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ABSTRACT The pressure dependence of the photocycle kinetics of bacteriorhodopsin from Halobacterium salinarium was
investigated at pressures up to 4 kbar at 25°C and 40°C. The kinetics can be adequately modeled by nine apparent rate
constants, which are assigned to irreversible transitions of a single relaxation chain of nine kinetically distinguishable states
P1 to P9. All states except P1 and P9 consist of two or more spectral components. The kinetic states P2 to P6 comprise only
the two fast equilibrating spectral states L and M. From the pressure dependence, the volume differences �VLM

0 between
these two spectral states could be determined that range from �VLM

0 � �11.4 � 0.7 ml/mol (P2) to �VLM
0 � 14.6 � 2.8 mL/mol

(P6). A model is developed that explains the dependence of �VLM
0 on the kinetic state by the electrostriction effect of charges,

which are formed and neutralized during the L/M transition.

INTRODUCTION

Bacteriorhodopsin (BR) is the best-characterized protein of
the four archaeal rhodopsins discovered in Halobacterium
salinarium. It can be found in the purple membrane of the
bacterium, where it functions as a light-driven proton pump
that generates a proton gradient between the cytoplasmic
and the extracellular side of the membrane. The bacterium
can use this potential for the synthesis of ATP. The proton
transport is performed during a multistep relaxation path-
way (photocycle) that was a subject to many investigations
since the discovery of BR in 1971 (Oesterhelt and Stoeck-
enius, 1971). Lozier et al. (1975) assigned the spectrally
distinct intermediates in an alphabetical order. There were
five intermediates in the microsecond to millisecond time
range, which they assigned as K, L, M, N, and O. Although
the appearance of only five spectrally distinguishable states
is still valid, additional investigations on the photocycle
kinetics showed that more than five kinetic components
(rate constants) are necessary to describe the photocycle of
BR. For recent reviews on the BR photocycle see Betan-
court and Glaeser (2000) and Balashov (2000).

BR is a remarkably stable protein that denatures at
�100°C (Wang and El Sayed, 2000) and shows no signif-
icant denaturation under pressures up to 26 kbar (Barnett et
al., 1997) at ambient temperature. Due to the latter obser-
vation, it is possible to monitor the pressure dependence of
the photocycle kinetics over a wide range.

The behavior of all systems under high pressure is gov-
erned by Le Châtelier’s principle, which predicts that the
application of pressure shifts an equilibrium toward the state
that occupies a smaller volume and accelerates processes for
which the transition state has a smaller volume than the

ground state. The knowledge of the reaction volume �V and
activation volume �V‡ provides important constraints on
the nature of the reaction and its mechanism. In most cases,
pressures used to investigate biochemical systems range
from 1 bar up to 10 kbar. Such pressures only change
intermolecular distances and affect conformations, but do
not change covalent bond distances or bond angles. The
covalent structure of low molecular weight biomolecules, as
well as the primary structure of macromolecules, is not
perturbed by pressures up to �20 kbar. Pressure acts pre-
dominantly on the spatial (secondary, tertiary, quaternary,
and supramolecular) structures of these macromolecules. A
detailed discussion about the effects of pressure on proteins
and the elementary processes that correspond to an overall
volume change of biological systems have been reviewed in
detail (Gross and Jaenicke, 1994; Mozhaev et al., 1996;
Winter and Jonas, 1999).

Volume changes associated with the reactions during the
BR photocycle have been measured in different ways. In-
formation on volume changes of proteins has been obtained
by optoacoustic spectroscopy, which monitors reactions in
the nano- and short microsecond time range (Braslavsky
and Heibel, 1992; Schulenberg et al., 1994). The observable
time range can be expanded into the micro- and millisecond
range by combination with the photothermal beam deflec-
tion method (Schulenberg et al., 1995; Jackson et al., 1981).
Using these methods, Schulenberg et al. (1994, 1995) found
a contraction of 11 ml/mol during the first 200 ns of the BR
photocycle, which the authors ascribed to the BR3K tran-
sition. Subsequent expansions of 60 and 145 ml/mol were
attributed to the transitions K3L and L3M, respectively,
and a second contraction of 185 ml/mol was found for the
decay back to the ground state.

