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Charge Motions During the Photocycle of pharaonis Halorhodopsin
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ABSTRACT Oriented gel samples were prepared from halorhodopsin-containing membranes from Natronobacterium phara-
onis, and their photoelectric responses to laser flash excitation were measured at different chloride concentrations. The fast
component of the current signal displayed a characteristic dependency on chloride concentration, and could be interpreted
as a sum of two signals that correspond to the responses at high-chloride and no-chloride, but high-sulfate, concentration.
The chloride concentration-dependent transition between the two signals followed the titration curve determined earlier from
spectroscopic titration. The voltage signal was very similar to that reported by another group (Kalaidzidis, I. V., Y. L.
Kalaidzidis, and A. D. Kaulen. 1998. FEBS Lett. 427:59-63). The absorption kinetics, measured at four wavelengths, fit the
kinetic model we had proposed earlier. The calculated time-dependent concentrations of the intermediates were used to fit
the voltage signal. Although no negative electric signal was observed at high chloride concentration, the calculated
electrogenicity of the K intermediate was negative, and very similar to that of bacteriorhodopsin. The late photocycle
intermediates (O, HR’, and HR) had almost equal electrogenicities, explaining why no chloride-dependent time constant was
identified earlier by Kalaidzidis et al. The calculated electrogenicities, and the spectroscopic information for the chloride
release and uptake steps of the photocycle, suggest a mechanism for the chloride-translocation process in this pump.

INTRODUCTION

Halorhodopsin is a light-driven chloride ion pump in the
cell membrane of halophilic archaea (Lanyi, 1990; Oester-
helt, 1995). As in the proton pump, bacteriorhodopsin, the
photoisomerization of the all-frans retinal to the 13-cis
form, initiates a photocycle that is associated with chloride
ion translocation from the extracellular medium into the
cytoplasm (Schobert and Lanyi, 1982; Oesterhelt and Tittor,
1989).

Aside from salinarum halorhodopsin in Halobacterium
salinarum (Matsuno-Yagi and Mukohata, 1980) and phara-
onis halorhodopsin in Natronobacterium pharaonis (Bivin
and Stoeckenius, 1986), numerous other halorhodopsins
have been reported in the extreme halophiles (Otomo et al.,
1992; Soppa et al., 1993; Thara et al., 1999). The amino acid
sequences and three-dimensional structures of these differ-
ent halorhodopsins exhibit considerable similarity to each
other and to those of the bacteriorhodopsin (Blanck and
Oesterhelt, 1987; Lanyi et al., 1990b; Otomo et al., 1992;
Havelka et al., 1995). The similarity is greater in the trans-
membrane helical segments of the protein, primarily in the
retinal binding pocket. Unlike bacteriorhodopsin, however,
the halorhodopsins bind and transport chloride. In the pres-
ence of chloride, the absorption maximum of pharaonis
halorhodopsin shifts toward the blue, revealing a binding
constant of ~1 mM for the chloride ion (Scharf and En-
gelhard, 1994).
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The transient absorption changes of pharaonis halorho-
dopsin indicate a photocycle similar to that of salinarum
halorhodopsin (Scharf and Engelhard, 1994; Vard et al.,
1995b). In both proteins, other than the chloride-transport-
ing photocycle, determined at a saturating chloride concen-
tration, a nontransporting cycle was observed when the
chloride was replaced with sulfate. At intermediate chloride
concentrations the photocycles could be decomposed into
these two components. The dependency of their ratio on
chloride displayed the same apparent binding constant as
the binding of chloride ions to the proteins (Varo et al.,
1995a). On the bases of spectral and kinetic analogy with
bacteriorhodopsin, the intermediates in the transporting
photocycle of pharaonis halorhodopsin have been named K,
L, N, O, HR’, and HR. The main difference from the
photocycle of salinarum halorhodopsin is that in the latter,
probably for kinetic reasons, the O state does not accumu-
late (Varo et al., 1995c¢). The chloride photocycle of phara-
onis halorhodopsin proved to have two chloride-dependent
rate constants that were assumed to correspond to 1) the
reverse of the chloride release step, and 2) the chloride
reuptake step. The release and the uptake of chloride were
thus associated with the N to O and the O to HR' transitions,
respectively (Varo et al., 1995a).

