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Kinetic and Thermodynamic Study of the Bacteriorhodopsin Photocycle
over a Wide pH Range

Krisztina Ludmann, Csilla Gergely, and Gyérgy Varé
Institute of Biophysics, Biological Research Centre of the Hungarian Academy of Sciences, Szeged H-6701, Hungary

ABSTRACT The photocycle of bacteriorhodopsin and its thermodynamic parameters were studied in the pH range of 4.5-9.
Measurements were performed at five different wavelengths (410, 500, 570, 610, and 650 nm), in the time interval 300 ns to
0.5 s, at six temperatures between 5 and 30°C. Data were fitted to different photocycle models. The sequential model with
reversible reactions gave a good fit, and the linear character of the Eyring plots was fulfilled. The parallel model with
unidirectional reactions gave a poor fit, and the Eyring plot of the rate constants did not follow the expected linear behavior.
When a parallel model with reversible reactions, which has twice as many free parameters as the sequential model, was
considered, the quality of the fit did not improve and the Eyring plots were not linear. The sequential model was used to
determine the thermodynamic activation parameters (activation enthalpy, entropy, and free energy) of the transitions and the
free energy levels of the intermediates. pH dependence of the parameters revealed details of the transitions between the
intermediates: the transitions M, to M, and N to O disclosed a large entropy increase, which could be interpreted as a
loosening of the protein structure. The pH dependence of the energy levels explains the disappearance of intermediate O at
high pH. A hypothesis is proposed to interpret the relation between the observed pK, of the photocycle energetics and the
role of several amino acids in the protein.

INTRODUCTION

The light-driven proton pump in the cell membrane of mediates have broad absorption bands and some are spec-
Halobacterium salinarumbacteriorhodopsin (BR), is the trally indistinguishable. The kinetics of the intermediates
simplest active membrane transport protein. Its sequencare complex and multiexponential and have many solutions,
contains 248 amino acids. The structure of the protein isvith the same goodness of fit (Nagle, 1991; Dioumaev,
resolved to less than 0.3 nm (Henderson et al., 1990; Grigt997; Szundi et al., 1997). The proposed solution to this
orieff et al., 1996; Kimura et al., 1997; Pebay-Peyroula etproblem is to collect sets of data in continuously changing
al., 1997). This refined structure gives the positions of theexternal conditions (temperature or pH) and look for a
amino acid side chains and some water molecules in themooth change of the fitting constants in the function of this
proton-transporting channel. Unphotolyzed BR can exist irparameter. In other words, instead of a two-dimensional set
two states: the “dark-adapted” state, consisting a mixture opf data (wavelength and time), at least one other dimension
about equal quantities of aifans 15-anti and 13eis, 15-  must be introduced (temperature or pH) (Nagle, 1991; Di-
synretinal in thermal equilibrium, and the “light-adapted” oumaev, 1997).

state, containing only atlkans 15-anti retinal. On light The two most widely accepted models are: 1) the
excitation, the protein containing i3s retinal from the  branched photocycle for the early intermediates, or a paral-
dark-adapted BR has a simple photocycle consisting of twge| photocycle containing unidirectional reactions between
intermediates (Lozier et al., 1992; Gergely et al., 1994)the intermediates (Dancshaet al., 1988; Drachev et al.,
with no proton transport activity. Photoexcited BR contain-1993: Eisfeld et al., 1993; Song et al., 1994; Luchian et al.,
ing all-transretinal passes through a series of intermediate|996), and 2) reversible reactions in a single photocycle,
states (denoted by K, L, M, N, and O), and a proton isjeading to transient equilibria between the intermediates
transported through the membrane from the intracellular tgames and Mathies, 1990; V@aand Lanyi, 1990a; Lozier et
the extracellular phase (Ebrey, 1993; Krebs and Gobing. 1992: Druckmann et al., 1993; Hessling et al., 1993).
Khorana, 1993; Lanyi and VY&, 1995; Haupts et al., 1997). The second model is more accepted because it better de-
There are different photocycle models in the literature, andscripes recent experimental results, but the possibility of
these could theoretically involve different transport mechaparallel models has not been ruled out. At pH 9.4, which is
nisms. A unique photocycle model based on a single set ghe pK, of GIu?®* (Balashov et al., 1996; Richter et al.,
absorption kinetic measurements is unlikely, as the inter1g9gga), BR exists in two states with the Glu protonated or
unprotonated; hence the possibility of two parallel photo-
cycles, both with reversible reactions.

