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ABSTRACT The photocycle of pharaonis halorhodopsin was investigated in the presence of 100 mM NaN; and 1 M Na,SO,.
Recent observations established that the replacement of the chloride ion with azide transforms the photocycle from a
chloride-transporting one into a proton-transporting one. Kinetic analysis proves that the photocycle is very similar to that of
bacteriorhodopsin. After K and L, intermediate M appears, which is missing from the chloride-transporting photocycle. In this
intermediate the retinal Schiff base deprotonates. The rise of M in halorhodopsin is in the microsecond range, but occurs later
than in bacteriorhodopsin, and its decay is more accentuated multiphasic. Intermediate N cannot be detected, but a large
amount of O accumulates. The multiphasic character of the last step of the photocycle could be explained by the existence
of a HR'’ state, as in the chloride photocycle. Upon replacement of chloride ion with azide, the fast electric signal changes its
sign from positive to negative, and becomes similar to that detected in bacteriorhodopsin. The photocycle is enthalpy-driven,
as is the chloride photocycle of halorhodopsin. These observations suggest that, while the basic charge translocation steps
become identical to those in bacteriorhodopsin, the storage and utilization of energy during the photocycle remains
unchanged by exchanging chloride with azide.

INTRODUCTION

Pharaonis halorhodopsin (pHR) is a small integral mem-45% 13¢is retinal (Va6 et al., 1995a; Zirhayi and Lanyi,
brane protein in the haloalkaliphiléNatronobacterium  1997). Although the protein suspension is not homogeneous
pharaonis(Bivin and Stoeckenius, 1986). It belongs to the in retinal conformation, there is no evidence that thecik3-
family of retinal proteins, like bacteriorhodopsin (BR) and containing protein is photoactive (¥aet al., 1995a).
salinarum halorhodopsin (sHR) froialobacterium sali- Spectral titration of pHR with sodium chloride yields a
narum Upon photoexcitation it transports chloride ion into chjoride-binding constant of 1 mM, characterized by a
the cell (Duschl et al., 1990). Amino acid sequence cOM-13.nm plue shift of the absorption peak (Scharf and En-
parison reveals a 25% homology of pHR with the protongeihard, 1994; Vi et al., 1995a). Other halide ions also
transporter BR and 66% with the chloride transporter sHR,ig (6 the protein with similar spectral shifts but different
(Lanyi et al., 1990). The extent of identity is greater in thebinding constant (Scharf and Engelhard, 1994). Raman and

putatiye se\{en_transmembrane h.elices, and the residues MR spectroscopic studies proved the existence of an in-
the retinal binding pocket are particularly highly conserved. eraction between the retinal Schiff base and halide ion

The important exceptions are the proton acceptor Asp-8 alter and Braiman, 1994; Gerscher et al., 1997). Titration

and proton donor Asp-96 in BR, which are replaced by Thr* . . .
and Ala, respectively, in both halorhodopsins. Lack of theW_'th_aZ'de causes almost the same sp(_actral change, \.N'th a
proton acceptor ensures that the Schiff base remains pr5’—Indlng constant of 10 mM, and chloride and azide ions

tonated during the photocycle while chloride is transporteo‘:Ompete for the same bmd_mg site ‘f@zet al., 199551)' In
through the membrane. salt-free solution the protein denaturates. For this reason,

No structural information exists about pHR, but its se-during titration the sodium content of the solution is kept
quential identity and functional similarity with SHR makes constant by supplementing the titrated salt with sodium
it probable that it has a similar structure, i.e., seven transsulfate, which itself does not bind to the protein (Scharf and
membrane helices surrounding the retinal binding pockeEngelhard, 1994; \f& et al., 1995a).

