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We constructed a time-resolved photovoltage measurement system and examined the
photovoltage kinetics of wild-type bacteriorhodopsin, its D96N mutant, and halorhodop-
sins from Halobacterium salinarum and Natronobacterium pharaonis. Upon illumination
with a laser flash, wild-type bacteriorhodopsin showed photovoltage generation with fast
(10-100 ps range) and slow (ms range) components while D96N lacked the latter, as
reported previously [Holz, M., Drachev, L.A., Mogi, T., Otto, H., Kaulen, A.D., Heyn, M.P.,
Skulachev, V.P., and Khorana, H.G. (1989) Proc. Natl. Acad. Sci. USA 86, 2167-2171]. In
contrast, photovoltage generation in halorhodopsins from H. salinarum and N. pharaonis
was significant only in the ms time range. On the basis of the photovoltage kinetics and
photocycle, we conclude that major charge (chloride) movements within halorhodopsin
occur during the formation and decay of the N intermediate in the ms range. These
observations are discussed in terms of the "Energization-Relaxation Channel Model"
[Muneyuki, E., Ikematsu, M., and Yoshida, M. (1996) J. Phys. Chem. 100, 19687-19691].
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Time-resolved electrical measurement of charge move-
ment is a powerful technique for probing the electrogenic
transport processes by ion-pumping proteins. Drachev et
al. (1, 2) developed a novel system in which membrane
fragments (or vesicles) were adsorbed onto supporting
black lipid membranes and demonstrated the electrogeni-
city of a variety of ion pumps. Subsequently, collodion films
(3) and porous filters impregnated with a lipid solution (4)
were introduced as more stable supports.

For bacteriorhodopsin (bR) from Halobacterium salinar-
um, this technique revealed that the fast and the slow
components in the photovoltage generation are associated
with the formation and the decay of the M intermediate,
respectively (5, 6). Subsequently, in combination with
site-directed mutagenesis, it was shown that Asp96 is
crucial for the reprotonation of the Schiff base during M
decay and for proton uptake from the cytoplasm (7-9). In
contrast, Asp85 was suggested to be involved in proton
release during M formation (10, 11). Recent crystallogra-
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phic studies (12, 13) provided a structural basis for the
critical roles of Asp96 and Asp85 in the proton uptake and
release channels, respectively.

Halorhodopsin (hR), an alternative light-driven ion
pump, is present in the cytoplasmic membranes of Halo-
bacterium salinarum (H salinarum) and Natronobacterium
pharaonis (N. pharaonis). It translocates chloride ions in
the opposite direction to the H+ pumping by bR (14, 15).
Spectroscopic studies indicated that the photocycle of hR
can be described as "HR^K-L<-»N(<->0)-HR" (14, 15),
although controversies remain. In contrast to bR, previous
electrical studies are not yet sufficient to identify the
chloride transport step(s) in the hR photocycle (16-19).
For example, the photovoltage changes in hR from N.
pharaonis (phR), which were reported quite recently by
Kalaidzidis et al. (19), are consistent with the photocycle of
hR from H. salinarum (shR) (20) rather than that of phR
reported by Varo et al. (21, 22). Thus, the ion translocation
step(s) in the hR photocycle remains to be studied.

Previously, we developed a method to adsorb membrane
fragments onto a stable thin polymer film, that enables us
to examine the photoelectric response by bR (23). In the
present study, we carried out time-resolved measurements
of photovoltage changes of bR and hR in the //s-s time
range. We also carried out time-resolved measurements of
spectroscopic change due to the photocycle of hR and
conclude that chloride translocation by hR occurs during the
formation and decay of the N intermediate. These observa-
tions are further discussed in terms of the "Energization-
Relaxation Channel Model" (24).
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MATERIALS AND METHODS

Materials—A recombinant H, salinarum strain that
over-expresses the D96N mutant of bR was a kind gift from
Dr. J.K. Lanyi (University of California, Irvine). The
over-producing strains of shR and phR were kind gifts from
Dr. R. Needleman (Wayne State University). Membrane
fragments containing bR or hR were isolated by sucrose
density gradient centrifugation (25). Purple membranes
containing the wild-type bR and D96N were treated as
described previously (23). The shR-overproducing mem-
branes were suspended in 20 mM Tris-maleate buffer
containing 4 M NaCl and 2 mM MgClj (pH 7.0; denoted as
buffer A). Typically, the concentration was adjusted to
A67o = 1.5 (1 cm Light pass). The phR-overproducing mem-
branes were concentrated vising Centricon 10 (Amicon;
Beverly, MA) and used without sucrose removal.

