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Photocycle of Halorhodopsin from Halobacterium salinarium
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ABSTRACT The light-driven chloride pump, halorhodopsin, is a mixture containing all-frans and 13-cis retinal chromophores
under both light and dark-adapted conditions and can exist in chloride-free and chloride-binding forms. To describe the pho-
tochemical cycle of the all-trans, chloride-binding state that is associated with the transport, and thereby initiate study of the
chloride translocation mechanism, one must first dissect the contributions of these species to the measured spectral changes.
We resolved the multiple photochemical reactions by determining flash-induced difference spectra and photocycle kinetics in
halorhodopsin-containing membranes prepared from Halobacterium salinarium, with light- and dark-adapted samples at various
chloride concentrations. The high expression of cloned halorhodopsin made it possible to do these measurements with un-
fractionated cell envelope membranes in which the chromophore is photostable not only in the presence of NaCli but also in
the Na,SO, solution used for reference. Careful examination of the flash-induced changes at selected wavelengths allowed
separating the spectral changes into components and assigning them to the individual photocycles. According to the results,
a substantial revision of the photocycle model for H. salinarium halorhodopsin, and its dependence on chloride, is required. The
cycle of the all-trans chloride-binding form is described by the scheme, HR-" — K & L, & L, < N — HR, where HR, K, L,
and N designate halorhodopsin and its photointermediates. Unlike the earlier models, this is very similar to the photoreaction
of bacteriorhodopsin when deprotonation of the Schiff base is prevented (e.g., at low pH or in the D85N mutant). Also unlike
in the earlier models, no step in this photocycle was noticeably affected when the chloride concentration was varied between

20 mM and 2 M in an attempt to identify a chloride-binding reaction.

INTRODUCTION

The halorhodopsins are small retinal proteins in the cyto-
plasmic membrane of halobacteria (Lanyi, 1986b, 1990;
Oesterhelt et al., 1992). The amino acid sequence of the dif-
ferent variants from various halobacterial species (Blanck
and Oesterhelt, 1987; Lanyi et al., 1990a; Otomo et al., 1992)
and the overall three-dimensional structure of the Halobac-
terium salinarium halorhodopsin (Havelka et al., 1993) bear
great similarity to the proton pump, bacteriorhodopsin. As in
the other retinal protein, illumination causes isomerization of
the retinal chromophore from all-trans, 15-anti to 13-cis,
15-anti, but the ensuing sequence of thermal reactions, evi-
denced by changes in its absorbance in the visible and the
infrared (the photocycle), are accompanied by the inward
translocation of a chloride ion (Schobert and Lanyi, 1982)
rather than the outward transport of a proton. Thus, halor-
hodopsin functions as a light-driven electrogenic pump for
chloride ions.

Lack of an aspartate residue equivalent to D8S, the proton
acceptor to the retinal Schiff base in bacteriorhodopsin, is
consistent with the fact that under physiological conditions
photoexcitation of halorhodopsin does not lead to deproto-
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nation of the Schiff base. The intermediate states in this pho-
tocycle reflect instead only the changing configurational
states of the retinal (Maeda et al., 1985; Diller et al., 1987;
Rothschild et al., 1988; Ames et al., 1992), the transient bind-
ing of chloride to an arginine residue (Braiman et al., 1994;
Walter and Braiman, 1994), and probably the changing in-
fluence of the protein on the chromophore as a chloride ion
is moved from one membrane surface to the other. To un-
derstand how the chloride is transported, one must describe
these light-initiated changes and understand their origins.
There have been numerous attempts to describe the photo-
cycle of halorhodopsin from H. salinarium (Tsuda et al.,
1982; Hazemoto et al., 1983; Bogomolni, 1984; Hegemann
et al., 1985; Oesterhelt et al.,, 1985; Lanyi and Vodyanoy,
1986; Tittor et al., 1987; Rothschild et al., 1988; Zimanyi et
al., 1989a; Zimanyi and Lanyi, 1989a; Spencer and Dewey,
1990; Ames et al., 1992), and it appeared that in the presence
of chloride it contained intermediate states more or less
equivalent in their absorption spectra in the visible and the
infrared and in the sequence of their rise and decay to K (or
KL), L, and O of the bacteriorhodopsin photocycle. They
were termed, respectively HRy (HRy;) or HRy,,, HR; or
HR;,,, and HR, or HR,,. Many of the details of the halor-
hodopsin photocycle have been unclear or contradictory,
however. In one report, the rise of the HR,,, state was chlo-
ride dependent, suggesting that its formation depends on
chloride binding (Tittor et al., 1987), but another study did
not find such an effect (Zimanyi and Lanyi, 1989a). The
amplitudes of HR,,, (HR) and HR,,, (HR,) varied recip-
rocally with chloride concentration in a way that suggested
a chloride-dependent back-reaction in an HR, < HR, equi-
librium (Oesterhelt et al., 1985; Lanyi and Vodyanoy, 1986;
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Tittor et al., 1987; Ziméanyi and Lanyi, 1989a; Ames et al.,
1992). This would indicate release of chloride in the forward
reaction, i.e., at the HR; to HR, step of the photocycle. How-
ever, the intermediates that arose thermally upon warming
illuminated halorhodopsin from cryogenic temperatures did
not include the HR, state (Zimanyi and Lanyi, 1989b). Fi-
nally, the rate constant of the decay of HR to the initial HR
state was reported to increase with chloride concentration in
one study (Ames et al., 1992) but not in the others.