The only way to decide between the different models is to
Biological Research Centre of the Hungarian Academy of Science, Szegeémd a physical phenomeqqn that rules out one or more_ of
Temesvari KRT 62, H-6701, Hungary. Tel.: 36-62-432232; Fax: 36-62-them and proves the validity of another. The model with
433133; E-mail: varo@everx.szbk.u-szeged.hu. reversible reactions is favored by the fact that it assumes a
© 1998 by the Biophysical Society unique and reasonable mechanism of proton transport,
0006-3495/98/12/3110/10  $2.00 whereas the parallel model requires different mechanisms

Received for publication 18 March 1998 and in final form 26 August 1998.
Address reprint requests to Dr. Gyorgy nga Institute of Biophysics,



Ludmann et al. Thermodynamic Study of Bacteriorhodopsin 3111

for the different parallel branches. Although the parallelwell-characterized spectral changes have been observed,
model effectively explains cooperativity (Hendler et al., accompanied by changes in the photocycle and in the ion-
1994; Komrakov and Kaulen, 1995; Tokaji, 1995), a recenfppumping activity of BR (Mowery et al., 1979; Va and
description was made with the model with reversible reacLanyi, 1989; De et al., 1991). Above pH 9, deprotonation
tions (Vao et al., 1996). of some amino acids produces slight changes in the spec-
Spectrally “silent” transitions complicated model con- trum of BR and characteristic changes in the second part of
struction. During some processes, important changes occtitie photocycle (Dancskg et al., 1988; Cao et al., 1993;
in the protein without change in the spectrum of the inter-Szaaz et al., 1994; Balashov et al., 1996). The,pklues
mediate (Vab and Lanyi, 1990a; Chizhov et al., 1996). One of several functionally important amino acids have been
of the most important “silent” transitions takes place for determined both by theoretical calculation (Bashford and
intermediate M, when a conformational change in the proGerwert, 1992) and by using wild-type and mutant BR
tein structure occurs, and the accessibility of the deproto¢zimanyi et al., 1992; Brown et al., 1993; Sza et al.,
nated Schiff base of the retinal changes from the extracel{994; Alexiev et al., 1994; Balashov et al., 1996; Richter et
lular to the cytoplasmic conformation (W@and Lanyi, al., 1996a). The exact role of these pkKalues in the
1990a; Subramaniam et al., 1993; Friedman et al., 19943hotocycles is still subject to debate.
Han et al., 1994). Some other “silent” transitions have also |n the present study, we investigate the kinetic changes in
been reported: at low pH intermediate O and at high pHhe wild-type BR photocycle in a four-dimensional space:
intermediate N Sp“t into two SUbStates, controlled by thQNave|ength, time, temperature, and pH An energetic pic-
proton uptake of the protein (Ames and Mathies, 1990; Caqure of the photocycle is drawn at every measured pH. From
etal., 1993; Zimayi et al., 1993). Intermediate L has also the pH dependence of the rate constants and the energy
been suspected to consist of two substates, as reported ffels, conclusions are reached as to the causes of the
mutant D96N (Gergely et al., 1993). changes during the photocycle; these are related to different
Temperature-dependent absorption kinetic measuremenfgrations to predict the roles of several amino acids.
at as many wavelengths as the number of spectrally distinct
intermediates provide a prospect of solving the complex
photocycle kinetics (Nagle, 1991; Dioumaev, 1997). It
makes the determination of the energy barriers of the tranMATERIALS AND METHODS
sitions possible, and in the case of reversible reactions, equhrple membranes were isolated frétalobacterium salinarunstrain S9
the relative energy levels of the intermediates may be deny a standard procedure (Oesterhelt and Stoeckenius, 1974). The isolated
termined (V&b and Lanyi, 1991b), providing an overall purple membranes were embedded in polyacrylamide gel, as described
energetic picture of the protein function. Based on an enerelsewhere (Mowery et al., 1979; et al., 1985), with a BR concentration
getic point of view, early attempts were made to describef ~15 #M. The thoroughly washed gels were soaked overnight in 100
" . mM NacCl, 25 mM 2--morpholino)ethanesulfonic acid, and 25 mM Tris
several transitions of the photocycle, using the _temperaturguﬁers at the desired pH. The samples placed in the temperature-controlled
dependence of the apparent rate constants derived from tQgmple holder were light-adapted before the measurement.
multiexponential fits of the measured signals (Sherman and Optical absorption kinetic data were recorded at five wavelengths (410,
Caplan, 1975; Marque et al., 1984/ Naand Keszthelyi, 500, 570, 610, and 650 nm) after laser excitation of the sample, on a
1985; Tsuda et al., 1983; Miller and Oesterhel, 1990).'10991;‘5:““;“‘3 time Scf"e CO(;’?””géhe Ii”te“’a'h380 ns t°5g§_'sr(’\t’:‘aa'-lr
. . . AN excimer laser-ariven e laser (rnoaamine In e nel,
Other .teChmques’ such as photocalorlmetry and ph0t95-80 r)1m,E ~ 10 mJ, pulse durat)i/on 5 ns() excitedl5% BR from the
acoustic measurements, have also been used to determifg, e The measurements were performed at six temperatures between 5
certain thermodynamic aspects during protein function (Ortind 30°C, at every half pH unit from 4.5 to 9. The temperature dependence
and Parson, 1979; Garty et al., 1982; Schulenberg et alof the pH of the solution was checked at pH 5 and 8.5 and did not exceed
1994; Zhang and Mauzerall, 1996). Model-fitting has +0.1 units. This change could be neglected in the calculations, as will be
reached such a level of exactness that the thermodynam?eown in the Results. During the data collection, the laser intensity was