(Havelka et al., 1995). The retinal is bound to Lys-256 via Azide was used as a substitute for the proton donor in the
a protonated Schiff base in allansor 13-<cis configuration.  study of the D96N BR mutant (Tittor et al. 1989; Zima
Contrary to BR and sHR, its retinal isomer composition isand Lanyi, 1993). In several cases azide could also replace
independent of illumination, containing 85% #iknsand  the role of the proton acceptor Asp-85 (Tittor et al., 1994;
Dickopf et al., 1995). In wild type BR azide has an observ-
able effect on the decay of intermediate M only at very high
Received for publication 28 March 2000 and in final form 21 July 2000. concentrations (Ormos et al., 1997). In sHR the presence of
g_d(ilre_ss Iregfint reqhuests to D;- <h3y0f9y Vvaro, Institute of I?iOIOh_ySiCS,azide resulted a side-reaction of the photocycle, yielding
o g 1o, T, ot o Serssideprotonation ofthe Schifbase (Hegemann et al, 1985). I
E-mail: varo@nucleus.szbk.u-szeged.hu. pHR azide could replace both the proton donor and acceptor
© 2000 by the Biophysical Society in chloride-free solution and lead to a proton transporting
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The chloride-transporting photocycle of halorhodopsinpossibility is to apply an external electric field to the mem-
has intermediates analogous to the BR photocycle, but witherane suspension (Keszthelyi and Ormos, 1983; Keszthelyi
out an M intermediate containing a deprotonated Schiff basand Ormos, 1989). This orientation can be fixed if the
(varo et al., 1995a,b). The only important difference be-membranes are polymerized in an acrylamide gel, when the
tween the photocycle of the two halorhodopsins is that inexternal electric field is applied (Dest al., 1985a,b). The
the photocycle of sHR the intermediate O was not observedeasured photoelectric response signals show a strong cor-
(Varo et al., 1995a), whereas in the photocycle of pHR thisrelation with the photocycle (Keszthelyi and Ormos, 1989).
intermediate accumulates in rather large amounfs@\éa The electrogenicity of an intermediate (by definition the
al., 1995b). In the photocycle of sHR the observed redchange of the electric dipole moment of the protein in that
shifted species, which earlier was assigned as intermediaistermediate relative to the unexcited state) characterized
0, belongs to the non-transporting t&-photocycle (Vad  the magnitude of the charge shifts inside the protein (Trissl,
et al., 1995a). There is no evidence to decide if intermediat&990). The sign of the electrogenicity was considered pos-
O is really missing from the photocycle, or for kinetic itive, when the change of the electric dipole corresponds to
reasons does not accumulate. Based on the multiexponentidile shift of a positive charge toward the extracellular side
decay of the pHR photocycle, the HBtate was introduced of the membrane. The electrogenicity of the intermediates
as the last intermediate, with essentially the same spectruim the BR photocycle and in the chloride photocycle of
as HR (Vao et al., 1995a). When chloride is replaced with pHR were determined (Ludmann et al., 1998a, 2000). These
azide, the M intermediate appears in the photocycle of pHRhelp understand the process of charge transfer through the
(Varo et al., 1996). There are other conditions, when anmembrane.

M-like intermediate appears in the halorhodopsin photo- In the present work the photocycle of pHR was investi-
cycle, such as double flash excitation (Bamberg et al., 1993)ated in the presence of azide and absence of chloride. The
or prolonged illumination (Hegemann et al. 1985), whenreplacement of chloride ion with azide makes possible the
both azide and chloride are present in the sample. Thes#geprotonation of the Schiff base, resulting in an M-like
M-like intermediates have a very long lifetime and transportintermediate. Measurements on cell envelope vesicles
protons across the membrane only when the illumination igroved that proton is transported through the membrane
with both green and blue light. From the temperature de{Varo etal., 1996). Time-resolved spectroscopic, absorption
pendence of the photocycle, the free energy, enthalpy ankinetic and electric signal measurements could reveal de-
entropy changes of the reactions were determined. The pHiils about the changes of the photocycle. Using time-
dependence of the energetics of BR photocycle is complexesolved spectroscopy the spectra of photocycle intermedi-
but the driving force of the reactions is mostly the entropyates can be determined (Nagle et al., 1995; Gergely et al.,
decrease (Ludmann et al., 1998b). In contrast, the photct997; Zimanyi et al., 1999). Absorption kinetic measure-
cycle reactions of pHR are enthalpy-driven’(dzet al., ments at several wavelengths help to determine the photo-
1995b). cycle model and calculate the microscopic rate constants

