilibrium between the O inter-
mediate and bR towards the bR ground state. However, in
proteoliposomes with the high O/M ratio, the pK is lower (in
the 7.3^7.7 range), while the pK of the Glu-204 is higher than
8. It is possible that this e¡ect is due to a decrease in the
proton pumping activity of bR at a high pH and a high level

of the membrane potential. This suggestion is currently under
investigation.

The O/M ratio increases at low pH (Fig. 4A). This e¡ect
occurs within the pH range which is close to that of the bR
transition into the blue acid form, measured by a decrease in
the £ash-induced M amplitude (Fig. 4A). It is interesting that
in the wild-type purple membrane, the O intermediate decay
slows down at low pH (Fig. 4B). Moreover, in the mutant
E204Q purple membranes, the O intermediate formation is
also retarded. A possible explanation of this phenomenon
consists of protonation of Glu-194 in the bR ground state
(from Fig. 4B, it may be concluded that in the ground state,
the apparent pK of the Glu-194 in the wild-type bR is V3.8^
4, whereas the pK of Asp-85 is V2.7^2.9), which may prevent
deprotonation of Glu-204 during the photocycle and thus re-
tard the deprotonation of Asp-85 associated with the O inter-
mediate decay. If this assumption is correct, it may be ex-
pected that all the proton acceptor groups in the inward
proton pathway are protonated during the photocycle at
low pH. In this case, the O intermediate stabilization may
be regarded as a consequence of a direct membrane poten-
tial-dependent increase in the pK of Asp-85.

Our conclusion on the potential-dependent equilibrium be-
tween the O intermediate and the bR ground state is in line
with the data obtained by Kononenko et al. [26]. The authors
observed a bathochromic shift of the maximum absorbance in
oriented purple membrane ¢lm induced in the dark by exter-
nal electric ¢eld of a direction coinciding with that of the
transmembrane ¢eld generated by the bR proton pump. Ko-

Fig. 3. Some properties of the long-lived O intermediate. A: Comparison of the M and O kinetics in the di¡erent proteoliposome fractions. 1,
Proteoliposomes from the pellet fraction (160 000Ug, 40 min). 2, Proteoliposomes from the supernatant. gr, 60 WM gramicidin A is added. The
assay mixture: 30 mM Na2SO4, 1 mM MES, pH 6.0. B: Comparison of the O intermediate kinetics (1) and £ash-induced pH changes in pro-
teoliposome suspension (2). The assay medium: 50 mM NaCl, 100 WM pyranine, pH 7.0. C: Comparison of the O intermediate decay at di¡er-
ent £ash intensities. The ratio between signal amplitudes 1:2:3 is equal to 1:0.4:0.1. The assay mixture: 30 mM Na2SO4, 1 mM MES, pH 6.0.
D: Comparison of the O intermediate kinetics in the proteoliposomes with the wild-type bR (1) and with the E204Q mutant bR (2). gr, 60 WM
gramicidin A is added.
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nonenko et al. [26] suggested that formation of this batho-
product plays a regulatory role in the bR proton pumping in
cells by a negative feedback mechanism. However, until now,
the long-lived O intermediate was not described in the liter-
ature. If this intermediate does not form in the cells, then, this
may indicate that the di¡erence between the pK of the Asp-85
and Glu-204 in the purple membrane is signi¢cantly higher
than in proteoliposomes and the membrane potential is not
able to overcome this di¡erence. This problem is under inves-
tigation in our group.

The pool of the O intermediate seems to be heterogeneous
[7,27], probably because of several consequential molecular
processes that take place during the OCbR transition. It
was shown that the O intermediate is in the equilibrium
with a preceding intermediate [28], whereas the OCbR tran-
sition seems to be the irreversible step in the bR photocycle
[4,7]. Our data indicate that the ¢nal step in the bR photo-
cycle, i.e. proton transfer from the Asp-85 to the Glu-204, is
electrogenic, being an equilibrium process at least in some
conditions (for instance, under in£uence of the membrane
potential). Thus, one of the previous steps (isomerization of
the retinal and/or accompanying protein relaxation) should be
irreversible.
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Fig. 4. pH-dependence of the O and M intermediates. A: pH-dependence of the O/M ratio (o, ratio of the amplitudes in the maximum of the
£ash-induced optical changes at 640 and 400 nm, respectively) and of the amplitude in the maximum of the optical changes at 400 nm (x) in
proteoliposomes. The assay medium: 30 mm Na2SO4, 1 mM MES, 1 mM HEPES, 1 mM Tris. B: pH-dependence of the rate of the O inter-
mediate decay in the purple membrane. (o), the wild-type bR; (b), the E204Q mutant. (x), pH-dependence of the amplitude in the maximum
of the optical changes at 400 nm in the wild-type bR. The assay medium: 150 mM Na2SO4, 1 mM MES.
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