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Restricted Motion of Photoexcited Bacteriorhodopsin in Purple
Membrane Containing Ethanol
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ABSTRACT The molecular motion of retinal within the purple membrane was investigated by flash-induced absorption
anisotropies with or without ethanol. In the absence of ethanol, the measured anisotropies at several wavelengths exhibited
almost the same slow decay. This slow decay was attributed to only the rotation of purple membrane sheet itself in the
aqueous suspension. In the presence of ethanol, however, we observed the wavelength-dependent anisotropies. The fluidity
of the purple membrane, investigated with a fluorescence anisotropy method, was increased by the addition of ethanol. These
facts indicated that the characteristic motion of bacteriorhodopsin is induced in perturbed purple membrane with ethanol. The
data analysis was performed, taking account of the overlapping of absorption from ground-state bacteriorhodopsin and
photointermediates. The results showed that the rotational motion of photointermediates within the membrane was more
restricted than that of nonexcited bacteriorhodopsin. The addition of ethanol facilitated the rotation of nonexcited protein,
whereas it did not significantly affect the motion of photointermediates. The restricted motion of photointermediates is
probably caused by a conformational change in them, which may hinder the rotation of monomer protein and/or induce the

interaction between photointermediate and neighboring proteins.

INTRODUCTION

Bacteriorhodopsin (bR), the sole pigment in the purple
membrane of Halobacterium salinarium, functions as a
light-driven proton pump. When light is absorbed by all-
trans retinal, which is bound to the apoprotein via a proto-
nated Schiff base linkage, bR initiates the photochemical
cycle, which includes several intermediates. This cyclic
reaction accomplishes a proton translocation across the cell
membrane.

For each intermediate, the protonation states of the Schiff
base and the conformation of retinal have been well inves-
tigated. Many aspects of the charged states of individual
amino acids at each intermediate have also been character-
ized. These studies have provided evidence for “micro”
conformational changes inside the protein, and the accumu-
lated knowledge has encouraged researchers to propose
models for the proton pumping mechanism (see, for re-
views, Henderson et al., 1990; El-Sayed, 1992; Oesterhelt et
al., 1992; Rothschild, 1992; Lanyi, 1993). Besides these
studies on micro conformational changes, the measurement
of dynamics of the retinal and/or protein motion within the
membrane should offer new information on the mechanism
of protein function. The wobbling motion of retinal inside
the protein and/or the rotational motion of whole protein
within the membrane is probably affected by the conforma-
tional change in the protein. To detect such a motion,
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flash-induced absorption anisotropy becomes a powerful
tool.

Reported results from absorption anisotropy, however,
are contradictory. Sherman and Caplan (1977) noted the
temperature dependence of flash-induced anisotropy decay
in the purple membrane aqueous suspension and suggested
the displacement of the absorption dipole in the photoint-
ermediate. A few investigators detected wavelength-depen-
dent anisotropy changes in purple membranes suspended in
buffer solutions (Ahl and Cone, 1984; Wan et al., 1993;
Song et al., 1994). They suggested the possibility of rota-
tional motion of the whole protein during the photochemical
cycle. Contrary to these studies, other investigators have not
found detectable motion of the chromophore within the
purple membrane (Sherman et al., 1976; Cherry et al., 1977,
Korenstein and Hess, 1978; Stoeckenius et al., 1979;
Kouyama et al., 1981). They attributed the slow decay of the
measured anisotropies to the rotational motion of the purple
membrane sheet itself. Moreover, Otto and Heyn (1991) and
Otto et al. (1995) reported that the angular deviations of
absorption dipoles between ground-state bR and M- or
O-intermediates are only a few degrees.