It has been suggested that there must be an analogyard et al., 1995b; Ludmann et al., 1998b). By electric
between proton transport in BR and chloride transport irsignal measurements the charge motions inside the protein
HR (Oesterhelt and Tittor, 1989; Oesterhelt et al., 1992can be studied, which give information about the motion of
Haupts et al., 1997; Brown et al., 1998/ $a2000). This the transported ion through the membrane (Ludmann et al.,
implies the possibility that either protein could be converted1998a, 2000; Deet al., 1999). Applying all these tech-
to the ion specificity of the other. When Thr replaced theniques, the similarities and differences between the azide
proton acceptor Asp-85, the function of BR changed fromphotocycle of pHR and that of BR were investigated.
proton to chloride translocation (Sasaki et al., 1995). The
same effect could be achieved by neutralizing the proton
acceptor at low pH. The pkof Asp-85 is approximately 2.6 MATERIALS AND METHODS
(Balashov et al., 1991; Balashov et al., 1995). At pH beloWnaiorhodopsin-containing membrane suspension was prepared from
2, with chloride ion present, BR transports chloride throughHalobacterium salinarumstrain L33, in which theNatronobacterium
the membrane (Deet al., 1989, 1991). pharaonis hopstructural gene and the novobiocin resistance gene for

The electric response signal of a light activated proteirf,election were introduced. This 'resulted ina greaFIy enhanced productiqn

. . . of pHR. The process of preparation of the suspension was described earlier
can be measured on anISOtrOp_IC ;ample ConSIStmg_ of Or'(Vérb et al., 1995a). All spectroscopic and absorption kinetic measure-
ented membranes. These electric signals reveal details abqynts were performed on membranes encased in polyacrylamide gels, as
the ion-transporting steps in the photocycle. Oriented samdescribed before (ta et al., 1995c) on a sample of optical density about
ples can be obtained by incorporating the protein containing at 570 nm. Electric signal measurements were carried out on oriented gel
membrane fragments into a biIayer Iipid membrane (Bam_samples, prepared according to the procedure described earlieet(Ble

. 1985b). Before measurements the samples were exhaustively washed in a
berg etal., 1981, 1984)’ or by oriented attachment of purpl(golution of 1 M NgSQ,, 50 mM (2-N-morpholino]ethanesulfonic acid)

membranes_ to a Iipid-_impregnated filter (Drachev et al.,ves, 100 mM NaN, pH 6. In the case of electric signal measurement, the
1984) or thin Teflon films (Holz et al., 1988). Another concentration of Ns8O, and MES was reduced to half to lower the
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conductivity of the sample. This change in the salt concentrations did nois the absorption increase at 410 nm, characteristic of the

introduce any observable alteration in the kinetics. intermediate M containing deprotonated Schiff base. In the
Laser excitation was performed with a frequency-doubled Nd-YAG presence of chloride ion the dominant absorption maximum

laser (Continuum, Surelite I-1@,= 532 nm). During the measurement the . . . .

sample was kept in a temperature-controlled sample holder. Time-resolve@s at 500 nm, which characterizes the L intermediate that

spectroscopy with a gated optical multichannel analyzer provided differf0€rsists over the entire photocycle (FigAL In azide the

ence spectra at various time points of the photocycle (@ymet al., 1989).  absorption at 500 nm has a maximum at aroundg$Gnd

The spectra of intermediates were calculated from these difference spectigyter decreases to negative values (Fidd)1This implies

after noise reduction with singular value decomposition (SVD) (Golub and - . . : . . )
Kahan, 1992: Veb and Lanyi, 1991: Gergely et al., 1997). Absorption that in the photocycle with azide the intermediate L disap

kinetic signals were recorded at five wavelengths (410, 500, 570, 610, an@€@rs in the millisecond range. The absorption kinetic sig-
650 nm) and five temperatures between 10 and 30°C, in a time intervanals measured at five wavelengths are very similar to that
from 100 ns to 1 s, using a transient recorder card with 16 MB memorymeasured on BR (Fig. €). The resemblance of the kinetic
(National Instruments, NI-DAQ PCI-5102), controlled by a program de- tr5ces measured in pHR with azide and BR suggests that the
veloped in our Institute. Each measurement involved averaging of 100— hotocycles are similar. To analyze the similarities and