Measurement of electric signals on oriented samples is a
well-known method for investigating light-activated retinal
proteins. Different techniques have been used to achieve
orientation of the protein-containing membrane patches:
incorporation into lipid bilayer membranes (Bamberg et al.,
1981; Butt et al., 1989), or oriented attachment of the
membranes to a lipid-impregnated filter (Drachev et al.,
1981; Kalaidzidis et al., 1998) or thin Teflon sheet (Holz et
al., 1988). Although these techniques are very sensitive to
the electric signals generated, they are inappropriate for
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simultaneous measurements of absorption kinetics because
the monolayer of protein-containing membranes on the sup-
porting surface has very low optical density. At the same
time, the attached sides of the membranes are not directly
accessible to the bathing solution, and therefore there is a
possibility for a large gradient to be built up across the
membrane during excitation.

Another technique, involving oriented membranes en-
casted in acrylamide gel (Dér et al., 1985a), allows both
absorption kinetics and electric signal measurements on the
same sample, under the same conditions. This method elim-
inates all the problems of the earlier technique, except at
high-salt concentration, where in the gels the sample resis-
tance is low and the signal-to-noise ratio is decreased
(Gergely et al., 1993; Ludmann et al., 1998a). The first
electric signal measurements on bacteriorhodopsin in ori-
ented samples indicated an already strong correlation be-
tween the photocycle transitions and the electric signal
components (Keszthelyi and Ormos, 1980).

However suggestive, the results of these measurements
cannot be interpreted simply in terms of the ion transloca-
tion steps. Displacements of charges originate from the
movements of both the transported ion and charged amino
acid side chains of the protein. Furthermore, the local di-
electric constant inside the membrane is not well-defined.
Accordingly, attempts to directly correlate the electric sig-
nals to the motions of the transported ion lead to oversim-
plification. To overcome this problem, the relative “electro-
genicities” of the photocycle intermediates are defined as
the changes in dipole magnitude of the intermediate relative
to the unphotolyzed state of the protein (Trissl, 1990;
Gergely et al., 1993). The electrogenicities of the bacterio-
rhodopsin intermediates have been determined (Dér et al.,
1992), and their expected pH independence have been con-
firmed (Ludmann et al., 1998a).

The electric signal on salinarum halorhodopsin was first
measured by attaching salinarum halorhodopsin-containing
membrane fragments onto a positively charged planar lipid
bilayer (Bamberg et al., 1984). The possibility of preparing
salinarum halorhodopsin-containing oriented gel samples
for electric signal measurements was later demonstrated on
Tween-washed membranes (Dér et al., 1985b). Pharaonis
halorhodopsin-containing membranes were recently at-
tached to phospholipid-impregnated film and the electric
signals were measured (Kalaidzidis et al., 1998). At high
chloride concentration, the fast component of the photovolt-
age signal was attributed to the L intermediate. The later
electrical signals could not be correlated with intermediates
because the lack of absorption kinetics did not allow an
exact fit to the photocycle, and the discharge time constant
of the system limited the measurement to a few millisec-
onds. Another group measured chloride ion concentration-
dependent responses to continuous illumination (Okuno et
al., 1999). An attempt to interpret the relation of the electric
signals to the photocycle was made by measuring the pho-
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tocycle in suspension and the electric signal on film (Mu-
neyuki et al., 1999). However, the 1-us conversion time of
their measurement did not allow resolution of the fast com-
ponent of the signal. The discharge time constant gave a
millisecond limit at the other end of the time scale, provid-
ing an active time window of less than three orders of
magnitude. Nevertheless, it was concluded from these stud-
ies that only the appearance and disappearance of the N
intermediate were electrogenic.