L . measured, and all of the signals were normalized to the same laser inten-
description derived from the temperature dependence of thg g

o . b . ) . sity, eliminating the=15% variation between the different measurements.

transition rates of the intermediates gives appreciable iNThese signals were used in the analysis without further changes, unless

sight into structural changes and other events during thetherwise mentioned.

photocycle (Vab and Lanyi, 1991a,b; “a et al., 1995). The extinction coefficients of the intermediates at the measured wave-
As BR is a proton-transporting membrane protein, theengths were determined, using spectral data from the literature (Gergely et

. . . al, 1997). The model-fitting to the data was performed with the RATE
photocycle is pH dependent (aand Lanyi, 1989, 1990b; program (Gergely et al., 1993, 1994/ Maand Lanyi, 1995, Vi et al.,

'V_“”er and OeSterhelt1 1990; Zimngi et al-_v 1992)- Intgrme- . 1995, 1996). The input of the program contained the five absorption kinetic
diate O, whose role in the photocycle is unclear, is easilyraces and the extinction coefficients. The rate constants and the relative
observed at low pH, and its presence decreases above pHahcentrations of the intermediates were calculated. The thermodynamic
(Chizhov et al., 1992; Popp et al., 1993; Otto et al., 1995 parameters of the transitions were determined from the temperature depen-
Luchian et al., 1996; Richter et al., 1996b). In Severaldenues of the rate constants, by using the EYRING program, written for

. . this purpose. The program applies a least-squares method to fit the natural
mutants, such as L93A and E204Q, intermediate O accqbgarithms of the rate constants to a straight line as a function of the inverse

mulates, simplifying its study (Brown et al., 1995; Richter et apsolute temperature (Eyring plot). Activation enthalpy, entropy, and free
al., 1996b; Subramaniam et al., 1997). Below pH 4, severadnergy are calculated.
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RESULTS

A representative set of signals measured at pH 7 is pre-
sented in Fig. 1. The wavelengths characteristic mainly of
each of the photocycle intermediates were chosen. An in-
crease of 25°C in temperature produced a shift of more than
one order of magnitude toward faster transitionsr@vand
Lanyi, 1991b), giving the possibility for a correct calcula- -0.21
tion of the thermodynamic parameters from the Eyring
plots.

The pH dependence of the signals was weaker than its
temperature dependence, as is evident from the 410-nm a'ﬁ’GURE 2 Absorption signals measured at 410 and 570 nm, 20°C, at
570-nm signals separately normalized to their extrema (Fignree different pH values: ------ , pH;5 — — pH 7: — —, pH 9. The
2). An increase of two pH units produced a change less thameasuring conditions were the same as in Fig. 1. The signals are normal-
or equal to that caused by a temperature increase53C.  ized to their extrema.