Another approach to elucidate the effect of pressure on
the photocycle of BR is the investigation of the pressure
dependence of reaction half times. From the absorbance
changes at a monitoring wavelength of 412 nm, Tsuda et al.
(1983) determined the half time of the M intermediate at
pressures up to 2700 bar. Marque and Eisenstein (1984)
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analyzed three characteristic wavelengths at pressures up to
1700 bar and extracted three apparent half times. They
assumed an unidirectional sequential photocycle and attrib-
uted the apparent half times to the K3L and the L3M
transition as well as a component that describes the slower
part of the photocycle. Both investigations demonstrated the
deceleration of kinetics upon the pressure increase.

Váró and Lanyi (1995) performed pressure-dependent
experiments up to 1000 bar at pH 10. The authors concluded
that the largest volume increase of �30 ml/mol occurs at the
M13M2 irreversible step of the BR transformations. They
attributed this to the outward tilt of the cytoplasmic end of
helix F. This result does not agree with direct photoacoustic
measurements of the volume increase of 145 ml/mol due to
the L to M transition (Schulenberg et al., 1995).

In this article, we present the results of investigations of
the BR photocycle kinetics measured at the wider pressure
range up to 4 kbar at two selected temperatures, 25°C and
40°C, and pH 7.0. The kinetic model and the method for
data evaluation of Chizhov et al. (1996) have been used for
the data analysis. These measurements allowed for the first
time to separate the volume changes due to a small event,
presumably the movement of a single proton, from the
volume changes due to the global conformational changes
that take place during the photocycle. Note that there is
no direct compliance between the information obtained,
i.e., by optoacoustic spectroscopy and our results, but
both should serve to elucidate the true thermodynamic
path of the relaxation.

MATERIALS AND METHODS

Sample

The purple membrane suspension was prepared from Halobacterium sali-
narium (strain S9) according to the method of Oesterhelt and Stoeckenius
(1974). The BR concentration was �4 � 10�5 M, pH 7.0 (15 mM
Tris/HCl). This buffer has a nearly zero ionization volume (Gross and
Jaenicke, 1994) and was used to ensure a constant pH over the measured
pressure range. The salt concentration was 150 mM NaCl.

High pressure equipment

The high pressure cell was described in detail elsewhere (Woenckhaus et
al., 2000). It is equipped with flat diamond windows and a thermostatable
jacket. The pressure was changed by a hand operated hydraulic pump with
water as pressurizing medium. The pressure was determined by a manom-
eter from Heise, New England, Newtown with an accuracy of �10 bar. The
high-pressure tubings, valves, and the pressure pump were purchased from
Nova Swiss (Effretikon, Switzerland).

Photocycle measurements

The laser flash photolysis setup was similar to the setup used by Chizhov
and coworkers (Chizhov et al., 1996; Chizhov and Engelhard, 2001) with
slight modifications to insert the high pressure cell. The monitoring light
passed through two windows (open aperture 2 mm), which were made from
natural diamond (type IIa quality, Drukker, Cuijk, The Netherlands). The

optical path was 1.5 mm. The excitation light was delivered to the sample
cell through one of the windows with an angle of �15° to the axis of the
monitoring light. Two digital oscilloscopes (LeCroy 9361 and 9400A, 25
and 32 Kbytes of buffer memory per channel, respectively) were used to
record the traces in two overlapping time windows. With this setup, a time
range of 10 ns up to several seconds is covered. Due to the laser artifact at
early times only data points from 1 �s after the laser pulse were used for
data evaluation. The laser source was a frequency-doubled Nd:YAG laser
(Continuum, Surelite II-10, 532 nm, 10 ns, 4 mJ/cm2). Twenty-five laser
pulses were averaged at each wavelength to improve the signal to noise
ratio. The initial data points (�50 K) were reduced by a quasilogarithmic
data compression to give �100 points per time decade. The correspondent
improvement of signal to noise ratio was accounted for by the data weights
that were initially estimated from the noise of the pretrigger base line. The
wavelengths were varied from 360 to 700 nm in steps of 10 nm, giving 35
spectral points. Measurements were performed at 13 pressure points from
1 to 4000 bar and two different temperatures (25°C and 40°C). The
resulting 26 data sets were used for the analysis.