200 signals. At the end of the measurement, the linear time base Waﬁ_ . .
converted to a logarithmic one by averaging in the time interval betwee ifferences a thoroth StUdy was carried out, as described

logarithmically equidistant points, which improved the signal to noise below.
ratio. Model fitting was performed with the RATE program, as described The difference spectra measured with an optical mul-
elsewhere (Ludmann et al., 1998b). From the temperature dependence gkhannel analyzer were submitted to SVD analysis. The

the rate constants the energetic picture of the reactions were calculate . . . s
using the EYRING program (Ludmann et al., 1998b). Electric signals Wereg'uwcorrelatlon function of the basis spectra and their time

measured on the earlier described set-up (Gergely et al., 1993), with thdependence showed a long-range StrUCtU"? in the first f_our
modification that a very low-noise home-made amplifier was used. ThecOomponents. The other components contained only noise.

time resolution of the system was about 100 ns. The weight factors of the four components were 83.6, 36.2,
16.4, and 2.2. All the following weight factors were much
RESULTS smaller. The analysis therefore suggests the existence of at

least four independent spectral components. Noise-filtered
The replacement of th1 M NaCl with 100 mM NaNand  difference spectra were reconstructed from these four SVD
1 M Na,SO, produces dramatic changes in the absorptiorcomponents (Fig. 2) and used in the calculation of the
kinetic signals (Fig. 1A andB). The most important change spectra of the intermediates. The difference spectra taken at
the early time points show the existence of a red-shifted
component around 650 nm, presumably the K intermediate.
0.03:%\\ Later a peak around 500 nm appears, which can be attrib-
] 410 nm uted to intermediate L. Its decay is accompanied by the
] 850 hm y appearance of a strongly blue-shifted peak at around 410
-0.03; 610 nm ','!'570 o nm, characteristic of intermediate M. The red-shifted peak
0.061% does not disappear completely, but when the absorption at
] 410 nm approaches its maximum, a downshift of the red
part of the difference spectrum can be observed, accompa-
nied by an absorption increase, which suggests the appear-
ance of another intermediate. Finally all the absorption
changes disappear, showing that the pHR returns to its
unexcited state.

Because the intermediates strongly overlap both spec-
trally and in time, finding a unique set of spectra is seriously
hampered (Gergely et al., 1997). A control in the process of
calculation was a reasonable model fit with RATE to the
five absorption kinetic signals, when the extinction coeffi-
cients of the intermediates were taken from the calculated
spectra. Based on the kinetic similarities between the stud-
ied photocycle and that belonging to BR (Fig.BLandC),
the search was started with the same number of intermedi-
-6 -4 -2 ates and with a model containing reversible reactions. When

log time (s) five intermediate spectra were calculated (K, L, M, N, and
o ) O; data not shown) the spectrum of N was very broad and
FIGURE 1 Absorption kinetic signals measured at five wavelengths on. L .
pharaonis halorhodopsi®\( and bacteriorhodopsirCj in 1 M NacCl, 50 its peak coincided with that of HR. No matter how the

mM MES, pH 6, 20°C, and on pharaonis halorhodop@hif 100 mm  Starting parameters of the fit to the absorption kinetic sig-
NaN,, 1 M Na,SQ,, 50 mM MES, pH 6, 20°C. nals were taken, the fitting procedure resulted in no N
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Based on the resemblance of the azide photocycle with
that of BR, but with a multiphasic decaying part (similar to
pHR) and no intermediate N, the initially considered model
was:

KSLESM S OSHR = HR

Although the fit to the absorption kinetic signals (FigA%

had a relatively large error{(10%), it gave a general
scheme about the time course of the concentrations of the
intermediates (Fig. 8). The error could be attributed to the
above-mentioned presence of the sulfate photocycle. In the
starting model all the transitions were reversible, except the
last one, ensuring that the photocycle terminates in a stable
product. The fit resulted an M to L back-transition infinitely
slow, leading to a model with a unidirectional step between
these two intermediates:

KSL=>MS&S 0SS HR = HR

This results in the disappearance of intermediates K and L
in the second part of the photocycle. Large amount of O
appears, in strong equilibrium with intermediate M, which
does not accumulate as much as in BR. Thée fRerme-
diate had to be considered, based on the very long, multiex-
ponential decay of the absorption kinetic signals, and intro-
duced earlier for a similar reason in the chloride photocycle

FIGURE 2 SVD-filtered, time-resolved difference spectra measured on

pharaonis halorhodopsin at the indicated times after the photoexcitation.

Measuring conditions: 1M N&O,, 100 mM NaN, 50 mM MES, pH 6

and 20°C. 0.04
0.02+
intermediate in the photocycle. This led us to the conclusion ;
that only the spectra of K, L, M, and O intermediates are % 01
present in the set of difference spectra. Using this informa- S ]
tion the spectra of the intermediates were calculated (Fig. 3). : -0.024
8 ]
® .0.041
-0.06

8 :

- &}

5 =
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®
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FIGURE 4 @) the fit of the photocycle modelb(oken line$ to the

FIGURE 3 Thespectra of intermediates calculated from the difference absorption kinetic signalscéntinuous lines (B) time evolution of the
spectra shown in Fig. 2. The small secondary peak in the spectrum of L can loncentration of the intermediates. Measuring conditions were the same as

attributed to the 5-10% sulfate photocycle present after the photoexcitationin Fig. 2. The error of the fit was=10%.
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of pHR (Vaot et al., 1995a,b). To determine the energeticand h is the Planck’s constant. From the calculated transi-
scheme of the photocycle, the temperature dependence tibn energies the energetic scheme of the whole photocycle
the absorption kinetic signals were measured between 10°®@as drawn (Fig. 7). All the energy levels are relative to K
and 30°C (Fig. 5). Below 10°C it was impossible to make(or M in the second part). The exact position of the energy
this measurement: the BBO, precipitated, and the sample level of K (or M), relative to unexcited HR is not known,
became opaque and scattered the measuring light. Despibecause the quantum efficiency and the energy stored in K
the large error in the model fit, the Eyring plot of the rate were not determined. As the reverse transition M to L does
constants showed a reasonable linear dependence (Fig. @t exist (it is unmeasurably slow, compared to the others),
indicating that the model is correct. all that is known is that the free energy level of M is much
The fit of the data with two parallel photocycles was alsolower than that of L, but no information exists about its
investigated. The temperature dependence of the rate copesition in enthalpy and entropy diagrams. Although M is
stants gave no linear Eyring plot, eliminating this modelplaced at the same level as K, the dashed line separates the
from further consideration, similar to the case describedwo parts, indicating that they are not related. The enthalpy

earlier for BR (Ludmann et al., 1998b). and entropy diagrams show great similarity to that of chlo-
The free energy, enthalpy, and entropy of the photocycleide transporting pHR (V@ et al., 1995b).

transitions were calculated as previously (¥at al., 1995a; The light-induced electric response signal measurements

Ludmann et al., 1998b) using the Eyring formula: provide information about the charge motions inside the

membrane. The electric signals of pHR were much smaller
AHY  AS ke T g b

Ink = — + +1n than that of BR. The membranes containing pHR form
R-T R h almost closed vesicles leading to a low degree of orientation
AG = AH*—T-AS by external electric field applied in the course of the sample

preparation. The samples were measured in three different
wherek is the rate constant, is the temperature expressed bathing solutions and compared with each other and with
in °K, Ris the gas constarkg is the Boltzmann constant, that of BR (Fig. 8). The fast component of the current signal