For this reason &0.1 unit change in the pH of the solution
could be neglected. The rise in the photocycle did not

change at low pH, b.Ut It becam.e quter when the PH Wadt mathematically correct models, our study was limited to
raised from 7 to 9. This acceleration is related to thetltratlon[hat generally used in the literature: the sequential model

204 . H
of .Glu (Brown et al., 1995; Richter et "?‘l" 1996a). On with reversible reactions between the intermediates (Ames
going from pH 4.5 to 7, the decay of the signal was accel-and Mathies, 1990: Wa and Lanyi, 1990a,b; \a et al.,
erated; then, from pH 7 to 9, the second part became sloweiggo).

Amplitudes of the signals were not strongly temperature
dependent (Fig. 1), but the second part of the signal mea-K <L < M; < M,<>N<O—=BR and N—BR
sured at 650 nm, characteristic of intermediate O, exhibited (m1)

strong temperature dependence. Signals measured at 6?Re two parallel reactions have all of the intermediates in

nm, 30°C (Fig. 3), demonstrate that even at pH 9, mterme-?oth branches, with unidirectional reactions between them

diate O still exists, which indicates that the dlsappearanceoDanCShEly et al., 1988: Tokaji and Dancshg 1992

this intermediate at around pH 7 is energe'tlcally medlatedqrachev etal., 1993; Eisfeld et al., 1993; Song et al., 1994):
Early parts of the same traces, characteristic of the decay 0

abs. change

log time (s)

intermediate K, are almost pH independent. K,—~L;,—M;—>N; >0, —BR
The absorption changes are very complex and cannot be (m2)
described by a simple kinetic model. From the high number K;—L,—>M;—>N,—0,—BR

and a generalization, containing both models, involving two
parallel branches with reversible reactions between the

410 nm
(]
[=))
c
] 570 nm
[¥]
g | 0.1
C ] S
610 nm £
[5]
%)
Q
o
§ 650 nm
T T T T T T
7 5 3 1
log time (s) T T T T
7 5 3 1
FIGURE 1 Absorption signals measured on purple membranes embed- log time (s)

ded in polyacrylamide gel at pH 7, at five wavelengths and at six temper-

atures. From right to left, the temperatures are 5, 10, 15, 20, 25, and 30°G:IGURE 3 Absorption change measured at 650 nm and 30°C at five pH
The measuring conditions were 100 mM NacCl, 25 mMN2rjorpholin- values. Even at pH 9, there is a positive absorption change in the milli-
o)ethanesulfonic acid, and 25 mM Tris buffers. second time range, showing the existence of the intermediate O.
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intermediates:

KieeLi<M;< N, <0, —BR
(m3)
Ky, < L,<> M, < N, < O, —BR

relat. conc.

In the model m1, the branching at intermediate N was
introduced earlier and was shown to improve the fit by
taking into account the timing between the N and O inter-
mediates (Veb and Lanyi, 1990a,b; Y& et al., 1990). It
shows that in the pH range 4.6—7, for the decay of N, two
ways are possible simultaneously (Fig. 6). At pH above 7,
when O is still observed, it can decay only through N. A
truncated version of m3 (Eisfeld et al., 1993; Hendler et al.,
1994; Luchian et al., 1996) was also tested by removing
intermediate O from one branch and N from the other. The
fits were calculated with the RATE program. The extinction
coefficients taken from the literature could be used for all
models as the spectra of the intermediates were calculated
independently of the model, over the same pH range
(Gergely et al., 1997). A representative set of fits is pre-
sented for model m1 at pH 7 in Fig. 4. The model m2 had
a large error at~10 us (not shown). Model m3 had the
same quality of fit as m1. By starting the fit from a different - : -
initial parameter set, it was ensured that the result did not log time (s)

relate to a local minimum.

Only model m1 proved to give a linear dependence of theFIGURE 5 Changes in concentration of the intermediates resulting from
rate constants on the Eyring plot; thus only this model wadhe fit of the sequential model with reversible rez_:lctions to the s_ignals
further analyzed. The changes in the concentrations of thg:ﬂeasurEd at 20°C at three pH values. Decreases in the L and O interme-
. . . . lates and increases in,Mind N can be observed with increasing pH.
intermediates as a function of pH (Fig. 5) reveal that at low
pH there is an equilibrium between intermediates &hd
M,, but the reaction becomes unidirectional above pH 6. AEyring plots of the rate constants calculated from models
transition was considered unidirectional when the backm2 and m3 exhibited strongly nonlinear dependence (not
reaction was more than two orders of magnitude slower thaghown), whereas the rates from model m1 were linear (Fig.
the forward reaction. With increasing pH, the concentra-7) at all pH values. There are three strongly temperature-
tions of intermediates L and O decreased, andadid N dependent transitions in the second part of the photocycle:
increased. the reactions N to O, N to BR, and O to BR, indicating a