Measurements of BR ground state

For measurements of the light-adapted BR ground state, the high pressure
sample cell was attached to a spectrophotometer (Beckmann, Du650). The
sample was illuminated with a 150-W halogen lamp (Schott, KL1500
electronic) equipped with a 510-nm cutoff-filter (Schott, OG 515) for �10
min before each measurement to ensure light-adaptation. Twenty-six
ground state spectra were taken at the same conditions that were used for
the kinetic measurements.

Data analysis

A set of apparent half times and their amplitude spectra were obtained
independently for each of the 26 data sets, using the global multiexponen-
tial nonlinear least squares fitting program MEXFIT (Müller et al., 1991;
Müller and Plesser, 1991) as described by Chizhov et al. (1996). The
apparent half times were assigned to the intrinsic transitions assuming an
irreversible unbranched chain of relaxations P13P23. . . Pn3 in which Pi

is the correspondent kinetic state of the model. This model allows calcu-
lating the differential spectra of kinetic states from the amplitude spectra of
the derived exponential terms. By dividing the spectra by the fraction of
excited molecules (fraction of cycling, FC) and adding them to the spectra
of the initial states, the absolute spectra of kinetic states were obtained. For
further details of the method see Chizhov et al. (1996, 1998, 2001).

The derived absolute spectra were approximated by a global multi-
Gaussian fit using the global fit procedure of the program Igor Pro 4.0
(Wavemetrics, Inc.). From the fit, the number of spectral states and their
amplitudes are obtained for each kinetic state. The relative concentrations
of the spectral states could be calculated from the corresponding ampli-
tudes. The high overlap of the �-bands of the spectral states with the
absorption maximum of the M state was accounted for by assuming that the
ratio of amplitudes between the �- and the �-band are the same for all
spectral states. This analysis was performed using standard linear regres-
sion subroutines of the program Origin 6.0 (Microcal Software, Inc.) The
pressure dependence of the relative concentrations was fitted globally to
extract the volume changes between the different spectral states.

The ground-state spectra of BR at different conditions were fitted with
three skewed Gaussian functions and a function describing the Rayleigh
scattering as described by Chizhov et al. (1998).

RESULTS AND DISCUSSION

Ground state spectra

Ground state spectra of the light adapted sample at 25°C are
plotted for different pressure points in Fig. 1. They were
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fitted with two skewed Gaussian functions and one function
describing the Rayleigh scattering. The spectra presented in
Fig. 1 are already subtracted by the Rayleigh scattering. The
major Gaussian component has an absorption maximum at
�570 nm (�-band of the retinal chromophore). Another
small Gaussian component at �410 nm corresponds to a
higher level of excitation of the chromophore (�-band). The
parameters of the fit for the main absorption peak of the
averaged spectrum over all pressure points are included in
Table 1. The dependencies of the amplitude Amax and the
maximal position �max of the main absorption peak on
pressure are shown in the inserts of Fig. 1, which indicate
that the pressure dependence of �max is more pronounced
than that of Amax. Interestingly, both curves are bell-shaped
with maxima at �3 kbar. Obviously, two opposing effects
are giving rise to this behavior, which might be related to
the contraction of the solvent with increasing pressure
(Tsuda and Ebrey, 1980) and a conformational change of
BR during an �II- to �I-helix transformation at pressures
beyond 3000 bar (Barnett et al., 1997). Whether these two
points are valid explanations cannot be answered conclu-
sively from the present results. It should also be noted that
only two pressure points above 3000 bar are available. To

clarify the origin of the pressure dependence of the ground
state spectra of BR, further experiments using infrared
and/or absorption spectroscopy should be undertaken. How-
ever, these data are of minor relevance for the further
discussion.