Given the fact that this is a transport system for chloride,
it was expected that the photochemical reaction cycle would
be different in the absence of chloride. Maintaining constant
ionic strength would have been best with sulfate, an appar-
ently noninteracting anion (Ogurusu et al., 1982; Schobert
and Lanyi, 1986), but the purified and detergent-solubilized
chromophore was photolabile under these conditions. Nitrate
was less effective in eliciting the chloride-type photocycle,
consistent with the poorer transport of this anion (Zimanyi
and Lanyi, 1989a; Duschl et al., 1990), and it was used in-
stead as the reference to the experiments with chloride. In-
deed, in nitrate solutions of low concentration, an abbrevi-
ated cycle different from that in chloride was found,
containing only a K (or KL) and an O-like state (Lanyi and
Vodyanoy, 1986; Tittor et al., 1987; Zimanyi and Lanyi,
1989a).

Describing the halorhodopsin photocycle is made very dif-
ficult by the fact that, like monomeric bacteriorhodopsin (Ca-
sadio et al.,, 1980), both light-adapted and dark-adapted
samples are mixtures of all-trans, 15-anti and 13-cis (15-syn,
assuming analogy with bacteriorhodopsin) retinal-con-
taining chromophores (Maeda et al., 1985; Lanyi, 1986a;
Oesterhelt et al., 1986; Fodor et al., 1987; Pande et al., 1989).
In the dark-adapted samples the two isomeric forms are in
thermal equilibrium. Sustained illumination increases the all-
trans retinal content of the samples, and the samples return
to the dark-adapted state in the absence of illumination over
tens of hours at room temperature (Hazemoto et al., 1984;
Lanyi, 1984; Kamo et al., 1985; Ziményi and Lanyi, 1987).
Both kinds of chromophores undergo photoreactions of their
own. In bacteriorhodopsin, the photocycles of all-trans and
13-cis initial states are quite different from one another
(Dencher et al., 1976; Kalisky et al., 1977; Lozier et al., 1978;
Harbison et al., 1984; Hofrichter et al., 1989; Gergely et al.,
1994), and under most conditions only the photocycle of the
all-trans state is associated with transport (Fahr and Bam-
berg, 1982). This is true also for halorhodopsin (Lanyi,
1986a). All photocycle schemes suggested for halorhodopsin
have been assumed to apply to the all-zrans initial state,
which is naturally of greater interest. The possibility of con-
tributions from the 13-cis photocycle to the observed spec-
troscopic changes have been so far neglected. We know from
studies of dark-adapted bacteriorhodopsin that when the 13-
cis chromophore is present, its photocycle is evident in the
observed absorption changes (Hofrichter et al., 1989;
Gergely et al., 1994). Furthermore, the observed differences
of the photocycles in the presence and absence of chloride
(e.g., in nitrate) imply that at less than saturating concen-
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trations of chloride the observed transient absorbance
changes will have originated from both chloride-binding and
chloride-free proteins. Attributing them to a single photo-
cycle would be erroneous. In view of these complications, we
have undertaken a reexamination of the halorhodopsin pho-
tocycle, utilizing the methods of spectroscopy and data
analysis developed in the last years for our studies of the
bacteriorhodopsin photocycle (Lanyi, 1992, 1993).

The results we report here require a fundamental revision
of the photocycle of all-trans halorhodopsin from H. sali-
narium, and how it is affected by chloride. If the assumption
is made that the photocycles of the various forms of halor-
hodopsin are independent of one another, all, or at least a
large part, of what was earlier termed the HR,, or HR, in-
termediate must arise in the 13-cis cycle rather than in the
all-zrans cycle. Additionally, at less than saturating chloride
concentrations, what was thought to be HR, might have been
at least in part the red-shifted intermediate of the photocycle
of the chloride-free protein. If a red-shifted state arises at the
end of the photocycle of the chloride-binding all-trans form
of the protein, it does not accumulate in amounts detectable
by our measurements. The all-frans photocycle in the presence
of chloride is now described by the scheme, HR-" — K ¢
L, ® L, © N — HR, i, it resembles the photocycle of
bacteriorhodopsin under conditions in which the Schiff base
of this protein does not deprotonate, such as at pH < 3 (Mow-
ery et al., 1979; Kobayashi et al., 1983; Varé and Lanyi,
1989), or in the D85N (Stern et al., 1989; Otto et al., 1990;
Thorgeirsson et al., 1991; Kataoka et al., 1994) and D212N
(Needleman et al., 1991) mutants. Although the fraction of
the halorhodopsin that enters this cycle depends on the con-
centration of chloride, suggesting previous binding of the
anion to a site that influences the photoreaction, no step in
the reaction sequence was affected by chloride at concen-
trations between 20 mM and 2 M. The absorption band of the
unphotolyzed chromophore showed distinct chloride-
dependent changes, as expected if chloride bound to the pro-
tein. However, the apparent K, for eliciting the chloride-type
photocycle was considerably different from the binding con-
stant calculated from these spectral changes.

MATERIALS AND METHODS

Halorhodopsin-containing membranes were prepared from Halobacterium
salinarium (formerly halobium) strain L33, which was transformed with an
independently replicating vector to be described elsewhere, that contains the
bop promoter followed by the hop structural gene, including its presequence,
and the novobiocin resistance gene for selection. After inoculating from a
novobiocin-containing (1 ug/ml) culture (volume ratio 1/50), growth at
40°C in medium lacking novobiocin with shaking for 3—4 days was followed
by centrifugation, washing of the cells in 25% NaCl, and dialysis against
40 volumes of water in the presence of DNAse I. The lysed cells were
centrifuged at 30,000 rpm for 1 h, washed with 0.1 or 0.2 M NaCl, and the
resulting membrane fragments were collected in a discontinuous sucrose
gradient containing 0.1 or 0.2 M NaCl, as described for purple membranes
(Oesterhelt and Stoeckenius, 1974). Because unphysiologically low salt
concentration was used to disrupt the halophilic cells, the preparation con-
tained membrane fragments rather than closed vesicles. The absorbance
ratio at 280 and 580 nm was approximately 4, indicating that approximately
one-half of the protein in these membranes was halorhodopsin. A small
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extent of contamination with cytochrome that has an absorption band at
approximately 415 nm (see legends to Figs. 4-7) was tolerated. The mem-
brane fragments collected from the gradients were stored without removing
the sucrose at —70°C and centrifuged, washed, and resuspended in the buffer
of choice before use, similarly to purple membranes. Solubilized halorho-
dopsin was prepared as described earlier (Duschl et al., 1988).