Setup for Electrical Measurement—The system consists
of a chamber connected to a home-made high-input im-
pedance amplifier with light shielded Ag-AgCl electrodes,
and a laser flash system triggered by a personal computer
(Fig. 1). A 0.9-^m-thick polyester film (Lumirror; Toray,
Tokyo), to which membrane fragments were adsorbed, was
placed between the two compartments of the chamber. A
0.5 Gfl shunt resister was inserted between the inverting
and non-inverting input of the amplifier IC (LF356N) to set
the input impedance. The chamber and the amplifier were
placed in a shield box that avoids mechanical vibration and
electric noise. The Nd-YAG laser (532 nm; Surelite I-10,
Continuum, Santa Clara, CA) was triggered by a personal
computer equipped with a high-speed AD converter (2 MHz
maximum, model EC2372A-1; Elmec, Tokyo). Data were
collected every us and stored in removable media on the
personal computer.

Adsorption of Membrane Fragments and Photovoltage
Measurement—The adsorption of the shR- and phR-over-
producing membranes to the film was carried out as
described for purple membranes (23). Briefly, 80 ul of
membrane suspension was applied directly to one side of
the polyester film in the chamber and left for 40 min at
room temperature. Excess membranes were removed by
pipetting, and 1.5 ml of buffer A was added to both com-
partments. For measurements of shR, the buffer in the
membrane-adsorbed side compartment was exchanged

Shield Box

High Input Impedance
Amplifier

PC with High Speed
AD Converter

Electric Signal ^ ^

Polyester Film Membrane Fragments

Fig. 1. A schematic description of the time-resolved photovol-
tage measurement system. See "MATERIALS AND METHODS*
for details.

twice with NaCl-free buffer A to wash out residual unbound
membranes and chloride ions. Subsequently, after 1-3 min
incubation with buffer A containing 0.5% octylglucoside,
the chamber was washed several times and filled with
buffer A. In the case of phR, the adsorbed membranes were
incubated with 50 mM Tris-maleate (pH 7.0) containing
0.1 M CaCl2 and 0.1% octylglucoside for 2 min, and washed
with the same buffer without octylglucoside.

Photovoltage measurements of wild-type bR, D96N, and
phR were carried out at room temperature in 25 mM Tris-
HC1 (pH 7.2) containing 0.1 M NaCl. For shR, the NaCl
concentration was raised to 3 M to obtain a larger response.
Photoexcitation was carried out at 532 nm with the Nd-
YAG laser and the data were stored as described above.

Photochemical Cycle Measurements—The main con-
figuration of the laser flash photolysis apparatus has been
described elsewhere (26). Membrane suspensions ( lcm
light pass) were excited by a second harmonic (532 nm) of
a Q-switched Nd-YAG laser (Surelite I-10 or Minilite,
Continuum). A continuous wave xenon lamp (150 W,
L2274, Hamamatsu Photonics, Shizuoka) was used as a
probe light source with a heat-absorption water cell,
neutral density filters, and UV cut-off glass filters. The
transmitted probe light was detected with a photomulti-
plier (R3825, Hamamatsu Photonics) coupled to a grating
monochromator ( /=100mm, 150 grooves/mm, CT10,
JASCO, Tokyo). Laser scattering was rejected by appropri-
ate sharp cut-off filters. The output signals from the
photomultiplier were stored and averaged with an AD
converter (APC-204, Autonics, Kanagawa).

RESULTS AND DISCUSSION

Time-Resolved Photovoltage Measurements of bR and
hR—The photovoltage kinetics reflect charge movement
(i.e., proton translocation) in the protein during a single
turnover of the bR photocycle. As reported previously (6,
7), there are fast (10-100/^s range) and slow (ms range)
components in wild-type bR (Fig. 2A). A logarithmic plot in
the time range from 1 //s to 2 s (Fig. 2B) is similar to that
obtained with a planar lipid membrane (7). The fast
component in the 10-100/^s range corresponds to M
formation, when the protonated Schiff base deprotonates
and the proton migrates to Asp85 (10). The slow compo-
nent in the ms range corresponds to the M decay that
accompanies the proton transfer from Asp96 to the de-
protonated Schiff base (7- 9). A subsequent recovery to the
original level (> 20 ms) corresponds to the system dis-
charge (5). In D96N, the slow component is absent due to
the lack of the direct proton donor for the deprotonated
Schiff base (7-9) (Fig. 2, C and D).