In the work we report here, oriented gel samples were
prepared from pharaonis halorhodopsin-containing mem-
branes. Electric signal and absorption kinetic measurements
were made at different chloride concentrations. The time
courses of the photocycle intermediates were calculated from
the absorption kinetics; their fit to the electric signal allowed
determination of the electrogenicity of the intermediates.

MATERIALS AND METHODS

The halorhodopsin gene from N. pharaonis was expressed in H. salinarum
strain L33, and halorhodopsin-containing membranes were prepared as
described earlier (Varo et al., 1995b). Before sample preparation the
membrane suspension was centrifuged in 100 mM NaCl, 10 mM MES, pH
6. The oriented gel samples were prepared by polymerizing the gel around
the membrane suspension in the presence of an external orienting field,
following the procedure described earlier (Dér et al., 1985a). The samples
were exhaustively washed with 1 M NaCl, 10 mM MES, pH 6. The sodium
ion concentration of the measurement solutions was kept approximately
constant by diluting the 1 M NaCl with 0.5 M Na,SO,. Before measure-
ments, the gel samples were washed thoroughly and kept for several hours
in the bathing solution to equilibrate the system. A temperature-controlled
sample holder was used to keep the measurement temperature constant at
20°C.

Flash excitation at 532 nm was performed with a frequency-doubled
Nd-YAG laser (Continuum, Surelite I-10). Absorption kinetic signals were
recorded at 500, 590, 620, and 640 nm, in the time interval between 100 ns
and several seconds. The earlier-established photocycle model of phara-
onis halorhodopsin (Varo et al., 1995a) was fitted with the RATE program
as described elsewhere (Ludmann et al., 1998b) and gave the time courses
of the intermediates.

Electric signals were measured on a set-up described previously
(Gergely et al., 1993), with the modification that a very low-noise home-
made current preamplifier was used. Each measurement involved averag-
ing 200 to 400 signals. The current signal and its integral, the voltage, were
reproducible in the time interval from 100 ns to 20 ms. The electrogenici-
ties of intermediates were calculated by using the MATLAB program,
version 4.2¢ (Ludmann et al., 1998a).

RESULTS

The electric signals of pharaonis halorhodopsin-containing
samples were ~1% of those of bacteriorhodopsin (Fig. 1, 4
and B), even though the amplitudes of the absorption
changes in the visible were comparable (not shown). The
discrepancy stems from the very small extent of orientation
of the membranes. The halorhodopsin-containing mem-
brane forms closed vesicles, in contrast with the bacterior-
hodopsin-containing open purple membrane sheets. During
sample preparation, when the suspension is mixed with the
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FIGURE 1 Laser-flash induced electric current measured for pharaonis

halorhodopsin at different chloride concentration (4) and on bacteriorho-
dopsin (B). The sodium ion concentration of the solution was kept constant
by diluting 1 M NaCl with 0.5 M Na,SO,. The measurement temperature
was 20°C. The halorhodopsin signal was ~1% of that corresponding to
bacteriorhodopsin.

acrylamide monomer solution, before orientation the vesi-
cles could undergo partial opening due to the osmotic shock.
Probably, only these opened vesicles were oriented and
contributed to the electric signals. After the laser flash, the
positive electric signal measured in 1 M NaCl (Fig. 1) could
be identified as a positive charge moving toward the extra-
cellular surface, or a negative charge moving toward the
cytoplasm of the cell. This signal is opposite to the fast
electric signal measured on bacteriorhodopsin, in which it
arises from the isomerization of the retinal. The positive
direction is the same as the translocation of the chloride ions
across the membrane that will occur on a much slower time
scale. Indeed, the sign of the photovoltage that develops
from the transport (see below) is in this direction; i.e., the
same direction as with bacteriorhodopsin, and suggests that
when prepared with the same sign of orienting electrical
field, the net orientation of these membranes is the same as
purple membranes.