Flash excitation with a frequency-doubled Ne-Yag laser and measure-
ment of absorption changes with an intensified diode array and at single
wavelengths were as previously described (Ziményi et al., 1989a; Var6 and
Lanyi, 1991a; Zimanyi and Lanyi, 1993), except that in the latter measure-
ments a photomultiplier with extended sensitivity in the red was used. Some
of the noise in the time-resolved difference spectra was removed by singular
value decomposition (SVD) (Golub and Kahan, 1995). In some cases, the
rate constants of the photocycle reactions were obtained by comparing the
measured single-wavelength absorbance changes with simulations of a pro-
gram that generates single-wavelength kinetics for any photocycle model,
given the extinction coefficients of the intermediates. The dark- or light-
adapted states of the samples during the spectroscopic measurements were
ensured by the use of a step-pump that replaced the contents of the cuvette
after each flash with a fresh sample from a reservoir (Gergely et al., 1994)
containing either previously dark-adapted or continuously illuminated (with
white light) halorhodopsin-containing membranes. All experiments were
performed in the presence of 50 mM 2-(2-morpholino)ethane sulfonic acid
(MES), pH 6.0, in addition to the other salts present as specified. The total
cation concentration of the salts added was 2 M. The temperature was regu-
lated at 22°C throughout.

RESULTS

Resolving the flash-induced spectral changes of
the different initial states of halorhodopsin

In a heterogeneous system, such as halorhodopsin, extracting
the many time constants and amplitudes by global fitting of
spectral data is not a promising strategy for separating the
multiple photocycles that contribute to the absorption
changes. Instead, we created conditions in which one or an-
other of the photocycles dominated and attempted to calcu-
late the spectra and kinetics associated with each of the pos-
tulated initial states.

One of the principal questions was what conditions should
be used for the reference chloride-free state for the com-
parisons with the chloride-binding state. The halorhodopsin-
containing membrane fragments used in this study were
nearly equivalent to the purple membranes that contain only
bacteriorhodopsin and lipids, although, unlike the latter, they
showed no two-dimensional crystalline structure. Although
not immobilized by a lattice, the halorhodopsin chromophore
in these membranes was much more stable than the earlier
purified preparations in detergent micelles, particularly when
illuminated in the absence of chloride or nitrate. The latter
condition could be obtained therefore in the presence of sul-
fate, an anion that does not interact significantly with halor-
hodopsin (Schobert et al., 1986; Schobert and Lanyi, 1986),
at concentrations sufficient to maintain a constant amount of
cation up to several molar. With these preparations we could
thus compare the spectral changes that occur upon photo-
excitation in NaCl and in Na,SO, (at a constant 2 M [Na*])
and in the initially dark-adapted and light-adapted states. Fig.
1 shows difference spectra at a few selected delay times after
flash excitation for dark-adapted halorhodopsin in 2 M NaCl
(panel A), light-adapted halorhodopsin in 2 M NaCl (panel

Biophysical Journal

Volume 68 May 1995

absorbance change

Bl

'0.0Z

o

25ms

T T T T | P = T T T

350 450 550 650 750 350 450 550 650 750 350 450 550 650 750
wavelength (nm)

FIGURE 1 Measured difference spectra for halorhodopsin-containing
membrane fragments under three conditions. The spectra were measured at
the indicated delay times after photoexcitation, with optical multichannel
spectroscopy. (A) and (B) 2 M NaCl. (C) 1 M Na,SO,. (A) Dark-adapted
sample. (B) and (C) Light-adapted samples. In sulfate the spectra of dark-
adapted and light-adapted samples were superimposable. The halorhodopsin
concentration was 15 uM in each case.

B), and for halorhodopsin in 1 M Na,SO, in which light
adaptation had no detectable effect on the spectra (panel C).
Fig. 1, A and B, demonstrates that, as in bacteriorhodopsin,
the photocycles of the two components present, containing
all-trans and 13-cis retinal, are greatly different. The main
difference is that, in the light-adapted samples, when the ratio
of these is shifted toward all-trans (Hazemoto et al., 1984,
Lanyi, 1984; Kamo et al., 1985; Ziményi and Lanyi, 1987),
the amplitude of the red-shifted state(s) in the spectra is de-
creased and that of the blue-shifted state(s) is increased.
In bacteriorhodopsin, the light-adapted state contains
100% all-trans retinal, which had simplified the description
of its photocycle. In halorhodopsin, the light-adapted state
contains significant amounts of 13-cis retinal (Hazemoto et
al., 1984; Lanyi, 1984; Kamo et al., 1985; Zimanyi and La-
nyi, 1987). Resolution of the measured difference spectra in
Fig. 1, A and B, into the contributions of the all-frans and
13-cis forms would require knowing not only the ratio of the
retinal isomers in the dark- and light-adapted states, but also
the relative extinctions of the two forms at the wavelength
of the flash and the relative quantum yields for the two pho-
tocycles. The all-trans retinal content, determined in these
samples by retinal extraction, is 48% when dark adapted and
79% when light adapted (Var6, Sasaki, Maeda, Needleman,
and Lanyi, manuscript in preparation). We used a different
approach instead. We noted that, by fortunate coincidence,
at wavelengths above ~680 nm, the amplitudes of the dif-
ference spectra after ~100 us were virtually the same in
dark-adapted and light-adapted samples (see inset to Fig. 2).
This means that, because the large differences in the spectra
at lower wavelengths indicate large differences in the all-
trans/13-cis ratio, at >680 nm, the individual amplitudes of
the difference spectra for the two forms must be essentially
the same. In the case of the 13-cis cycle, this is apparently
a result mostly of red-shift of the spectra of the intermediates
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FIGURE 2 Time dependence of absorbance change at 690 nm after pho-
toexcitation of light-adapted and dark-adapted samples in 2 M NaCl. Inset,
difference spectra (as in Fig. 1, A and B) at 1.5 ms (solid lines) and 4 ms
(broken lines). The two spectra with larger amplitudes are from light-
adapted and those with smaller amplitudes are from dark-adapted samples.
The arrow indicates the position of 690 nm.