Multiexponential global analysis

The absorption changes after laser excitation at 25°C are
shown in Fig. 2 for three characteristic wavelengths and
different pressures from 1 to 4000 bar. The results of the fit
with the nonlinear multiexponential least squares fitting pro-
gram MEXFIT (Müller et al., 1991; Müller and Plesser, 1991)
are included in this figure. It was necessary and sufficient to fit
the experimental data with nine exponential components,
which is one component more than found in an analogous
investigation of the temperature dependence of the BR photo-
cycle kinetics (Chizhov et al., 1996). A comparison of the
apparent half times (�1/2) at 1 bar and 25°C with those from
Chizhov et al. (obtained from measurements at 1 bar and 24°C)
shows that the transition with a half time of 17 ms splits into
two components (7.3 and 40 ms; Table 2).

The nine apparent half times at 25°C and 40°C are plotted
against pressure in Fig. 3. Included are data from Marque and
Eisenstein (1984) and Tsuda et al. (1983). The half times �2 to

FIGURE 1 Ground state spectra at 25°C for 1, 400, 1500, and 2500 bar.
The data points (crosses) and two Gaussian fit (solid lines) are shown. The
Rayleigh scattering is subtracted from the spectra. The small inserts show
the dependency on pressure of the maximal position �max and the ampli-
tude Amax. The solid lines in these inserts are polynomial fits of the data and
are only included to guide the eye.

TABLE 1 Gaussian fit parameters (�max, �, �v) and relative
absorbancies � of the spectral states

Spectral state �max, nm � �v, cm�1 �

BR570 572.0 � 0.2 1.38 � 0.01 3138 � 15 1.00
K 596.1 � 0.8 1.31 � 0.03 3360 � 90 0.73 � 0.06
L 537.2 � 0.3 1.14 � 0.01 4079 � 23 0.80 � 0.08
M 414.4 � 0.2 1.46 � 0.01 4885 � 19 0.83 � 0.04
N 569.4 � 0.2 1.42 � 0.01 3398 � 13 0.94 � 0.07
O 624.0 � 2.0 1.71 � 0.06 3822 � 149 1.02 � 0.26

FIGURE 2 Absorption changes after laser excitation at 25°C and three
characteristic wavelengths. The raw data and the results of the nonlinear
nine-exponential fit are shown at pressures of 1, 400, 800, 1500, 2500, and
4000 bar (from left to right).

3492 Klink et al.

Biophysical Journal 83(6) 3490–3498



�6 show a small or no pressure dependence, whereas �1, �7 to
�8, and �9 (25°C only) are strongly dependent on pressure.
(Note that the amplitude of �9 was very low, which results in
high uncertainties in the derived half time. The difference in
the dependence on pressure for 25°C and 40°C may be due to
this fact.) Between 1 bar and 2000 bar, the half times �7 and �8

increase by approximately one order of magnitude but do not
change further. From the linear dependence of the logarithms
of rate constants on pressure, it is possible to calculate the
activation volume �V‡ of the corresponding transition accord-
ing to the following equation:

�V‡ 	 �RT � �
 ln k/
p	T (1)

in which T is the absolute temperature, p is the pressure, R
is the universal gas constant, and k is the apparent rate
constant. The results of the fits for the kinetic components

except the 7th and 8th are listed in Table 3. For the latter
components, a strong nonlinear dependency is obtained,
which correlates to the pressure dependence of the
quasiequilibria of spectral states. Chizhov et al. (1996)
obtained a very similar behavior for the temperature depen-
dencies of the 6th and 7th kinetic components.

In the work of Marque and Eisenstein (1984), only
three kinetic components were resolved at 25°C. The
fastest half time (�1 �s) is in very good agreement with
the results of the present work regarding the absolute

TABLE 2 Comparison of the obtained half times �1/2 in
microseconds at 1 bar and 25°C with literature data

This work 0.7 7 37 100 300 1340 3900 7300 40,000
Chizhov et al.

(1996)
0.6 5.2 28 77 377 1170 3460 17,300

FIGURE 3 Pressure dependence of the nine apparent rate constants (solid circles) at 25°C and 40°C together with a fit of the data (solid lines). The
literature data from Marque and Eisenstein (1984) (open circles) and from Tsuda et al. (1983) (open squares) are included for comparison.