The current signal exhibited pronounced chloride concen-
tration dependence (Fig. 1 4), varying from a positive signal
at high chloride concentration to a negative one at zero
chloride, when only sulfate was present in the solution.
Plots of the amplitudes corresponding to 0.1 and 1 ws after

961

the laser excitation as functions of chloride concentration
(Fig. 2) could be fitted with a titration curve. The dotted line
shows the same 0.75-order binding with a dissociation con-
stant of 1 mM chloride as the earlier spectroscopic titrations
(Scharf and Engelhard, 1994; Varé et al., 1995b). The
shapes of the current signals at intermediate chloride con-
centrations suggest that they are the weighted sums of the
high-chloride and the no-chloride electric signals. This is
demonstrated by comparison of the 10- and 1-mM signals
(Fig. 3, solid line) with calculated mixtures of the two
limiting signals, with a ratio determined from the titration
curve in Fig. 2 (Fig. 3, dotted lines).

Because the electric signal of pharaonis halorhodopsin is
very small, the voltage signal was reliably reproducible only
up to 20 ms (Fig. 4). At longer times even the very small
baseline drift of the current introduced large errors in the
time integral. In the usable time interval the discrepancies
between different measurements were within *5%. The
voltage signals presented in Fig. 4 are the averages of
several measurements. In the following we describe our
investigations of the high-chloride concentration signals and
how they yielded the desired information about the electro-
genicities of the intermediates of the chloride-transporting
photocycle. The absorption kinetic measurements of the
gels were made at four wavelengths (Fig. 5 A4, solid lines).
These signals were fitted to the earlier published photocycle
model (Varo et al., 1995b) (Fig. 5 A4, dotted lines):

K& LS NS OSHR > HR (1)

The extinction coefficients of the intermediates at the mea-
sured wavelengths were taken from the literature (Varo et
al., 1995b). The resulting time-dependent concentrations of
the intermediates are shown in Fig. 5 B. Consistent with the
chloride dependencies of the photocycle steps described
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FIGURE 2 Changes in the amplitudes of the signals shown in Fig. 1 4.
B, Amplitude measured at 0.1 us after photoexcitation; @, amplitude
measured at 1 us after photoexcitation. The dotted line is the titration curve
corresponding to the 1 mM binding constant with 0.75 binding order, as
determined earlier (Var6 et al., 1995a).
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FIGURE 3 Current signals at two intermediate chloride concentrations
(solid lines), and the linear combination of the signals at 1 M and 0 M
chloride in the ratio determined from the titration curve in Fig. 2 (dotted
lines).

earlier (Var6 et al., 1995b), upon decreasing the chloride
concentration from 1 M to 100 mM, significant changes
were observed in the time course of the intermediates N, O,
HR’, and HR (Fig. 6).
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FIGURE 4 Voltage signal determined from the time integral of the
current signal. The measurement conditions were similar to those in Fig. 1.
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FIGURE 5 Absorption kinetic signals measured at different wavelengths
(4; solid lines), and their fit to the photocycle model (dotted lines), the time
course of the photocycle intermediates (B), and the fit of the voltage signal
(C). Measurements were performed at 100 mM NaCl under the same
conditions as in Fig. 1.

The best fit left considerable deviations in the microsec-
ond time domain (Fig. 7 4). An improvement in the fit was
achieved (Fig. 7 B) when two consecutive L intermediates
were introduced:

KelL &L, oNeOSHR = HR )

With this modification, the x* of the fit decreased from 6 -
1073 to 2.4 - 107>, From absorption measurements on
salinarum halorhodopsin we had suggested a photocycle
scheme with two L states (Vard et al., 1995¢). Although
from the electrogenicities of the intermediates we locate the
extracellular-to-cytoplasmic switch at the L-to-N step (see
below), a spectrally silent L,-to-L, transition in salinarum
halorhodopsin was assumed in the model by Oesterhelt
(1995) to account for the switch event in the transport cycle.

The fit to the voltage signal was as for bacteriorhodopsin
(Ludmann et al., 1998a). The electrogenicities of the inter-
mediates were calculated with the relationship:

() =A4-2 G0 E
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FIGURE 6 Time course of the intermediates in the second part of the
photocycle, calculated from absorption kinetic signals measured at 1 M
NaCl (solid lines) and at 100 mM NaCl (dotted lines). The vertical line
shows the time limit where the electric signal measurement was terminated.