This contradiction may be caused by the tight packing of
bR in the purple membrane. bR molecules are arranged in a
hexagonal lattice as trimmers in the membrane (Henderson
and Unwin, 1975), and the membrane fluidity is very small
(Kinosita et al., 1981). Within the rigid membrane, the
molecular motion of retinal and/or the rotational motion of
whole protein must be small. Under this situation, the small
difference in measuring and/or preparation condition for the
purple membrane may lead to different results. For mutant
D96N (Asp-96 of wild-type bR is replaced with Asn),
however, we observed wavelength-dependent anisotropy
changes (Kikukawa et al., 1995). The lifetime of M-inter-
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mediate of D96N is very slow with respect to that of
wild-type bR. Thus a simple condition is provided for the
comparison of motion between nonexcited bR and the M-
intermediate, and we concluded that the rotational motion of
nonexcited bR within the membrane is faster than that of the
M-intermediate. The site-specific mutation should affect the
protein conformation and may disturb the tight packing of
bR, and so the rotation of nonexcited bR may become
measurable. Then we considered a working hypothesis that
a perturbation of the rigid membrane of wild-type bR would
enhance the motion of protein within the membrane.

Mitaku et al. (1988) reported the disruption of hydrogen
bonds between helix coils in bR by the addition of alcohol.
The hydrogen bonding interaction was considered to stabi-
lize the protein structure. Fukuda and Kouyama (1992)
found an alteration in photochemical kinetics in the pres-
ence of alcohol. They attributed this alteration to the soft-
ening of protein conformation. Moreover, it has been re-
ported that alcohol affects the structure and physical
properties of lipid membrane (Herold et al., 1987; Veiro et
al., 1987; Zeng et al., 1993). Thus, for the purple membrane,
alcohol should affect both the structure of the protein and
the lipid layer.

In this study, using ethanol to perturb the rigid structure
of the purple membrane, the molecular motion of retinal
was measured by absorption anisotropy. Fluorescence an-
isotropy was also employed to examine the effect of ethanol
on membrane fluidity. We observed wavelength-dependent
absorption anisotropies and an increase in membrane fluid-
ity with the addition of ethanol. Our observations suggest
the appearance of a characteristic motion of whole protein
within the perturbed purple membrane. We will discuss the
molecular motion of bR within the membrane, especially
the difference in motion between photointermediates and
nonexcited bR.

MATERIALS AND METHODS

Materials

Purple membrane was isolated from H. salinarium strain S9 by the stan-
dard method (Becher and Cassim, 1975). DPH (1,6-diphenyl-1,3,5-
hexatriene) was obtained from Sigma Chemical Co. (St. Louis, MO), and
other chemicals were analytical grade. A buffer solution used for all
measurements was sodium phosphate, 10 mM, pH 6.9.

Absorption anisotropy measurements

A computer-controlled flash-photolysis apparatus was constructed to ob-
tain absorption anisotropy. The actinic light source (532 nm, 7 ns) was the
second harmonic of the fundamental beam of the Q-switched Nd-YAG
laser (DCR-2; Quanta-Ray). This actinic laser flash was polarized verti-
cally with a Glan laser polarizer (PLU-10; Optics for Research) placed just
in front of the sample cell (10 X 10-mm quartz cuvette), and the repetition
rate of the flash was 0.5-0.6 Hz. The absorbance value of the sample was
0.8-0.9 at 570 nm, and the temperature was kept at 20°C. The source of
monitoring light was a 120-W halogen lamp, and the beam of monitoring
light was perpendicular to that of the actinic flash. The photomultiplier
(R2949; Hamamatsu photonics) was used to detect the monitoring light
passing through the sample. To select the measuring wavelength and
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exclude the scattered actinic flash from the sample, two monochromators
were placed in the rear of the monitoring light source and in front of the
photomultiplier. Sheet polarizers were placed in front of and behind the
sample. These polarizers were rotated 90° to change the polarized orien-
tation of the monitoring light.