TABLE 3 Activation volumes �V‡ for the different kinetic
processes exhibiting half times with linear behaviour of �1/2(p)

Half time

�V‡, ml/mol

25°C 40°C

1 11.57 � 0.72 5.84 � 0.60
2 1.07 � 0.46 �1.59 � 0.34
3 0.47 � 0.44 3.08 � 1.03
4 1.83 � 0.29 3.63 � 0.51
5 1.23 � 0.60 2.10 � 0.82
6 3.66 � 0.42 3.26 � 0.42
9 8.24 � 0.58 2.27 � 0.53

Bacteriorhodopsin Pressure Dependence 3493

Biophysical Journal 83(6) 3490–3498



value as well as the dependency on pressure. The signif-
icant pressure dependence of the second half time, de-
scribing the formation of M, seem to be only an apparent
effect, because the corresponding half times 2 to 6 pre-
sented here are almost pressure insensitive. The pressure
effect observed by Marque and Eisenstein (1984) might
be due to the limited resolution, leading to a combination
with the neighboring half times. A similar explanation
can be given for the slowest half time described by
Marque and Eisenstein (1984) (�5 ms) as well as for the
data of Tsuda et al. (1983).

Unidirectional sequential model

Generally, the number of N transient states results in N(N 

1) intrinsic transitions. Nagle (1991) showed that the prob-
lem of solving kinetic photocycles only becomes mathemat-
ically determinate if the number of intrinsic transitions is
reduced to N, which requires a unidirectional unbranched
model. Therefore, a branched scheme should be avoided as
long as it is not necessary to explain the experimental data.

To obtain the spectra of the kinetic states, it is neces-
sary to assign the derived set of apparent half times to the
irreversible transitions of the model (Nagle, 1991; Parodi
et al., 1984). In principle, N! permutations are possible,
i.e., 9! � 362,880. This huge number of possibilities can
be largely reduced if an ascending order of half times (�i

� �i
1) is applied. Some exceptions from the fully as-
cending order of assignment should be carefully checked.
Temperature-dependent investigations of the BR photo-
cycle showed two possible assignments, which led to
reasonable spectra of the intermediates (Chizhov et al.,
1996). From these, a submodel in which �6 � �7 was
preferable over �6 � �7 at standard pressure in terms of
simplicity of the resulting spectra. In the present work,
several different permutations of the linear scheme have
also been tested. Again the two submodels described
above fitted the data best. It was found that the submodel
with �6 � �7 is preferable at low pressures, whereas at
higher pressures the submodel with �6 � �7 is preferable in
terms of simplicity. As no strong criterion was found that
favors one of the models over the whole range of analyzed
parameters, the submodel with �6 � �7 was chosen for further
analysis.

Spectra of intermediates

The only unknown parameter to calculate the absolute
spectra of intermediates is the fraction of cycling FC.
This factor was varied from 1 to 0 for a particular data set
until no contribution from the initial state and/or negative
absorbance was observed. An averaged value of FC �
0.27 was obtained, which is almost identical to the value
of FC � 0.26 obtained from the temperature-dependent

measurements (Chizhov et al., 1996). Using the model of
descending order of rate constants with a single permu-
tation of the constants 6 and 7 provides the absolute
spectra of intermediates at 25°C and different pressures,
which are presented in Fig. 4. For each pressure point, the
corresponding spectrum of the BR ground state at this
pressure was used for the calculation. All spectra can be
fitted simultaneously by allowing a variation of only the
amplitudes of five Gaussian peaks (Fig. 4; solid lines).
The corresponding Gaussian parameters maximal posi-
tion �max, asymmetry factor �, and half-bandwidth �� of
the five spectral states are summarized in Table 1. Only
five spectrally distinct states (K, L, M, N, and O) can be
discerned in agreement with the originally determined
number of major spectral components (Lozier et al.,
1975).