and, in the all-trans cycle, to broadening of the spectra (see
below). The kinetics of the absorption change at a suitable
wavelength in this region, e.g., 690 nm, could be fitted with
the same two exponential components in the light-adapted
and the dark-adapted states (the measured traces in the body
of Fig. 2 are the solid lines, and the fits are the dashed lines).
Their time constants were 8 and 14 ms, whereas the fractional
amplitudes were 0.47 *= 0.04 and 0.53 * 0.04 in the dark-
adapted state and 0.84 = 0.07 and 0.16 = 0.02 in the light-
adapted state. The 8- and 14-ms components thus appear to
correspond to the decay process in the all-trans and the 13-cis
cycles, respectively. Because the individual amplitudes of
the changes in the all-trans and 13-cis cycles are the same,
the resolved amplitudes of the two kinetic components give
directly the fractions of halorhodopsin that pass through the
two photocycles. It turns out that they correspond reasonably
closely to the isomeric ratios (Vir6, Sasaki, Maeda, Needle-
man, and Lanyi, manuscript in preparation).

According to this analysis, the contribution of the all-trans
cycle to the difference spectra in Fig. 1, A and B, is 0.47 when
dark adapted and 0.84 when light adapted. The all-trans reti-
nal contents of dark-adapted and light-adapted halorhodop-
sin in the somewhat comparable cell envelope vesicles were
reported to be 24 and 61%, respectively (Lanyi, 1986a). If
the photocycles are independent of one another (the conse-
quences of the alternative, that the photocycles share inter-
mediate(s), will be examined in a separate study), each pair
of measured difference spectra, sp(DA) and sp(LA) in Figs.
1A and B, is described by the equations:

sp(DA) = a X sp(all-trans) + (1 — a) X sp(13-cis) (1)
sp(LA) = b X sp(all-trans) + (1 — b) X sp(13-cis), (2)

where a and b are the fractional contributions of all-trans
form in the dark-adapted and light-adapted states, respec-
tively. Solving for sp(all-frans) and sp(13-cis) produced the
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difference spectra in Fig. 3, A and B. They constitute the
spectral changes of the all-trans and 13-cis forms in the pres-
ence of chloride.

Such a resolution of the all-trans and 13-cis photocycles
is the key to solving the photoreaction of halorhodopsin, and
we took pains to make certain that it was valid. Because the
relaxation times of 8 and 14 ms in the two cycles are not
greatly different from one another, making the biexponential
fit (Fig. 2) and the calculation of @ and b difficult, it was
reassuring that the calculated spectra were fairly tolerant to
inaccuracies in the time constants. For example, changing
and fixing the relaxation times at the best fits +15% changed
the calculated values of @ and b by only ~2% and altered the
calculated spectra to negligible extents. A general criterion
of successfully separating two independent reaction se-
quences is that the number of time constants in the two re-
solved sequences be minimized. SVD analysis (see below)
showed that forcing a and b to be significantly different from
the values given above resulted in nonnegligible amplitudes
for the 8-ms time constant in what was calculated to be the
13-cis photocycle and the 14-ms time constant in the result-
ing all-trans cycle.

The measured spectra in Fig. 1 C, which do not change
upon light adaptation, refer to the changes in the absence of
chloride. It is not clear why only one photocycle is seen under
the latter condition, as both isomeric forms of the retinal are
present also in the absence of chloride (Lanyi, 1986a). We
anticipate that time-resolved infrared spectroscopy of these
photoproducts will address the possibility that the quantum
yield of one of the two isomeric forms might be much smaller
than the other.

The spectral analysis of the photocycle in 2 M NaCl was
carried out with purified dark-adapted and light-adapted
halorhodopsin in octylglucoside-cholate micelles (Duschl et

e
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FIGURE 3 Calculated difference spectra for the resolved all-trans (A)

and 13-cis (B) photocycles in 2 M NaCl. The delay times are the same as
in Fig. 1.
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al., 1988) as well (not shown). Estimation of the relative
contributions of the all-frans and 13-cis photocycles to the
difference spectra was hindered by the fact that the time
constants of the final decay at 690 nm (as in Fig. 2) were not
sufficiently different in the two cycles to treat the decay as
a biexponential process. However, difference spectra for the
pure all-trans and 13-cis cycles very similar to those in Fig.
3 were obtained from calculations based on 47% contribution
of the all-trans cycle to the dark-adapted spectra (i.e., as in
the membrane fragments) and 60% contribution to the light-
adapted spectra (i.e., somewhat less than in the membrane
fragments). A 60% all-trans content in the light-adapted state
is similar to what was determined earlier by retinal extraction
of detergent-solubilized halorhodopsin (Maeda et al., 1985)
and halorhodopsin-containing proteoliposomes (Ziményi
and Lanyi, 1987). It is consistent also with the observation
that detergent solubilization decreases the amount of all-
trans retinal in light-adapted bacteriorhodopsin (Casadio et
al., 1980).