Where U(¥) is the voltage, 4 is a constant determined by the
measurement conditions, C(¢) is the concentration, and E, is
the electrogenicity of intermediate i. The value of A4 is
determined by the geometry (distance between the elec-
trodes, size of the gel), the conductivity, and optical density
of the sample, etc. The electrogenicity is the change in the
dipole magnitude of the intermediate relative to the ground
state (Trissl, 1990; Gergely et al., 1993). The fit to the first
photocycle model (Fig. 5 C) gave the unexpected result of
a negative electrogenicity for K. Careful inspection of the
current signals in the ns domain also suggested the existence
of a very fast negative component, because the first mea-
sured point of the 50-ns digitizer was consistently in the
negative direction (not shown). Using the second photo-
cycle model with two L intermediates, the fit improved in
the microsecond time domain of the voltage signal (Fig. 7,
B and D), giving the same electrogenicities: a negative one
for intermediate K and equal electrogenicities for L, and L.
Thus, we discuss only the values of the first model, although
both models were fitted. The calculated electrogenicities for
1 M and 100 mM NaCl were very similar, even though the
concentrations of the late intermediates displayed rather
large changes (Fig. 6). The last column in Table 1 presents
the relative electrogenicities, calculated in a similar way as
for bacteriorhodopsin (Ludmann et al., 1998a), with the
electrogenicity of intermediate K, as reference, taken as — 1.

DISCUSSION

It should be emphasized that in these measurements only the
component perpendicular to the membrane surface of the
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FIGURE 7 The early part of the measured absorption kinetics (4 and C;
solid lines) and voltage-signal (B and D; solid lines), shown in Fig. 5. Fit
to the model with one L intermediate (4 and B; dotted lines), and two L
intermediates (C and D; dotted lines).

charge motions can be observed. The calculated voltage
signal of halorhodopsin has a positive slow component (Fig.
4), similar to that of bacteriorhodopsin. This indicates that
the membrane orientations in bacteriorhodopsin and halor-
hodopsin samples are the same: the cytoplasmic surface is
directed toward the positive pole of the orienting electric
field.

The electric signals, like the absorption changes, depend
on chloride in two ways: 1) binding of chloride to the
unphotolyzed state determines whether the photocycle is of
the chloride-transporting kind or not, and 2) binding of
chloride during the photocycle determines the rate of some
steps of the chloride-transporting photocycle. The chloride

TABLE 1 Electrogenicities of the pharaonis halorhodopsin
photocycle intermediates

Electrogenicity Relative

Intermediate (mV) electrogenicity
K —0.12 -1
L 0.32 2.7
N 2.13 17.7
(6} 5.35 44.6
HR' 5.1 43
HR 5.22 435

Biophysical Journal 78(2) 959-966
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ion concentration dependence of the fast electric signal
(case 1, Fig. 2) was similar to that determined earlier for the
spectral shift of the ground-state spectrum and the absorp-
tion change determined at different wavelengths (Varo et
al., 1995a). The rise of the current signal measured at high
chloride concentration was fast (within 50 ns, the fastest
conversion time of the transient digitizer, in Fig. 1 A4, trace
1 M). Its decay was multiexponential. The fast-decaying
component corresponds to the RC of the measuring circuit,
while the slower one correlates with the K-to-L transition of
the photocycle. The negative current signal measured in
chloride-free solution appeared slower and its decaying part
was not RC-limited. Its multiexponential course followed
the time constants of the photocycle as measured by absorp-
tion in the visible (not shown).

The quality of the fit to the absorption kinetic measure-
ments and the time course of the concentrations of the
intermediates (Fig. 5) were similar to those published earlier
(Varé et al., 1995b). Upon changing the chloride concen-
tration of the bathing solution from 1 M to 100 mM, the
transient accumulation of K and L varied by only a few
percent (not shown), but considerable concentration rear-
rangements occurred in the second part of the photocycle
(case 2). The maximum concentrations of intermediates N,
O, HR', and HR shifted toward longer times. The amount of
O increased about threefold, and a small increase was ob-
served in the accumulation of N. The HR' and HR contents
of the photocycle decreased before the time point where the
electric signal measurement was terminated (Fig. 6, vertical
line).