measured in the presence of chloride is positive (in the same

direction as that of the net charge transport) (curve A), in

0.04 410 nm sulfate is negative (curve B), whereas in azide it is negative
0.03. and crosses the zero line (curve C), becoming very similar
o ' to that of BR (curve BR).
§ 0.02;
y DISCUSSION
g 001 _ N
The changes in the absorption kinetic signals when the
0 chloride is exchanged with azide (Fig. 1) and the resem-
blance of these traces to that of BR raises the following
questions: What kind of processes inside the protein were
0.014 changed? Which steps are common in the proton and chlo-
° ride translocation and which are different? Which steps
2 0 determine the specificity of the transported ion? To clarify
% these questions, a thorough investigation of the azide pump-
4 -0.014 ing photocycle of pHR was carried out and compared to the
@ two related photocycles: the proton transporting photocycle
-0.01 of the BR and the chloride transporting photocycle of the
pHR.
o 0.02 It was established before that the binding constant of
= azide to pHR is 10 mM (Vi@ et al., 1996). In the bathing
S 0.014 solution of the sampl 1 M Ng,SO, and 100 mM azide was
I present, leading to a non-homogeneous sample containing
® 0 Z 90-95% azide-bound protein. Because the spectrum of the

) azide-free protein is shifted with about 13 nm toward the
log time (s) red, the laser excitation at 532 nm is less effective upon it
than upon the azide-bound pHR. Maximum 10% of the

FIGURE 5 Absorption kinetic signals measured on pharaonis halorho- ited tei th h th lled Ifat hot
dopsin at different temperatures. From right to left the temperatures are 1(5:7‘XCI €d protein goes throug € so-callea suliate pnhoto-

15, 20, 25, and 30°C. The other measuring conditions were the same as fyCle (Va0 et al., 1995a). This photocycle consists of only
Fig. 2. one intermediate, with its absorption maximum around 670
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FIGURE 6 The Eyring diagram of the 1 ]
rate constants calculated from the model g . \4
with reversible reactions. The lines are the
fits from which the thermodynamic param- = 91 1
eters were calculatedA( Forward reac- i M-O | |
tions of the model.B) Back reactions. The L-M O-M
error of the fit is£5%. 1 '\.\'\'\' .
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nm, and decays in the 1@s to millisecond time domain. tribute to the signal, it would be very difficult to separate the
The broadening in the red side of the spectrum of intermetwo photocycles. The 10% sulfate photocycle is considered
diate K and the small extra peak in L (Fig. 3) were attributedas an error in the fitting procedure, when the extinction
to this photocycle. Not having exact information about thecoefficients are taken from the spectra of intermediates at
quantum efficiencies of the two protein forms, which con-

pHR
° A
E 20
< 2
9 =
K LiM O hr &
5
© 0.02
£ K M
T ]50 . | | |
HR' . P BR
HR' 3
¥ K M S
s 0 = 5
£ 3
3
Py [50 i
b 7 5 3
reaction coordinate log time (s)

FIGURE 7 The free energy, enthalpy, and entropy diagram of the pharaFIGURE 8 Light-induced electric signals of pharaonis halorhodopsin
onis halorhodopsin azide photocycle calculated form the fits shown in Fig(upper panél and bacteriorhodopsirofver pane) measured on oriented