Kinetic models for the three halorhodopsin
photocycles

We note that, according to Fig. 3 in chloride-containing
samples, most, although not all, of the absorption increase in
the red region originates from the 13-cis component, whereas
all of the increase in the blue originates from the all-trans.
The spectra assigned to the photocycle of the 13-cis form
resemble those in the photocycle of 13-cis bacteriorhodopsin
and show only absorbance increase (Gergely et al., 1994).
The changes in the absence of chloride also consist of in-
creases in the red region (Fig. 1 C), but these appear to have
originated from a red-shift of the maximum rather than solely
from an amplitude increase.

The number of independent spectral components in each
of the three sets of data (31 spectra/set) were first estimated
from SVD (Golub and Kahan, 1995). In the set for the all-
trans photocycle, only the first two basis spectra (u columns)
and their time dependencies (v columns) were significantly
above noise. This is indicated also by the fact that the pair-
wise products of the correlations of the first three u and v
columns were 0.93, 0.60, and -0.05, respectively. Although
a rank of two would suggest that two intermediates are
present, there were three well separated time constants in the
kinetics, indicating that there should be one more. Indeed,
with two spectra, the decay of the first putative intermediate
was followed by its rise, giving an unlikely kinetic scheme.
In the data set for the 13-cis photocycle, the SVD analysis
suggested also two intermediates, the products of the cor-
relations of the first three being 0.95, 0.51, and —0.1. The
kinetics in this case contained only two time constants. In the
set for the photocycle in sulfate, the products of the corre-
lations were 0.93 and 0.39 and suggested that if there is a
second intermediate it cannot be clearly distinguished with
available signal/noise.

Given these constraints, we calculated the spectra of the
three presumed intermediates of the all-frans cycle of the

Biophysical Journal

Volume 68 May 1995

chloride-binding form of halorhodopsin from time-resolved
difference spectra, such as in Fig. 3 A. The search for these
spectra was based on the criteria of not allowing negative
absorption, and limits on the amplitude and half-width of the
resulting spectra, much as before for bacteriorhodopsin
(Var6 and Lanyi, 1991a; Ziményi and Lanyi, 1993). The
estimated spectra, shown in Fig. 4 A, are labeled K, L, and
N in analogy with the intermediates of the photocycle of
bacteriorhodopsin under conditions in which no M interme-
diate accumulates. When, for the sake of simplicity, we refer
to a K state, it is the one earlier described as KL (Zimanyi
et al., 1989a,b; Ziményi and Lanyi, 1989a) in analogy with
a proposed late K substate in the bacteriorhodopsin photo-
cycle (Shichida et al., 1983). Although it can be argued that
using the designations for the bacteriorhodopsin photoint-
ermediates for halorhodopsin is misleading because their
equivalency has not yet been demonstrated, the alternative
terminology that utilizes the absorption maxima is also con-
fusing because the calculated spectra and absorption maxima
of the intermediates varies considerably among different
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FIGURE 4 Calculated spectra of all-frans halorhodopsin and its photo-
intermediates (A) and the kinetics of its photocycle (B) in 2 M NaCl. The
spectrum of unphotolyzed halorhodopsin is shown in A with broken line, that
of the K intermediate with dashed line. The small band at 415 nm is from
the cytochrome content of the membrane fragments. Symbols in B: O, K
intermediate; @, L intermediate; A, N intermediate; A, HR (i.¢., 1 minus the
sum of the concentrations of all intermediates). The solid lines in B represent
the best fit of the model K & L, & L, & N — HR, with the rate constants
listed in Table 1.
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publications. The spectra for K and N differ primarily in
amplitude, consistent with the fact that SVD analysis dis-
tinguished only two spectral components (see above). The
spectrum of N is broader than the others, and its red-edge
accounts for the persistence of a small absorption increase
above 650 nm in the millisecond time range despite the decay
of the K intermediate (Fig. 3 A).

The measured difference spectra were decomposed into
mixtures of the K minus HR, L. minus HR, and N minus HR
spectra. The fractional concentrations of these components
are shown as functions of delay time in Fig. 4 B (symbols).
The points labeled as HR (1 minus the sum of all compo-
nents) are reasonably close to the zero line until the beginning
of the recovery of the initial state at ~1 ms, indicating that
the calculated spectra do describe the components that make
up all of the data despite the fact that their proportions change
with time. This is a stringent criterion for the validity of the
calculated spectra (Zimanyi and Lanyi, 1993). However, we
recognize that small uncertainties in the spectra may produce
uncertainties in the kinetics.

The simplest kinetic scheme would be K < L < N— HR.
However, this scheme introduced a contradiction. As shown
in Fig. 4 B, the initial equilibration of K with L at a few
microseconds resulted in a 1:1 mixture of K and L, but in the
equilibration of K, L, and N that followed it at a few hundred
microseconds, the [K]/[L] ratio decreased to approximately
1/2. The x? of the fit of this scheme (not shown) was 0.14.
The same kind of paradox, but for the L and M intermediates,
turned up in the bacteriorhodopsin photocycle (Varé and
Lanyi, 1991a,b; Ziményi et al., 1992; Zimanyi and Lanyi,
1993), and its solution was the introduction of two M sub-
states connected by a unidirectional reaction. Two sequential
L substates will solve the problem in halorhodopsin also, but
in this system the K intermediate persists until the recovery
of the initial state, and thus the reaction between the putative
L substates will not be unidirectional. The lines in Fig. 4 B
represent the best fit of the scheme K& L, &L, N—
HR with the rate constants given in Table 1 (column for 2.0
M NaCl). The »? of this fit was substantially improved at
0.012. The rate constants of the L, < N equilibration are not
defined by the data, beyond the requirement that the forward
constant be greater than 2 X 107 s™! and the reverse be greater
than 1.3 X 107 s™ and that [N]/[L,] at equilibrium be 1.50.
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The model with sequential L substates is not the only op-
tion. Three other models based on K < L, < N — HR, with
a cul-de-sac leading to equilibration of L, with either K, L,,
or N gave equivalent x? values, between 0.011 and 0.013.
Similarly, the sequence K& L, < L,—» HRplusL, &N
gave an equally satisfactory fit. Identification of the correct
model among these (and others that are more complex) will
have to be on the basis of additional information, such as
the altered photocycles of site-specific mutants in the case
of bacteriorhodopsin. In the meantime, we suggest that the
K& L, ©L, & N — HR sequence will serve as a rea-
sonable working model for the all-trans photocycle.