Similarly to the bacteriorhodopsin photocycle, in the mi-
crosecond time domain the fit was improved by the intro-
duction of a second L intermediate (compare Fig. 7, 4 and
C) (Zimanyi and Lanyi, 1993; Gergely et al., 1993). Al-
though we have no experimental evidence for the existence
of the two L intermediates, a plausible explanation could be
that the charge motion during the appearance of intermedi-
ate L, following retinal isomerization could result in struc-
tural distortion inside the protein. This distortion could relax
without significant charge rearrangement, and result in L,
with the same spectral and electric properties as those of L,
but the decay of K will be affected.

The photovoltage signal up to several milliseconds ap-
pears very similar to that measured with a phospholipid-
impregnated colloidal film (Kalaidzidis et al., 1998). In the
film measurement there is a breakdown of the signal at
several milliseconds due to the discharge time constant of
the system. For the oriented gel, the measurement time
period was one order of magnitude longer. The fit of the
voltage signal involved an error of +2% (Fig. 5 C), with the
largest deviation in the microsecond time domain (Fig. 7 B).
The introduction of the two L intermediates improved the fit
(Fig. 7 D), and resulted in almost the same electrogenicities
for the intermediates as in the previous model (not given).
Despite the significant changes in the transient concentra-
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tions of intermediates in the second part of the photocycle,
the fit of the electric signals gave almost identical electro-
genicities at two different chloride concentrations tested.
The average of them is given in Table 1.

The negative value of the calculated electrogenicity of the
K intermediate is strikingly similar to that for bacteriorho-
dopsin. As both photocycles are initiated by an absorbed
light quantum, and the first step is the photoisomerization of
the retinal from the all-trans to the 13-cis conformation, the
similar negative electrogenicities demonstrate that this
event occurs in both proteins with the same charge separa-
tion. The apparent absence of this negative signal in the
signal traces for pharaonis halorhodopsin can be explained
by the fact that at the time-resolution of the transient digi-
tizer (50 ns) the K intermediate is already formed and has
began to decay to L, giving a positive current. Unlike K, the
electrogenicity of intermediate L is different from that for
bacteriorhodopsin. It appears that after K another process,
different from the one in bacteriorhodopsin, occurs. In the
proton-pumping bacteriorhodopsin, L still has negative
electrogenicity, whereas in halorhodopsin it is positive. Up
to 0.1 ms, the intermediates K and L remains in equilibrium,
and the electric signal displays a plateau. It starts to increase
sharply when intermediate N is formed. This determines the
rather large electrogenicities of the late intermediates. Al-
though the first two electrogenicities reveal only small
charge rearrangements in the direction of the membrane
normal, the L-to-N and N-to-O transitions are the main
charge transfer steps, as suggested also by the photocycle
model (Varo et al., 1995a), and the results of Muneyuki et
al. (1999). The equality of the electrogenicities of O, HR’,
and HR indicate that the transitions involving these inter-
mediates do not involve appreciable charge shifts inside the
protein. The chloride ion concentration dependencies of the
photocycle steps have already revealed that the N-to-O and
O-to-HR' transitions are the chloride release and uptake
steps, respectively (Varo et al., 1995a). The large red-shift
of the maximum of the O state relative to the N state had
suggested that in the N-to-O step, when the retinal reisomer-
izes to all-trans (Vard et al., 1995a), the bound chloride
moves away from the immediate neighborhood of the Schiff
base. The electrogenicity of the reaction indicates that this
movement occurs inside the protein, and its direction is
toward the cytoplasmic side. The chloride ion released to
the cytoplasmic side during this reaction may be the same
chloride that moved, or another chloride ion already bound
near the cytoplasmic surface. In contrast to these events, the
uptake of chloride from the extracellular surface, in the
O-to-HR' reaction that follows, is not accompanied by an
electrical signal. It indicates that the chloride binds close to
the protein surface. This is a paradox. The blue-shift of HR’
relative to O indicates that the binding of chloride affects
the retinal Schiff base, yet one would expect that the entry
of chloride to the vicinity of the Schiff base would generate
an electrical signal. Long-range interaction between the
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extracellular surface and the Schiff base, such as found in
bacteriorhodopsin (Balashov et al., 1996) might be the
explanation of the apparent contradiction.