The transition between Mand M, becomes unidirec- higher activation barrier of these reactions at pH 7.
tional between pH 5 and 6. The transition O to BR closes The thermodynamic parameters were calculated by using
between pH 7 and 8 (Fig. 6). The rates of all of the otherthe formulae
reactions, except that between intermediates K and L, .
change above pH 7. Hence only a few p¥alues have a nk= _Ai n Aﬁ +n M
major effect on the photocycle in the studied pH range. The R-T R h

AG* = AH* — T-AS

wherek is the rate constant, is the temperature in KR is
the gas constankg is the Boltzmann constant, aridis the
reduced Planck’s constant. Throughout the papét, AS
and AG denote enthalpy, entropy, and free energy, and
AH*, ASf, and AG* are the activation enthalpy, entropy,
and free energy of the transition, respectively.
As the pH is raised, there are several changes between the
. energy levels of the intermediates (Fig. 8): the appearance
7 S -1 of nonreversibility between Mand M,, the downshift of N,
log time (5) and a small decrease in the energy level qf Whe energy
FIGURE 4 The signal measurement at pH 7, 20°C (—), and the fit weontent of intermediate K was not determined in this study

the sequential photocycle model with reversible reactions between th®Ut was used as a refgrence, _becaus? the photon energy
intermediates (- — -). absorbed and kept in this state is used in the photocycle to

abs. change
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FIGURE 6 Logarithms of the rate constants as a function of pH. Several 1T (°K)

intervals involve major changes: the interval pH 6—7 for thethM,
transition, pH 7-8 for the O-to-BR transition, and pH above 7 for several

- FIGURE 7 The Eyring diagram of the rate constant resulting from the
other transitions.

signals measured at pH 7, calculated with the sequential model with

reversible reactions. The lines are a result of the fit, from which the

thermodynamic parameters were calculated. The error of the fits is less
transport a proton across the membrane. When the transitiaRan +3%.

of M, to M, becomes unidirectional and the energy differ-

ence between the two levels becomes unknows, i/

arbitrarily set equal td, although its undetermined value is shows the total energy of the protein, the relation between
believed to be much lower. In the studied pH range nathe M, and O intermediates is almost unchanged; only the
change in the BR ground-state spectrum was observe@nergy level of N is shifted down, accompanied by an
Without excitation, no photocycle intermediate was ob-increase in the height of the free energy barrier betwesn M
served in the sample, leading to the conclusion that the lastnd N.

step of the photocycle is unidirectionaIF.JBThere is a reappear-

ance of a difference in the gk of Asp® and the Schiff

base, which determines the unidirectionality of this step,DISCUSSION

when the proton is transferred to the proton release grouphe study of the BR photocycle was restricted to the pH
(Brown et al., 1993, 1995; Balashov et al., 1996). Theinterval 4.5-9, where no major changes were previously
relation of the energy levels of the intermediates to theobserved, increasing the likelihood of describing the kinet-
ground-state BR is therefore unknown. From the conditiorics with a single model. Below pH 4.5, because of the
of unidirectionality, it is concluded that the difference be- protonation of Asf®, not only does the spectrum change
tween the free energy levels of,Mind M, at high pH, and because of the blue form of the membrane (Mowery et al.,
that of N or O and BR should be more therd1 kJ/mol. The  1979; Va6 and Lanyi, 1989), but the photocycle and ion
enthalpy (Fig. 9) and entropy (Fig. 10) of the photocyclepumping activity of the protein are changed as well (Bt
reveal interesting details about energy localization and conal., 1991). Above pH 9, the titration of GRf* (with pK, =
formational changes in the protein. There are two majo9.4) produces inhomogeneities in the sample (Cao et al.,
transitions where the entropy of the protein (Fig. 10) in-1993; SZeaz et al., 1994; Brown et al., 1995; Balashov et
creases: the transitions;Mo M, and N to O. These are al., 1996; Richter et al., 1996a). It is important to note that
more explicit when the difference between the two nearesbur data collected at pH 8.5 and 9 were already partially
energy levels is presented as a function of pH (Fig. 11). Iraffected by this. The four-dimensional data collected allow
the first case, entropy increase is accompanied by an erfer consistent analysis of different photocycle models. The
thalpy decrease, giving a total free energy decrease, whictompanion paper in this issue (see Ludmann et al., 1998)
favors the transition toward Mand hinders the reverse adds another dimension to the data sets by analyzing the
reaction above pH 6. With increasing pH, the transition N toelectrogenicity of the intermediates, using electric signal
O increases both its enthalpy and entropy, which leads to measurements, and corroborates the validity of model m1.
free energy increase, making this transition very unfavorSeveral characteristic features were observed. The temper-
able at high pH. In the free energy diagram (Fig. 8), whichature dependence of the kinetics is much stronger (Fig. 1)
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FIGURE 8 The free energy diagram of bacteriorhodopsin calculated
from the Eyring fits at three pH values. The most important features are th&IGURE 9 The enthalpy diagram of bacteriorhodopsin calculated under
nonreversibility of the M-to-M, transition over pH 6 and the downshift of the same conditions as in Fig. 8. The downshift of the intermediate N and
the energy level of intermediate N at high pH. the high energy value of the intermediate O are the most important features.