Analogous treatment of the spectra for the 13-cis cycle,
such as in Fig. 3 B, produced the spectra and kinetics in Fig.
5, A and B (symbols). The detected intermediates termed
CIS-1 and CIS-2 have spectra similar to those of the 13-cis
bacteriorhodopsin photocycle (Gergely et al., 1994). The ki-
netics are simple and can be described with the scheme CIS-1
& CIS-2 — HR (lines in Fig. 5 B). This kinetic scheme is
mathematically equivalent to two parallel photoreactions or
one photoreaction with two branches, one containing CIS-1
and the other CIS-2, and we cannot distinguish between the
first model and these. A branched scheme was suggested to
reflect the crossover of the 13-cis photocycle of bacterior-
hodopsin to the all-trans, i.e., the phenomenon of light ad-
aptation (Gergely et al., 1994).

Fig. 6, A and B (symbols), show the calculated spectra and
kinetics for the halorhodopsin photocycle in Na,SO,. Within
error, only one spectrally distinct intermediate results, which
is shifted considerably further to the red than either inter-
mediate in the 13-cis cycle of the chloride-binding form. It
arises faster than 100 ns and decays with either a single ex-
ponential (solid line in Fig. 6 B) or two exponentials of not
very different time constants (dashed line). The latter treat-
ment would suggest two parallel processes.

Chloride-dependent spectral changes in
unphotolyzed halorhodopsin

The difference of the photochemical cycles measured in
chloride and sulfate (Fig. 1) indicates that chloride affects
the photoreaction. The simplest way this could happen
would be the binding of chloride to the unphotolyzed

TABLE 1 Rate constants of best fit for the photocycle of all-trans halorhodopsin at various chloride concentrations

Chloride concentration (M)

Reaction 0.020 0.050 0.100 0.200 0.500 1.000 2.000
K— L, 1.3 X 10° 1.3 X 10¢ 1.3 X 10° 1.3 X 10¢ 1.3 x 10¢ 1.3 x 10° 1.3 X 10¢
L,—-K 1.0 X 10¢ 1.0 X 10° 1.1 X 10° 1.3 X 10¢ 1.3 X 10¢ 1.3 x 10° 1.3 X 10°
L —-L 1.4 x 10° 1.4 x 10* 1.4 X 10* 1.4 X 10* 1.4 x 10* 1.4 x 10* 1.4 X 10*
L,—> L, 09 x 10* 0.9 x 10* 0.9 x 10* 0.9 x 10* 0.9 x 10 0.9 x 10* 0.9 x 10*
L,—> N =2 X 107 =2 x 107 =2 X 107 =2 X 107 =2 X 10’ =2 % 107 =2 X 10’
N—-1L, =1.3 X 107 =13 X 10’ =13 X 107 =13 x 107 =13 x 107 =13 X 10’ =13 X 107
N — HR 5.0 X 10? 3.3 X% 10? 3.3 X 10? 2.8 X 107 2.8 X 10? 2.8 X 107 2.8 X 107

Rate constants are in s7.
The fits required that the ratio of k,, ,  to ky _, |, be 1.5.



2068

350 450 550 650 750
wavelength, nm
1.0
‘ B. kinetics
0.8
5 HR
E o] Cls- 52
g
§ 0.4
g
2 oo
g 0.2
1 SEEE
7 5 3 A

log time (s)

FIGURE 5 Calculated spectra of 13-cis halorhodopsin and its pho-
tointermediates (A) and the kinetics of its photocycle (B) in 2 M NaCl.
The spectrum of unphotolyzed halorhodopsin is shown in A with broken
line, that of the CIS-1 intermediate with dashed line. The small band
at 415 nm is from the cytochrome content of the membrane fragments.
Symbeols in B: O, CIS-1 intermediate; ®, CIS-2 intermediate; A, HR
(i.e., 1 minus the sum of the concentrations of the two intermediates).
The solid lines in B represent the best fit of the model CIS-1 & CIS-2
— HR, with the rate constants (in s™), kg ) cis2 = 2.6 X 10°, keyg 5 cisr
= 1.6 X 10% and kgg o yp = 1.2 X 107

protein. Such binding had been postulated on the basis of
spectral shifts in chloride versus nitrate in visible spectra
(Ogurusu et al., 1982, 1984; Lanyi and Schobert, 1983;
Schobert et al., 1983; Steiner et al., 1984) and in vibra-
tional spectra (Maeda et al., 1985; Rothschild et al., 1988;
Pande et al., 1989) and broadening of the **C1 NMR line
(Falke et al., 1984). Because the chromophore was fairly
stable in the membrane fragments used here even in the
absence of chloride, we could determine spectral changes
in chloride versus sulfate with accuracy. Fig. 7 A shows
that removing chloride caused a considerable decrease in
the amplitude of the absorption band, an increase in its
width, and a moderate blue-shift of its maximum (from
580 to 570 nm). These changes were reversible upon add-
ing chloride. The amplitude change, plotted as a fraction
of the amplitude increase at 2 M NaCl (i.e., at presumed
saturation) as a function of chloride concentration gives
an apparent K, of 20 mM (Fig. 7 B, open circles). The
shift of the maximum appears to be a separate effect, but
its concentration dependence could not be determined.
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FIGURE 6 Calculated spectra of halorhodopsin and its photointermedi-
ates (A) and the kinetics of its photocycle (B) in 1 M Na,SO,. The spectrum
of unphotolyzed halorhodopsin is shown in A with broken line. The small
band at 415 nm is from the cytochrome content of the membrane fragments.
O, the single intermediate detected. Solid line, exponential decay with 7 =
396 ps; broken line, biexponential decay with 7, = 308 us and 7, = 3.8
ms.