The fastest resolved kinetic state P1 (half time 0.7 �s)
contains a major spectral component with an absorption
maximum at �596 nm and can therefore be assigned to the
K intermediate. A smaller absorption peak at �410 nm is
probably due to the �-band of this state. Note that the
spectra with the lowest amplitudes correspond to the pres-
sure points 1 bar and 400 bar, which have half times smaller
than 1 �s. Therefore, our experimental time resolution
results in high uncertainties in these spectra. Besides these
two spectra, P1 is essentially independent on pressure.

The next kinetic states P2 to P5 are describing an equi-
librium between the spectral states L and M, which is
pressure dependent. At 1 bar, the equilibrium is observable
from P2 to P5, in agreement with the work of Chizhov et al.
(1996). P6 shows equilibrium between the M and the N
spectral states with an increasing amount of N at higher
temperatures. At higher pressures, the N contribution is dimin-
ishing and some contribution of L is rising, expanding the
presence of the L/M equilibrium to the P6 kinetic state. At
constant pressure, the equilibrium is gradually shifted toward
M from P2 to P5 (P6). It is highly pressure sensitive, with a
shift to the M state with increasing pressure in the kinetic state
P2 and a shift to L with increasing pressure in the late kinetic
states. The P3 state is nearly pressure insensitive.

Due to its complex properties the later part of the pho-
tocycle (kinetic states P7–P9) cannot be satisfactorily ana-
lyzed. A fit with skewed Gaussian functions shows contri-
butions from the spectral states M, N, and O within the
kinetic state P7. With rising pressure, the O concentration
decreases while that of M increases. Because the absorption
spectra of N and O overlap substantially (O�max � 624 nm;
N�max � 569 nm), it is difficult to quantify the exact
concentration of N. The strong decrease of O with increas-
ing pressure indicates that this spectral state has a signifi-
cantly larger volume than both M and N.

At lower pressures P8 can be fitted with only two
Gaussian functions with maximal positions at �410 and
�570 nm. However, at pressures above �1500 bar, the
sum of amplitudes of both peaks reach a constant nonzero
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value. This behavior cannot be explained by contribu-
tions of only two spectral states, as according to Eq. 2
(see below) the equilibrium should completely be shifted
to one of the states at high pressures. It is, therefore, very
likely that P8 also has a contribution of a third spectral
state that cannot be separated from N due to highly
overlapping band positions, which might be the precursor
of the ground state BR
.

The kinetic state P9 shows only minor differences to the
ground state, although small contributions of M and BR

cannot be excluded.

L/M equilibrium

As discussed above, the formation of M is accompanied by
successive pressure-dependent fast equilibrium between the
two spectral states L and M. This pressure dependency
allows the calculation of the volume differences between L
and M in each kinetic state. Using the relative absorbances
listed in Table 1, the relative concentrations X of the spectral
states were calculated at each pressure and particular kinetic
state. The dependence of the relative concentrations on
pressure was fitted globally for the kinetic states P2 to P6

FIGURE 4 Absolute spectra of kinetic states at 25°C for 1, 400, 800, 1500, 2500, and 4000 bar. The solid lines are the multi-Gaussian fit of the data
(crosses) assuming five pure spectral states (Table 1). Arrows indicate the trends with the pressure increase. No arrows are shown for the absolute spectra
that are essentially independent on pressure. At each panel the ground spectrum of BR averaged over all pressure points is shown for comparison.
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using the following equation to extract the volume differ-
ences between the two spectral states L and M:

XL 	
1

1 � e�
�ULM

0

R�T 

�SLM

0

R � e�p�
�VLM

0

R�T

(2)

�ULM
0 is the change of standard internal energy (e.g., �ULM

0

� �UM
0 � �UL

0), �SLM
0 is the standard entropy change, and

�VLM
0 is the standard volume change between L and M. The

analogous equation for the calculation of XM has inversed
signs for the power of the exponential terms (e.g., �VML

0 �
��VLM

0 ).
The results of the fit are listed in Table 4 and shown

together with the data in the corresponding inserts of Fig. 5.
The general trend of the gradual shift of the L/M equilibrium
from L to M state, which is represented by the first term
�ULM