Next, we examined the photovoltage kinetics in shR and
phR, and found that in both cases a large photovoltage
change took place only in the ms time range (Fig. 3, AB and
CD for shR and phR, respectively). The absence of the fast
component in the 10-100 us range characteristic of bR (Fig.
2, A and B) is consistent with the lack of the M-like
intermediate in the hR photocycle, i.e. the Schiff base
remains protonated.

The slow component was analyzed as the sum of the
exponents to deduce the time constant(s) of this process.
The photovoltage kinetics in shR contain two subcom-
ponents with time constants of about 0.4 and 4 ms. The
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Fig. 2. Time-resolved photovoltage changes in the wild-type
bR (A and B) and D96N (C and D). A and C show the time-course up
to 20 ms on a linear scale. For panels B and D, a logarithmic scale up
to 2 s was used. The medium was 25 mM Tris-HCl (pH 7.2) containing
0.1 M NaCl. Measurements were repeated at 1-min intervals, and the
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accumulation was 9 and 27 for wild-type bR and D96N, respectively.
Arrows labeled as "Fast" and "Slow" indicate fast (10-100//s) and
slow (ms) components of the photovoltage change, respectively. The
arrow designated "Sys* indicates the system discharge.

ratio of their amplitudes is about 6 : 1. In the case of phR,
similar analysis gave two subcomponents with time con-
stants of 0.9 and 2 ms and an amplitude ratio of about 1 : 3.

Time-Resolved Measurement of the hR Photocycle—
Visible and infrared spectroscopic studies on shR identified
photointermediates more or less equivalent to K (or KL),
L, and 0 of the bR photocycle (14, 15). Varo et al. (20)
proposed the all-trans photocycle, which is coupled to
chloride translocation, as follows:

The L state of shR consists of two substates, LI and L2 (20)
[or HR520I and HR520II (27)~\, that may play a critical
role in chloride pumping, as shown for the two M substates
in proton pumping by bR (28). However, this model does
not contain any chloride-dependent step. Recently, Rtidiger
and Oesterhelt (27) pointed out that experimental condi-
tions can alter the sequence of anion uptake and release,
which in turn affects the spectroscopic detection of the
O-like intermediate in the hR photocycle. On the basis of
site-directed mutagenesis studies, they proposed that a
chloride ion near ArglO8 and T h r i l l moves towards the
protonated Schiff base during LI formation. At the spec-
troscopically silent L1-L2 transition, the accessibility of
the protonated Schiff base to chloride ions in the release and
uptake channels may switch. Chloride transfer from the
protonated Schiff base to the cytoplasm occurs during the
decay of the L intermediate (and hence N formation) (27).
Resonance Raman and Fourier-transform infrared studies

have indicated that a bound anion in the vicinity of the
protonated Schiff base in HR is transferred to another
location in the L state (29, 30). Ames et al. (29) included
the O intermediate in the shR photocycle and suggested
that the release and uptake of a chloride ion occur during
the L-to-0 and the O-to-HR transition, respectively.

On the other hand, Varo et al. (21, 22) proposed the
following photocycle scheme for phR:

HR-^K- • N * -O >HR- •HR.

On the basis of the chloride concentration dependency of
the rate constants, they concluded that the N-to-0 transi-
tion is associated with chloride release and the O-to-HR'
transition with chloride uptake (22). The release of a bound
chloride ion near the Schiff base (30-33) to the cytoplasmic
side may be triggered by structural changes in the protein
associated with a transient volume decrease in the L-to-N
transition and the reisomerization of the retinal (13 cis —*
all trans) during the N-to-0 transition (22).

Quite recently, Kalaidzidis et al. (19) reported the
photovoltage kinetics of phR. A short lag phase observed in
their case was attributed to an electrically silent process
rather than to a fast (r = 100-200 /xa) electrogenic process
followed by an electrically silent process with r = l - 2 ms
(19). Based on the results, they concluded that the photo-
voltage kinetics of phR are consistent with the photocycle
model for shR proposed by Var6 et al. (20) rather than that
of phR (21, 22).