than their pH dependence (Fig. 2), although their charactersveen the “silent” intermediates were very poor. This is due
are different. Intermediate K was pH insensitive, whereago the relatively low concentration of intermediates N and O
intermediate O proved to be very temperature and pH deand the strong kinetic overlap of the substates, leading to
pendent (see Fig. 1, traces at 650 nm, and Fig. 3), as wdsgh uncertainty in their inner kinetic characterization. This
known from the literature (Chizhov et al., 1992). study does not rule out the existence of the above-men-
From the high number of mathematically correct modelstioned substates. Neglecting the “silent” transitions at the
those considered were the most common in the literaturend of the photocycle did not strongly influence the overall
and have some physical support. Model m1 gave a good fignergetic picture of the protein function.
for all of the pH and temperature values, with an error The Eyring plot of the rate constants for the sequential
characterized by? ~ 2.4 X 103 (Fig. 4). The fits were model with reversible reactions (m1) at every pH value gave
best at neutral pH. At pH 8.5 and 9, a slight but consistent linear dependence (see Fig. 7, pH 7). The deviation of the
increase iny® can be observed, showing the limit of appli- rate constants from the fitted line was withir8%. Several
cability for the model. Model m2 fitted the signals poorly rate constants calculated from the three parallel models (m2,
with x* ~ 8.9 X 10 °. Neither version of model m3 m3, and the truncated form of m3) gave nonlinear Eyring
improved the fit relative to model m1, giving® ~ 2.2 X plots (not shown). The entropy and enthalpy are functions of
103 Whereas the first two models have almost the saméhe heat capacity. In some cases, such as protein folding
number of independent parameters (13 and 12, respeceactions, the heat capacity is strongly temperature depen-
tively), m3 has 20. In several papers, more than two paralleflent, because the reorganization of the surface-bound water
photocycles are considered to explain the different experiis large. This could result in a curved Eyring plot (Baldwin,
mental data, but we did not consider them, as they contait986; Murphy et al., 1990). If the heat capacity change were
a very large number of independent parameters, leading tihe cause of the nonlinearity in models m2 and m3, this
a strong uncertainty of the fits. would produce similar curvatures for all of the reaction rates
A more complex sequential model with two N or O related to proton release or uptake. This was not the case, as
intermediates was also analyzed on the basis of the literatuR is a membrane protein in which there is some local
(Zimanyi et al., 1993; Cao et al., 1993). It did not improve reorganization of the water molecules during the photo-
the model fits, and the Eyring plots of the transitions be-cycle, but on a much smaller scale than in the case of
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FIGURE 10 Entropy diagram of bacteriorhodopsin calculated under thdfopY (AS) levels of the intermediates as compared to the energy levels of
same conditions as in Fig. 8. The entropy increases between M1 and M€ previous intermediates.

and between N and O are important. There are smaller changes between

early intermediates of the photocycle at high pH.