6. The transition between intermediates L and M is unidirectional, whichgel samples. The measuring conditions are as follows: Line A and BR were
leaves undetermined the position of the energy level corresponding to Mieasured in 1M NaCl, line B in 0.5 M N&QO,, and line C in 0.5 M
represented by the separating broken lines between the two intermediatdda,SO, and 100 mM Nal. All solutions had 25 mM MES, pH 6, 20°C.
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the measured wavelengths. It is known that the sulfatehloride photocycle of pHR are enthalpy-driven (Gat al.,
photocycle is completed in several ms and affects only thd995a). The transitions in the azide photocycle of pHR are
red end of the intermediate spectra. Nevertheless, when ttedso enthalpy-driven. Except the reaction between interme-
absorption kinetic traces are fitted with the RATE program,diates L and M, where there is no information about the
the errors are distributed uniformly on all wavelengthsrelation between the energy levels, all the other enthalpy
(Fig. 4 A). levels look very similar to the chloride photocycle. The
The time-dependent concentration changes of the intelchange in the function of the protein did not change the way
mediates of the azide photocycle of pHR were compareghe energy is stored and used during the photocycle. From
(Fig. 4 B) with the chloride photocycle ((fa et al., 1995a) the thermodynamic study can be concluded that in BR the
and that of BR photocycle (Ludmann et al., 1998b). The Kconformational changes of the protein drive the photocycle,
to L transition is as fast as in chloride, but the equilibrium resulting in decreasing entropy. In pHR the driving force
between the two intermediates is shifted to a lower Kresylts mainly from changes in the electrostatic interactions
concentration and these intermediates disappear from thgside the protein.
photocycle in the ms time region, similar to that in BR. In The electric signals are characteristic to the charge trans-
the microsecond range, but later than in BR, the M interqgcation steps in BR and pHR (Ludmann et al., 1998a,
mediate appears, indicating that the Schiff base deprotoygg). The fast component of the current signal in BR and
nates. The ri§e pf M is not as clearly multiph.asic asin BR-pHR in different conditions were compared (Fig. 8). In BR
The model fit did not demand the introduction of two M e glectrogenicity of intermediate K was negative, the L
forms, but this does not exclude the existence of them. Iny 54 negative and about two times larger, resulting in a fast
both BR and pHR, intermediate M reaches its maximum, o ative signal, which crosses the zero line, becoming pos-
concentration in about the same time. The elimination Ofitive in several microseconds (Fig. 8, BR). The positive

intermediate N from the photocycle model does not MeAR rrent corresponds to the rise of the M intermediate (Lud-

thbat It '3 %)mpletely excludted, only ttgat ('jt canh r:ﬁt bNe mann et al., 1998a). In the chloride photocycle of pHR the
observed. Jur measurements can not decide, whether ésfectrogenicity of K was negative, that corresponding to L
absent from this photocycle or only due to kinetic reason

d not accumulate. Insteafild a large amount of O | as positive and about three times larger, resulting in a
0€s not accumuiate. ‘nstea arge amount o S positive signal (Fig. &) (Kalaidzidis et al., 1998; Ludmann
accumulated. The equilibrium constant of the M to O tran- . . P
IR A . et al., 2000). With pHR in sulfate, where a K-like interme-
sition is almost 1, resulting in a equal amount of interme- . : s
. . ] diate dominates the photocycle (et al., 1995a), the fast
diates M and O, decaying through HR> HR. component was negative and it decayed to zero, without an
All the transitions in the second part of the photocycle P 9 Y ' y

have weak temperature dependence, reflected in the absogyg_z't've comggngn:[dgFl?. Bt) (Ludmanntet ?It.hZOOO). V\/the_n |
tion kinetic measurements over the millisecond time rang zlde was added, the fast component ot the current signa

(Fig. 5). The only exception is in the 650 nm measuremen was also negative and later crossed the zero line (RD. 8

characteristic for intermediate O, where a more accentuatédS (e €lectric signal was very small, and the fast compo-
change can be observed. With increasing temperature tHiNt Was close to the time resolution of the systems (100
amount of intermediate O decreases, contrary to the gM@S). it cannot be excluded_ that the first positive peak is an
photocycle (Fig. 5, panel 650 nm). This can be attributed td?Vershoot, after the negative component. The second posi-
the fact that the slope of the reverse transition O to M isiiVe Peak, in the microsecond time domain, corresponds to
larger than that corresponding to M to O and all the otheth® rise of the intermediate M. The appearance of the fast
transitions after intermediate O (Fig. 6). The free energynegative component and the positive component corre-
scheme, calculated from the Eyring plots, show two unidi-SPonding to intermediate M makes the photoelectric re-
rectional reactions, between intermediates L and M, and thgPonse signal of the azide photocycle very similar to that of
final decay of HR. A reaction between two intermediates BR (Fig. 8).