In order to identify the chloride translocation step(s), we
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measured the photocycle (Figs. 4 and 5) and photovoitage
kinetics (Fig. 3) of shR and phR at the same solute composi-
tions. Upon excitation with the laser flash, shR exhibited an
immediate absorbance increase at 504 nm and decrease at
600 nm, indicating rapid L formation (i.e., within 10//s)
(Fig. 4). During N formation, the amount of L intermediate
remains relatively constant due to an equilibrium of the
photointermediates, and only the K decrease is spectro-
scopically significant (20). The subsequent absorbance
increase at 504 nm and slight decrease at 600 nm (T =
0.22 ± 0.04 ms) correspond to N formation. The 504-nm
decay and 600-nm rise were analyzed as the sum of two

exponents (r = 7.6±0.7 and 26±2 ms at 504 and 600 nm).
The fast and slow phases seem to correspond to the
recoveries of all- trans HR and 13-cis HR, respectively
(20). We did not find any significant absorbance change at
408 nm because of the absence of an M-like intermediate
(data not shown). The absorbance change at 648 nm was
attributable to contributions from the HR, K, and N, and
does not necessarily require the red-shifted O-like inter-
mediate. Thus, the data obtained here (Fig. 4) are qualita-
tively consistent with the photocycle scheme reported by
Varo et al. (20). Differences in the time constants between
our study and that of Varo et al. (20) may originate from
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Fig. 3. Time-resolved photovoitage changes in shR (A and B) and phR (C and D). Accumulation was 36 and 27 for shR- and phR-
overproducing membranes, respectively. The NaCl concentration of the medium for ahR was increased to 3 M. Other details are the same as
the legend to Fig. 2.
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Fig. 4. Transient absorption changes in shR. Absorbance changes in shR at the indicated wavelengths are shown up to 20 ms on a linear
scale in A and on a logarithmic scale in B. The medium was 25 mM Tris-HCl (pH 7.2) containing 3 M NaCl.
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the different temperature and solvent conditions.
In the present study, the phR photocycle (Fig. 5) was

somewhat slower than that reported by Varo et al. (21) and
the shR photocycle (Fig. 4). The lif etime of L was estimated
to be 2.9 ±0.4 ms from the decay in the absorbance at 504
nm. Then, the 0 formation occurs with a time constant of
4.4+1.0 ms, as determined from the build-up of the
absorbances at 600, 616, and 640 nm. As reported by Varo
et al. (21), L decay (i.e., N formation) and the O formation
occur very closely in time, suggesting a rapid pseudo-equi-
librium between the N and 0 intermediates. Finally, HR
recovery concludes the phR photocycle with a time constant
of 85± 15 ms, as estimated from the temporal slight
absorbance increase at 504 nm and decreases at 616 and
640 nm.

Correlation between the Photocycle and Photovoltage
Kinetics—Varo et al. reported that the L intermediates of
shR (20) and phR (21) form in the fi & range and persist until
1 ms after the photoexcitation. Our transient absorption
analyses are consistent with their photocycle scheme. The
present photovoltage measurements show that the charge
movement in the //s time range is insignificant in both shR
and phR (Fig. 3). Therefore, chloride translocation during
or before L formation, if it occurs, should involve only a
short distance or take place through a high dielectric
environment. Alternatively, a counter charge may move in
the opposite direction.

More importantly, it should be emphasized that the
charge transfer in hR occurs mainly in the sub-ms and ms

time ranges. In the same time range, optical changes were
found also in the time-resolved spectroscopic measure-
ments. From the photovoltage kinetics (Fig. 3) and tran-
sient absorption changes (Figs. 4 and 5), we conclude that
the chloride translocations with time constants of 0.4 and 4
ms in shR and 0.9 and 2 ms in phR correspond to the
formation and decay of the N intermediate (0.22 ±0.04 and
7.6±0.7ms, respectively, in shR and 2.9±0.4 and 4.4±
1.0 ms, respectively, in phR from the photocycle data),
respectively. Small variations in the rate constants be-
tween the photovoltage kinetics and transient absorption
changes are attributable to differences in the experimental
conditions.