dependence of the rate constants (Fig. 6) reveals that this is

due to the existence of the back-reactiog ¢ M,. The
folding of the protein. Alternatively, instead of a single same equilibrium was observed at low pH in the photocycle
transition, there could be two or more subtransitions to-of mutant D96N (Zimayi et al., 1992), and a pkof ~5.8
gether. If, at different temperatures, different subtransitionsvas calculated for the blocking of the back-reaction tal
dominate energetically, then the Eyring plot becomes nonM,. For the wild-type BR, a pKbetween 5 and 6 can be
linear. This consideration leads to a more complex photoestimated (see Fig. 6). As the pH was raised above 7, the
cycle. A third possible explanation for the nonlinearity of reaction O to BR was blocked. It was shown that the
the Eyring plots is that, in the parallel branches, the similailO-to-BR reaction below pH 6 did not exist, playing an
rate constants had rather close values, and at one tempewgtive role only at high pH (U@ et al., 1990). That study,
ture the reaction proceeded in the first branch, and at arrelated to a more limited pH range, a more limited number
other temperature in the other branch, thereby causing af time points, and a simpler model, was considered to fit
compound change. Another feature of the fit of the parallethe data. The model contained only the decay part of the
models was that the Eyring plots of some rate constantphotocycle, and the Mto-N reaction was considered to be
yielded negative enthalpy barriers, which had no physicalnidirectional. Although this model was correct as concerns
meaning. In consequence of the above-mentioned prolihe existence of a branch after the intermediate N, the
lems—the poor fit of model m2 to the data, no improvementsimplifications gave an altered pH dependence of the O-
from model m3 as compared to the fit of the model m1to-BR reaction. Fig. 6 reveals that there is no rate constant
(despite the much larger number of independent paramehat decreases continuously as a function of pH and could be
ters), the nonlinearity of the Eyring plots, and the negativerelated to the proton uptake or the reverse of the proton
activation enthalpy values obtained from the rate constanteelease step. This confirms that the very important steps of
of models m2 and m3—only the sequential model involvingproton uptake and release are controlled by protonable
reversible reactions was analyzed further. This analysiamino acids inside the protein (Miller and Oesterhelt, 1990;
gave a consistent energetic picture of the BR photocycl®rown et al., 1993; Balashov et al., 1996; Richter et al.,
over the entire studied pH range. 1996a). The pH dependence of the amount of BR recovering

At pH 5 (Fig. 5A), the presence of intermediates K and through the O intermediate was calculated: below pH 6.5 it

L can be observed up to the end of the photocycle. The phivas ~30% of the total BR recovery, decreasing above pH
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7 and vanishing above pH 8, following the feature of theenergy increase between the intermediates N and O, making
curve of the rate constant O-BR in Fig. 6. intermediate O very improbable at high pH. The conforma-

When the existence of the Mo-M,; back-reaction was tional energy decrease resulting from the entropy increase is
taken into account, the overall energy picture of the photostrongly counterbalanced by a large enthalpy increase. A
cycle could be calculated up to pH 6 (Figs. 8—10, pH 5). Thesimilar result was found by using absorption kinetic mea-
free energy indicates two important changes, a downshift osurements and a T-jump technique (¥and Lanyi, 1991b;
M., preventing the back-reaction between the two intermeChizhov et al., 1992). The energy picture of the protein
diates M, and at higher pH values a downshift of interme-reveals (Fig. 8) that all of these changes are caused by a
diate N, with an increase in the barriers around it. Becauséecrease in the free energy level of N as compared jo M
of this second change, the photocycle becomes sloweand O. The relation of Mand O remains almost unchanged.
intermediate N accumulates, and,Mecays with a more Although the entropy of the intermediate N is larger than
accentuated multiphasic character. A smaller free energthat of M, at pH 5, at higher pH values it becomes smaller
decrease between intermediates L and ads to the (Figs. 10 and 11).
accumulation of intermediate JMas observed in concentra- ~ Several amino acids play an important role in the proton
tion changes (Fig. 5, pH 9). This is related to the increase itranslocation, and their titration should have a major effect
the ground-state pof Asp®>, when GIF*is deprotonated, on the changes in the kinetics. A comparison of the, pK
helping a more effective proton transfer between the Schiffalues described in the literature with the pH dependence of
base and the proton acceptor A3fBalashov et al., 1996; the rate constants and the energetic pictures demonstrates
Richter et al., 1996a). The transition,Nb M, was earlier that the complex titration of ASp and GIf°* gives pK;'s
regarded as an entropy decrease stepr@\and Lanyi, very close to those observed (Balashov et al., 1996; Richter
1991b). At low pH, when this transition is reversible, it is et al., 1996a,b). The conformational changes could be in-
clear that this is not the case, and extrapolation to higher pHluenced, among other factors, by the protonation state of
values from the tendency of the change points to an entropthese two amino acids. During the transition L tq,Msp®®
increase during the Mto-M, transition (Fig. 11). We can- is protonated from the Schiff base, which leads to deproto-
not give an exact explanation for the discrepancy betweenation of GIf%* at neutral and higher pH (Yaand Lanyi,
our results and those published earlier (Ort and Parsord,990b; Ziniayi et al., 1992). Above pH 9, Gfd*is dep-
1979; Garty et al., 1982), but it can be conceived that theotonated in the ground BR state. Below pH 6, when®&lu
disagreement lies in the different measuring techniques. lecannot deprotonate, the proton release occurs later, directly
the above-mentioned papers, photoacoustic methods wefem Asp® (Vard and Lanyi, 1990b; Zirhayi et al., 1992).
used that cannot differentiate between the volume changda the steps after intermediate ,Mlarge volume changes
of the sample due to the heat exchange of the protein witlwvere not observed (VY& and Lanyi, 1995). The opening,
its surroundings and the volume change of the protein itselfwhich is probable on the cytoplasmic side (Subramaniam et
The time resolution of the earlier measuring system did notl., 1997), should therefore be accompanied by a corre-
extend far below the millisecond range, and the measuredponding volume decrease on the extracellular side.
signals were fitted with exponential. Through the change in the negative charge of the@lthe