The chloride dependence of the amplitude of the pho-
tocycles associated with chloride, described above, was
also determined. Three wavelengths were selected that
best distinguish the absorbance changes of the chloride-
binding protein from those of the chloride-free form. The
absorbance changes of the photocycle in sulfate exhibit
a zero crossover point at 611 nm (see below), and any
changes at this wavelength at various chloride concen-
trations will have necessarily originated from the
chloride-binding form only, thus describing its depen-
dence on [CI7]. At 590 and 660 nm, part of the absorbance
changes originate from the chloride-free form, but when
the amplitudes are rescaled to zero in 1 M sulfate and one
in 2 M NaCl, the fractional values at intermediate chloride
concentrations also describe the dependence on [Cl]. Fig.
7 B contains plots of these three measured parameters
versus [Cl]. The apparent K, for the photocycle amplitude
is 80 mM, i.e., significantly higher than the K, for the
chloride-dependent spectral change of the unphotolyzed
chromophore. A similar conclusion was made from spec-
tral measurements with lipid-reconstituted halorhodopsin
(Zimanyi and Lanyi, unpublished experiments).
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FIGURE 7 Chloride dependence of the spectral shape of unphotolyzed
halorhodopsin (A) and amplitudes of absorbance changes after photoexci-
tation at three different wavelengths (B). In A, spectra of matched samples
(light-adapted halorhodopsin-containing membranes) are shown in mixtures
of NaCl and Na,SO, (total Na* concentration, 2 M). The small band at 415
nm is from the cytochrome content of the membrane fragments. In B, various
chloride-dependent parameters are plotted versus the chloride concentra-
tion. The chloride-dependent changes were normalized to a scale between
zero in sulfate and one in 2 M chloride. O, amplitude change in A; @,
maximal amplitude change after photoexcitation when measured at 590 nm;
A, maximal amplitude change after photoexcitation when measured at 611
nm; A, maximal amplitude change after photoexcitation when measured at
660 nm.

The all-trans photocycle of the chloride-bound
form of halorhodopsin at different chloride
concentrations

It had been shown before that, as in bacteriorhodopsin, it is
the photocycle of the all-trans isomeric form of halorho-
dopsin, containing the distinct blue-shifted intermediate de-
scribed here as L, that results in transport of chloride (Lanyi
et al., 1990b). Inasmuch as this photocycle originates from
the chloride-binding form of the protein, its overall ampli-
tude indeed increases with chloride concentration (Fig. 7 B).
If there is additionally a chloride-dependent rate constant in
this cycle, its presence will reveal the release or uptake of
chloride after the photoexcitation. We have examined there-
fore the rate constants in the model for the all-zrans photo-
cycle at chloride concentrations between 20 mM and 2 M.

For this study we used single wavelength spectroscopy
and, at each chloride concentration, measured the absorbance

FIGURE 8 Traces of absorbance change at 500 nm (A) and 611 nm (B)
after photoexcitation of light-adapted halorhodopsin (15 uM) in 2 M NaCl.

changes of a dark-adapted and a light-adapted sample. It was
assumed that the photocycles of the chloride-binding and
chloride-free forms are independent. Fig. 8, A and B, show
traces of the time dependence of absorbance change at 500
and 611 nm, respectively, for a light-adapted sample at vari-
ous chloride concentrations. At 611 nm, there is no contri-
bution from the photocycle of the chloride-free form and,
within error, only the amplitude of the traces is dependent on
chloride. Thus, none of the time constants of the photocycle
evident at 611 nm are dependent on chloride (compare be-
low). At this wavelength, however, both all-frans and 13-cis
photocycles contribute. As in both light-adapted and dark-
adapted samples it was only the amplitude of the traces that
was dependent on chloride, the fractional contribution of the
all-trans cycle must be independent of the chloride concen-
tration. At 500 nm, the photocycle of the chloride-free pro-
tein contributes a negative signal, whereas the cycles of the
chloride-binding forms make a positive contribution. The
amplitudes of the traces at 611 nm could be used, therefore,
to extract from the data at 500 nm the contribution of the
chloride-binding protein. Comparing traces for light-adapted
and dark-adapted samples, in turn, allowed the calculation of
the changes due only to the all-zrans photocycle, as in the
case of the time-resolved spectra above. Fig. 9 shows traces
for the all-trans cycle in 1 M NaCl calculated in this way at
500, 630, and 611 nm. Global fitting of the kinetic scheme
Ko L, & L, < N — HR to such triple traces at various
chloride concentrations yielded the set of rate constants given
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FIGURE 9 Calculated absorbance changes in the photocycle of the all-
trans chloride-binding protein at 500, 630, and 611 nm in 1 M NaCl plus
0.5 M Na,SO,. The solid lines represent the best fit of the model K > L, ¢
L, & N — HR, with the rate constants listed in Table 1.

in Table 1. The five fully determined rate constants are chlo-
ride independent within error. As far as we can tell, the two
less determined rate constants in the L, <> N equilibrium are
also unaffected by chloride.