Based on the knowledge accumulated in the literature and
the results presented above we suggest a tentative mecha-
nism for the chloride ion translocation process during the
pharaonis halorhodopsin photocycle. lon-pumping proteins
must undergo a conformation change during their function.
This should occur before the ion release and is probably
accompanied by charge motion, involving a partial translo-
cation of the transported ion. In this way the accessibility of
the transported ion can change from one side of the mem-
brane to the other. In the HR state, halorhodopsin binds
chloride with high affinity, probably close to the extracel-
lular surface of the membrane. In the salinarum halorho-
dopsin, at least, the binding site is presumed to be close to
the extracellular surface and controlled by the positive
charge of Arg-108 (Lanyi et al., 1990a; Braiman et al.,
1994; Riidiger and Oesterhelt, 1997). Upon absorption of a
light quantum, the retinal is isomerized from all-trans to
13-cis, passing to the K intermediate with a small negative
electrogenicity. The isomerization results in distortion of
the retinal surroundings. Relaxation, with some charge re-
arrangement, leads to the L intermediate with a positive
electrogenicity. Time-resolved resonance Raman spectros-
copy shows that during this process the chloride ion moves
closer to the Schiff base (Gerscher et al., 1997). After a
rather long equilibrium period, in the transition to the N
intermediate the chloride ion moves from the extracellular
region inside the protein. At the same time, the protein
changes its conformation, permitting ion accessibility to-
ward the cytoplasm. This step has a rather large positive
electrogenicity that may originate either from the movement
of the chloride or the structural shift of the protein. In the
latter case, however, we would expect negative electroge-
nicity in a later step, during recovery of the protein, and this
is not seen. During the N-to-O transition the chloride ion
moves across the protein, accompanied by a large electro-
genicity change, and a chloride is released to the cytoplas-
mic surface. After the release step, during the O-to-HR’
transition, another chloride ion is bound on the extracellular
side of the membrane and the protein relaxes back to the
initial HR state, resetting the ion pump for the next cycle.
The last two steps, the chloride binding and the reset of the
protein to the original ground state, occur without large
charge rearrangements perpendicular to the membrane sur-
face. This model, supported by photocycle and photoelectric
measurements with pharaonis halorhodopsin, resembles, at
least qualitatively, the one suggested from the effects of
site-specific mutations of residues at various locations in
salinarum halorhodopsin (Riidiger and Oesterhelt, 1997).

Even at its maximum, the O intermediate accumulates
only to an extent of <20%, yet the chloride-dependent
transitions are the O-to-HR’ forward and the O-to-N reverse
reactions (Varo et al., 1995a). However, when the fit of the
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voltage signal was effected by excluding intermediate O
from the model, the error of the fit was much larger (not
shown). The small amount of O, and its electrogenicity
being equal to those of HR' and HR, can explain why no
chloride-dependent component could be detected by Kalaid-
zidis et al. (1998). Their electric signal reflects the real
processes occurring in the photocycle only up to 1 ms. In
this time domain O just started to accumulate (Fig. 5). At
~10 ms, where intermediate O reaches its maximum, the
RC of the system already dominates their signal. This ex-
plains why they could not observe any electric signal related
to the last part of the photocycle, and why the analysis we
report here disagrees with the conclusion of these authors
that the O intermediate is not part of the chloride-transport-
ing photocycle.

Although the electric signals of the pharaonis halorho-
dopsin-containing oriented gel samples were very small, a
good correlation could be established between the electric
signals and the photocycle steps. The electrogenicities of the
intermediates in the chloride-transporting photocycle were
calculated. They clearly identify the steps when the ion
moves across the membrane during its transport.
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