was considered unidirectional, when the forward reaction is The combination of electrogenicities corresponding to
at least 100 times faster than the corresponding back reatitermediates K and L yields the fast part of the electric
tion. This corresponds to at leastl1l kJ/mol free energy response signal. Depending on their sign and amplitude, the
difference between the two states. The BR photocycle med€esult can be either positive or negative. The K intermediate,
sured over pH 6 had also two unidirectional reactions (LudWhich corresponds to the retinal isomerization in all photo-
mann et al., 1998b). The free energy scheme of both chloeycles, has negative electrogenicity (Ludmann et al., 1998a;
ride transporting photocycle of pHR and the proton-Ludmann et al. 2000). This process seems to be similar in
transporting photocycle of BR are similar. Great differencesboth proteins at all conditions. The electric signal of the L
exist in the enthalpy and entropy changes, however. Whiléntermediate corresponds to a local relaxation of the protein
the reactions in the photocycle of BR are entropy-drivenaround the retinal chromophore. This relaxation is sensitive
because the entropic energy TAS) decreases in almost to the presence of the proton acceptor. It is positive in the
every reaction (Ludmann et al., 1998b), the transitions in th@bsence of the proton acceptor and decreases or becomes
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negative when the acceptor is present. All the other transRickopf, S., U. Alexiev, M. P. Krebs, H. Otto, R. Mollaaghababa, H. G.

; i Khorana, and M. P. Heyn. 1995. Proton transport by a bacteriorhodopsin
porting steps are positive (Ludmann et al., 1998a, 2000). mutant aspartic acid-85=asparagine, initiated in the unprotonated

Comparing the proton-transporting photocycle of pHR in - schiff base stateProc. Natl. Acad. Sci. US/42:11519-11523.
the presence of azide to that of BR, it is shown here thabrachev, L. A., A. D. Kaulen, and V. P. Skulachev. 1984. Correlation of
kinetically they are very similar, with the very characteristic photochemical cycle, H release and uptake, and electrical events in
intermediate M containing unprotonated Schiff base. The PacteriorodopsinFEBS Lett178:331-335. _

f charae translocation. manifested in the eIeCtI,i8uschl, A., J. K. Lanyi, and L. Zirrayi. 1990. Properties and photochem-
p_rocessj 0 9 G v S istry of a halorhodopsin from the haloalkalophile, Natronobacterium
signal, is also very similar in the azide photocycle of pHR pharaonisJ. Biol. Chem265:1261-1267.
and BR. On the other hand, energetically the azide photosergely, C., C. Ganea, G. I. Groma, and Gr&/al993. Study of the
cycle remains analogous to that of the chloride transporting E?;’;ﬁ%cfé";g 4°7h8ai%i8”§°“°”5 of the bacteriorhodopsin mutant DIGN.
one. It is driven by enthalpy decrease during the transition% T ' ) . o

) . . ergely, C., L. Zimayi, and G. Vab. 1997. Bacteriorhodopsin interme-
between the intermediates. The transformation of the chlo- giate spectra determined over a wide pH rangePhys. Chem. B.
ride-transporting photocycle to the proton-transporting one 101:9390-9395.
by simply replacing chloride with azide, which takes the Gerscher, S., M. Mylrajan, P. Hildebrandt, M. H. Baron, R:IMy and M.

. . Engelhard. 1997. Chromophore-anion interactions in halorhodopsin
role of both the proton donor and acceptor in the protein and from Natronobacterium pharaoniprobed by time-resolved resonance

the great similarity of it to that of BR, proves that the two  Raman spectroscopiochemistry.36:11012-11020.
very different ions are transported via the same basic stepsolub, G., and W. Kahan. 1992. Calculating the singular values and
pseudo-inverse of a matri€IAM J. Num. Anal2:205-224.
Haupts, U., J. Tittor, E. Bamberg, and D. Oesterhelt. 1997. General concept
We are grateful to Prof. L. Keszthelyi and Dr. L. Zima for helpful for ion translocation by halobacterial retinal proteins: the isomerization/
discussions. This work was supported by grants from the National Science switch/transfer (IST) modeBiochemistry 36:2—7.
Research Fund of Hungary (OTKA T022066, T020470) and the Researchlavelka, W. A., R. Henderson, and D. Oesterhelt. 1995. Three-

Fund of the Hungarian Academy of Sciences (AKP 97-71 3, 3/52). dimensional structure of halorhodopsin7aA resolution.J. Mol. Biol.
247:726-738.
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