Our data on the photovoltage kinetics and photocycles of
shR and phR are summarized in Fig. 6. In addition to the
photocycle scheme proposed by Var6 et al. (20), we include
the 0 intermediate in the photocycle of shR and put chloride
release and uptake before and after the O intermediate
according to Ames et al. (28). On the basis of photovoltage
kinetics (this study), the intramolecular chloride transloca-
tion (i.e., electrogenic) steps were assigned to the formation
and decay of the N intermediate and their time constants
and relative amplitudes are indicated. The photocycle of
phR was adopted from Var6 et al. (21, 22) and modified by
adding electrogenic steps based on the data obtained in this
study. It is notable that very similar sequences were
deduced for shR and phR with regard to the order of
chloride release, uptake, and electrogenic steps.

Energization-Relaxation Channel Model for Chloride
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Fig. 6. Photocycle models for shR and phR
showing chloride translocation steps. The intra-
molecular chloride translocation (i.e., electrogenic)
steps are indicated by broken lines with their rate
constants and relative amplitudes. See text for
details.
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Pumping by hR—The sequence of the release and uptake of
chloride ions at the protein surfaces and intramolecular
charge movements in hR as described above are in good
accordance with our "Energization-Relaxation Channel
Model' for proton pumping by bR where unidirectional
intramolecular ion transport can be induced by a non-equi-
librium transition of the asymmetric potential profile at
three ion binding sites {24).

Chloride translocation by phR can also be explained by
this model which assumes three ion binding sites, A, B, and
C (Fig. 7). In the de-energized state, sites A and B are
high-affinity binding sites while site C has a low affinity for
transported ions. The binding affinities (apparent KD) of
sites A, B, and C for chloride ions in the de-energized state
may be estimated as 10, 1, and 150 mM, respectively,
based on the Km value for chloride transport, the spectro-
scopic titration of chloride binding, and the chloride depen-
dence of the kinetic equilibrium between the N and 0
intermediates {21, 22). Site B could be a chloride binding
site in the vicinity of the protonated Schiff base. In the
unphotolyzed, de-energized state, chloride ions are bound
only to sites A and B. Photo-energization induces a decrease
in the binding affinity of site B, which corresponds to the
change in the protein-chromophore-chloride interactions in
the K-to-L transition. During the L-to-N transition, the

HR
Extracellular

Sid*
Cytoptaamlc

Side

o ^ K/L

Fig. 7. Energization-Relaxation Channel Model for chloride
pumping by phR. The electrogenic steps are indicated by open
arrows. The time constants and relative amplitudes are shown beside
the arrows. An intermediate state between N and 0 has not been
detected experimentally. HR' in Vfir6 et aL (21) was omitted for
simplicity. The model is a simplified description of the chloride pump
mechanism of phR and many details require further examination. See
text for explanation.

bound chloride at site B moves to site C (r = 0.9 ms). Before
the slow relaxation to the high-affinity state of site B by
protein conformational change, the release of a chloride ion
from site C to the cytoplasmic side occurs due to its low
binding affinity during the N-to-0 transition {22). This step
is closely followed by the recovery of the high-affinity state
of site B and the migration of the bound chloride ion from
site A to site B takes place in an electrogenic manner (r =
2 ms). Finally, site A takes up a chloride ion from the
extracellular side during the O-to-HR transition {22). A
resonance Raman study on shR {29) suggested that the
release and uptake of a chloride ion take place during the
formation and decay of the 0 intermediate. Although the
critical role of the 0 intermediate in chloride transport by
shR is somewhat controversial {20, 27, 29), the sequence of
the elementary processes in chloride pumping by phR may
also hold for shR. The Energization-Relaxation Channel
Model {24) is based on the simple principle of unidirec-
tional ion translocation by non-equilibrium transition of
asymmetric potential and, with appropriate modifications,
may be applicable to a variety of ion pumps.

Finally, we would like to point out that the application of
time-resolved electrical measurements will provide new
insights into the molecular mechanisms of other ion pumps
such as cytochrome c oxidase and ATP synthase by using
the flow-flash technique and caged-ATP, respectively.

We thank K. Morizumi, S. Nishino, and T. Ohtaki (Toray Industries,
Inc.) for Lumirror, J.K. Lanyi (University of California, Irvine) for
D96N, R. Needleman (Wayne State University) for the shR- and
phR-overproducing strains and their membranes, and M. Stumpp
(Tokyo Institute of Technology) for critical reading of the manuscript.
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