0 � T � �SLM
0 in Table 4 has a different impact of the

pressure at different kinetic states. As can be seen from Fig.
4, in P2 the L/M equilibrium is shifted to M at higher

pressures. From the fit of the pressure dependence, it was
found that the volume of M is 11.4 � 0.7 ml/mol smaller
than that of L. For the kinetic state P3, no significant volume
difference between these two states was observed, and in the
later states (P4 to P6) the volume of M is even higher than
that of L. The maximum is reached in P5 where the differ-
ence is 19.7 ml/mol. Therefore, whereas the overall free
energy changes drive the equilibrium in favor of M from P2

to P6 kinetic state, the volume differences rise from approx-
imately �10 to 
20 ml/mol on this path and can shift the
equilibrium in the opposite direction if the pressure in-
creases. It is interesting that at the later kinetic states of the
photocycle the situation is changing again: in P7 and P8

states the M spectral form has a smaller volume than its
partners of equilibrium N and O. To illustrate the results, the
free energy differences at different pressures, the pressure
dependence of the LNM equilibrium, as well as the volume
changes between L and M are presented in Fig. 5.

To interpret the data, it is useful to recapitulate the effects
pressure has on the thermodynamic properties of protein
solutions. In a protein, the largest effects are to be expected
to arise from hydration changes since, e.g., covalent bonds
are not likely to be broken or formed, which would account
for an increase or decrease of volume of �10 ml/mol,
respectively (for a recent review on high pressure effects on
protein structure and function, see Mozhaev et al. (1996).
Generally, hydrogen bonds are stabilized by high pressures,
whereas a formation of hydrophobic contact is accompanied
by a volume increase and is therefore disfavored by pres-
sure. From functional analysis of BR using Fourier trans-

FIGURE 5 Free energy profiles for the kinetic states P2 to P6 and a plot of the volume difference between L and M versus kinetic state. The small inserts
show the relative concentrations (fractions) of the two spectral states and the results of the fit according to Eq. 2. Note that the pressure axes are expanded
to the (physically meaningless) negative region to show the full shapes of the derived dependencies.

TABLE 4 Thermodynamic parameters of the transition from
L to M for the kinetic states P2 to P6

Kinetic state

�ULM
0 � T � �SLM

0 , kJ/mol �VLM
0 , ml/mol

25°C 40°C 25°C 40°C

P2 5.4 � 0.2 3.6 � 0.2 �11.4 � 0.7 �5.0 � 0.7
P3 2.0 � 0.2 0.2 � 0.1 �0.1 � 0.9 3.2 � 0.5
P4 �2.9 � 0.2 �4.5 � 0.3 11.1 � 0.9 10.9 � 1.3
P5 �8.0 � 0.5 �8.6 � 1.0 19.7 � 1.4 15.5 � 2.9
P6 �8.5 � 1.0 �7.9 � 0.7 14.6 � 2.8 11.5 � 2.1
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form infrared-spectroscopy, it is well established that during
the L-M transition the Schiff base proton moves to Asp-85
(for review, see Balashov 2000). Concomitantly, a proton
from a hydrogen bond network (XH) located in the extra-
cellular channel releases a proton to the bulk phase, prob-
ably via surface groups (Gottschalk et al., 2001; Brands-
burg-Zabary et al., 2000). Furthermore, it is likely that other
hydrogen bonds are broken and formed during the L-M
conversion, although the sum of hydrogen bonds might not
be altered. Because the formation of a singly charged ion in
water decreases the volume by �10 ml/mol, it can be
expected that predominantly the proton transfer reactions
contribute to the observed volume differences between L
and M. This so called electrostriction effect is even more
pronounced in less polar solvents (Van Eldik et al., 1989).