The entropy increase means an addition in the conformaAsp®> complex on the extracellular side, during the pH
tional freedom of the protein, after the conformationalelevation, slows the reisomerization of the retinal needed for
change between the two M intermediates, leading to antermediate O. The neutralization of one of the charges
decrease in the rigidity of the crystalline structure. Theshould promote the appearance of intermediate O, observed
disappearance of the excitonic interaction between the retin the mutant E204Q (Brown et al., 1995). The decay of
nals, indicating a disordering of the retinal orientation,intermediate O is also controlled by the protonation state of
observed from circular dichroism measurements (Draheinthese two amino acids (Richter et al., 1996b). The mutant
and Cassim, 1985; Zimmgi et al., 1987), is readily ex- L93A similarly accumulates intermediate O, allowing us to
plained on the basis of the above result. The increase in théetermine a further conformational change in its photocycle
entropy difference and the decrease in the enthalpy differ(Kandori et al., 1997; Subramaniam et al., 1997).
ence between the two intermediates M as the pH increases The thermodynamic treatment of the BR photocycle fa-
result in a free energy decrease (Fig. 11), which gives theors the sequential model with reversible reactions as com-
driving force of the photocycle toward the later steps, mak-pared to the different parallel models. It also reveals details
ing the transition unidirectional above pH 6. The change inabout the formation and decay of the intermediates and
the free energy between the two intermediates M is ingives an explanation of how the accumulated amounts of

relation to the change in proton release (Znyiaet al., intermediates change with pH. It indicates the existence of
1992). The opening of the protein is energetically favored atwo large conformational changes in the second part of the
this stage of the photocycle. photocycle. The NHo-M, transition increases the unidirec-

Another large increase in entropy difference is observedionality of the photocycle when the proton concentration is
between the N and O intermediates as the pH is raised (Figlecreased, reducing the possibility of slip. This is achieved
11). This means further opening of the protein, now accomby a decrease in the free energy level of thg Eccompa-
panied by an enthalpy increase, which results in a fremied by an entropy increase, resulting in a conformational
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loosening. Other conformational loosening is identified dur-Druckmann, S., M. P. Heyn, J. K. Lanyi, M. Ottolenghi, and L. Ziyia
ing intermediate O. but it is accompanied by an increase in 1993. Thermal equilibration between the M and N intermediates in the

. . . photocycle of bacteriorhodopsiBiophys. J.
free energy, which hinders the appearance of O at hlgh pHEbrey, T. G. 1993. Light energy transduction in bacteriorhodopsin.

The companion paper (Ludmann et al., 1998) gives another Thermodynamics of Membranes, Receptors and Channels. M. Jackson,
corroboration of the sequential model, derived from the editor. CRC Press, Boca Raton, FL. 353-387.

electric signal measurements. Eisfeld, W., C. Pusch, R. Diller, R. Lohrmann, and M. Stockburger. 1993.
Resonance Raman and optical transient studies on the light-induced
proton pump of bacteriorhodopsin reveal parallel photocy@esxhem-
istry. 32:7196-7215.
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