DISCUSSION

We have resolved the multiple photocycles that originate
from the isomeric and chloride-binding heterogeneity of
halorhodopsin, with the only assumption that the observed
transient absorption changes originate from independent
photochemical reactions. The objective was to describe the
photochemical cycle associated with the transport of chlo-
ride. Given the facts that the light-adapted chromophore con-
tains significant amounts of 13-cis retinal, and the time-
resolved absorption changes are greatly affected by light
adaptation, there can be no doubt that a contribution of the
13-cis photocycle is present in the measured absorption
changes and must be removed when describing the photo-
reaction of the all-trans chromophore. For this reason the
photocycle of the 13-cis chromophore was also described. In
the absence of chloride, only one photocycle was detected.
It is different from the two cycles of the chloride-binding
form. We needed to describe it to extract the photocycle of
the chloride-binding form at subsaturating concentrations of
chloride. With this approach the transient absorption changes
of light- and dark-adapted samples at different chloride con-
centrations could be represented as various linear combina-
tions of three photocycles with unchanging kinetic param-
eters, within measurement error, consistent with the assumed
absence of cross-reactions.

The results demonstrate that the photochemical changes of
the all-frans chromophore in the chloride-binding protein
greatly resemble those of bacteriorhodopsin under conditions
in which the Schiff base is prevented from deprotonating.
This seems reasonable in view of the similarity of halorho-
dopsin and bacteriorhodopsin and the lack of a proton ac-
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ceptor to the Schiff base in the former protein. The photo-
cycle is described by the scheme HR-* > K& L, & L, &
N — HR. The two L substates may play the same role in the
chloride transport as the two M substates in the proton trans-
port in bacteriorhodopsin (Var6 and Lanyi, 1991b; Kataoka
et al., 1994). If they do, the internal translocation of chloride
occurs during the lifetime of the L states. None of the in-
termediates that accumulate absorb as far to the red of the
main band of halorhodopsin as the previously identified
HR,, or O state. Although the existence of such an inter-
mediate cannot be rigorously excluded, it seems now that all
or most of it originates in the 13-cis photocycle and the pho-
tocycle of the chloride-free form. Placing the detected red-
shifted intermediate in the all-trans photocycle was due to
artifact. It was based on the observation of absorption rise in
the red region and concurrent absorption decrease in the blue
region, in the several-millisecond time domain. The postu-
lated slow chloride-dependent equilibration of a blue-shifted
and red-shifted intermediate seemed to identify chloride re-
lease of likely relevance in the transport. However, we find
that these changes originate from the fact that the L to N
conversion in the all-zrans cycle removes depletion, masking
the more slowly decaying red-shifted intermediate of the 13-
cis cycle. Indeed, particularly when viewed on a logarithmic
time scale, the amplitude of this rise in the red region relative
to the increased absorbance level (from the 13-cis cycle)
becomes smaller and smaller when the measuring light is set
to longer and longer wavelengths. This is partly evident from
the smallness of the amplitude of the rising phase at 690 nm
in Fig. 2. Above 700 nm, little or no absorption rise in the
millisecond time domain, over the level established at much
shorter times, was seen (not shown). On repeating these ex-
periments with solubilized halorhodopsin, we found a similar
wavelength dependence of the millisecond kinetics (not
shown).

The absorption changes upon chloride binding to the un-
photolyzed protein are more complex than previously
thought. When the chloride-free reference state of the protein
is sulfate, chloride causes an increase of the extinction of the
main band, narrowing of the band-width, and an approxi-
mately 10-nm red-shift of the maximum (Fig. 7 A). This is
similar to the effect of chloride on the width of the absorption
band of D212N bacteriorhodopsin (Brown and Lanyi, un-
published experiments), i.e., in a mutant in which chloride
binding might be also the consequence of the net positive
charge of the extracellular protein domain. However, the red-
shift of the maximum is inconsistent with binding of the
chloride near the Schiff base, as pointed out before from the
direction of the chloride-dependent shift of the resonance
Raman C = N stretching band (Pande et al., 1989). The
apparent K, for the absorption amplitude change is signifi-
cantly different than that for the amplitude of the photocycle
associated with the chloride-binding forms of the protein
(Fig. 7 B). A possible explanation would be that the chloride
that affects the photocycle amplitude is bound subsequent to
rather than before the photoexcitation. However, this binding
would have had to occur well before 100 ns because the first
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intermediate detected in the absence of chloride is consid-
erably different from that detected in the presence of chloride
(compare Figs. 4 A, 5 A, and 6 A). This seems unlikely. The
alternative explanation is that there are more than one chlo-
ride binding site, with different effects on the spectrum of the
unphotolyzed chromophore and its photoreaction. The ap-
parent binding constant we now find for the chloride effect
on the photoreaction is similar to the K, for freely exchang-
ing chloride determined from 3*Cl NMR line broadening
(Falke et al., 1984), for which previously no equivalent was
found with spectroscopy in the visible. Interestingly, adding
chloride to halorhodopsin from Natronobacterium pharaonis
causes blue-shift rather than red-shift of the absorption maxi-
mum, although qualitatively the same chloride-dependent
changes are found in the photocycle (Scharf and Engelhard,
1994) as in H. salinarium.

To our disappointment, the all-trans photocycle, which
must be associated with chloride transport, does not contain
any chloride-dependent rate constants that might serve as
clues to where chloride is taken up or released (Table 1). We
regard the relationship of this photochemical cycle to the
mechanism of chloride transport therefore as a still entirely
open question. It will be understood only by identifying the
partial chloride transfer reactions with site-specific muta-
tions studied with vibrational spectroscopy in addition to
spectroscopy in the visible, analogously to the way the
mechanism of proton transport is being uncovered in bac-
teriorhodopsin.
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