How can the increase of �VLM
0 in the sequence from P2 to

P6 be explained in the frame of an electrostriction model?
There are two overall transfer steps taking place during the
L to M transition (Balashov, 2000). The proton transfer from
the Schiff base to Asp-85 neutralizes a pair of charges for
which a volume increase of at least 20 ml/mol can be
expected to occur. (Indeed, the interior of the protein can be
expected to be less polar than an aqueous environment,
resulting in a volume change of more than �10 ml/mol for
each charge.) The release of a proton from the XH group to
the bulk can lead to a volume decrease of approximately
�20 ml/mol or smaller depending on the nature of XH. If
XH is a cationic species (H5O2


) as proposed by Spassov et
al. (2001), the net charge distribution would not change. On
the other hand, the deprotonation of one of the surface
carboxylate groups (Glu-194 or Glu-204) would create two
new charges and, therefore, would be accompanied by a
volume decrease of �VLM

0 approximately �20 ml/mol.
Even if the proton release to the bulk generates two charges
and therefore compensates the charge elimination due to the
proton transfer from the Schiff base to Asp-85, a total
volume increase can be expected as the less polar environ-
ment in the center of the molecule will result in a higher
amplitude of volume change (Van Eldik et al., 1989).

With these considerations, it is now possible to assign the
step that is associated with the proton release to the extracel-
lular surface. Obviously, the two different proton transfer pro-
cesses lead to volume changes with opposite sign. From the
observation that �VLM

0 in P2 is negative, it can be concluded
that a charge separation takes place during the proton release to
the extracellular side from XH, which supports the deprotona-
tion of one of the surface carboxylate groups. The observation
of a negative volume change further requires that the volume
change due to the proton release to the bulk is fast in compar-
ison to the Schiff base3 Asp-85 ion pair neutralization. This
can be explained in the following way. The proton movement
itself can be considered to be much faster than the observed
half times. Even the volume decrease due to electrostriction,
which follows the proton release to the bulk, is very fast in
comparison with the time scale of the transitions from P2 to P6,

as it is mainly determined by the speed of reorientation of bulk
water molecules (Brandsburg-Zabary et al., 2000; Svishchev
and Zassetsky, 2000). On the other hand, the volume change
takes much more time if the formed or eliminated charges are
situated in the center of the protein, as large conformational
changes may be necessary to accomplish this process. From
the observed change of �VLM

0 from P2 to P6, it can be con-
cluded that the decay of electrostriction after the neutralization
of an ion pair (due to the Schiff base 3 Asp-85 proton
movement) takes place on the time scale of the transitions from
P2 to P6. As the center of the molecule is less polar than the
extracellular side, it overcompensates the volume decrease due
to the formation of the external ion pair. In P2, the Schiff
base/Asp-85 proton movement can take place as well (and the
position of the proton determines if a L-like or a M-like
absorption is obtained), but the protein interior cannot follow
the movements of the proton. This means that in P2 the volume
increase in the center of the molecule is not accomplished, and
only the proton release to the bulk will be observable as a
volume decrease in this state.

The nature of the decay of electrostriction is not completely
clarified yet. It could take place via a multistep reaction, i.e.,
the conformational changes during the transitions from P2 to
P6 resulting in a stepwise decay of the electrostrictive com-
pression that was present in L. If the relaxation is not coupled
with the kinetically resolvable transitions, the electrostriction
decay may also take place in a single-step mechanism parallel
to the spectroscopically observable transitions. In the latter
case, from our experiments one could estimate a characteristic
transition time of this process in the order of 100 �s. Both
mechanisms could explain the behavior of �VLM

0 as a function
of the kinetic state, as shown in Fig. 5.

CONCLUDING REMARKS

The results presented in this work can be explained by an
unidirectional sequential scheme as was also deduced from
the temperature-dependent measurements of the BR photo-
cycle (Chizhov et al., 1996). The two parts of the photocycle
(M rise and M decay) are distinguished by their pressure
dependence. Whereas the rate constants leading to M are not
dependent on pressure P7 and P8 are strongly affected
between 1 bar and 2000 bar. On the other hand, the
quasiequilibrium between the spectral states L and M is
highly sensitive to pressure. This latter observation allows a
differentiation between the proton release step and the neu-
tralization of the Schiff base/Asp-85 ion pair. The creation
of a net charge in the release step leads to a volume
decrease, which is compensated in the later steps of the L-M
transition by positive volume changes due to the proton
transfer from the Schiff base to Asp-85.
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