The output of the photomultiplier was amplified and filtered by a
home-built I-V converter with an offset voltage (~10-us response time).
The amplified signal was stored in a personal computer equipped with an
A/D converter (12-bit resolution, 0.2 ms per point). The offset voltage of
the I-V converter was adjusted so that its output changed within the input
range of the A/D converter (1 V). In the computer, the stored data were
averaged and converted to absorption change. At each measuring wave-
length, two components of the absorption changes (AAl(t, A) and
AA™(1, M) were obtained with the monitoring lights polarized parallel and
perpendicular to the polarized orientation of the actinic flash, respectively.
The data collection of 100 times was one set of measurements. This set of
measurements was performed alternately for two components (AA'(z, A),
AAL(, A), AAlE, X), AAL(, A), etc.). The total repetition time for one
component was 200-300. Before each set of measurements, the sample
was light-adapted by exposure to continuous yellow light.

Using the measured absorption changes, the absorption anisotropies
were calculated as

AT ) ~ A4 )
r(t, A) = AAl(z, A) + 20442, M) @

Here the denominator (AA'(z, \) + 2AA*(r, A)) is independent of the
motion of absorption dipoles, and so this value reflects exactly the changes
in populations of photointermediates and ground-state bR. The curve of the
denominator must be similar to that of the absorption change measured by
the monitoring light, which is polarized in the magic angle (54.74°) respect
to vertical orientation. However, inadequate setup of optical components
lessened the similarity and gave a systematic error in the obtained anisot-
ropy. Thus we took care to correct the polarized orientation of lights and
the alignment of optical components. Particular care was taken to arrange
all optical components so that the lights passed horizontally and linearly.
Then we obtained the fine similarity between the denominator in Eq. 1 and
the absorption change measured with the monitoring light polarized in the
magic angle.

With increasing intensity of monitoring light, the output of photomul-
tiplier increases, and so it is possible to reduce the voltage applied to the
photomultiplier. This reduction of the voltage is very useful for improving
the signal-to-noise ratio of the measured absorption change. Thus a lens
was placed close to the halogen lamp of the monitoring light source, so that
a large amount of light impinged on the monochromator. We confirmed
that the measured absorption changes were not distorted with the light
intensity used. Reduction of the monitoring light intensity decreased the
signal-to-noise ratio but did not modify the measured absorption change. A
high intensity of actinic flash also improves the signal-to-noise ratio.
However, an increase in flash intensity causes the saturation of excited
molecules, and the initial value of anisotropy becomes small. The small
initial value of anisotropy results in a small change in the anisotropy. We
then adjusted the flash intensity to activate ~6% bR in the sample. Under
these conditions, the initial values of obtained anisotropies were ~0.3.
Although the reduction of flash intensity increased the initial values of
anisotropies, the rates of anisotropy changes with time were independent of
the flash intensity.

For the measurement at each concentration of ethanol, the sample was
prepared with flesh bR. The bleach of the sample by actinic flash and
monitoring light was negligible and did not affect the measured anisotro-
pies. At each concentration of ethanol, the sample was exposed to 1400
flashes for the complete set of measurements of anisotropies. The absor-
bance value of the sample at 570 nm was not influenced by the set of
measurements. Furthermore, the measured anisotropies before and after the
complete set of measurements coincided with each other.
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Incorporation of DPH into the purple membrane

To examine the fluidity of the purple membrane, we measured the molec-
ular motion of 1,6-diphenyl-1,3,5-hexatriene (DPH) incorporated into the
purple membrane. DPH is a rod-shaped fluorophore. When DPH is em-
bedded in the biological or synthetic membranes, it exhibits a wobbling
motion that closely reflects the motion of neighboring lipid hydrocarbon
chains. The incorporation of DPH into the membrane was performed by
adding a few microliters of the DPH concentrated solution in tetrahydro-
furan (2 mM) to a few milliliters of the purple membrane suspension. This
suspension was incubated for 15 min at 35°C. The final molar ratio of bR
to DPH was ~2.8. The concentration of bR in the purple membrane
suspension was estimated from a molar extinction coefficient at 568 nm of
63,000.

Fluorescence anisotropy measurements

The picosecond time-resolved fluorescence anisotropy measurements were
performed with a time-correlated single photon counting system. The light
source for excitation was a cavity dumped dye laser (model 700; Coherent)
pumped by synchronized mode-locked Ar ion laser (Innova 100; Coher-
ent). The second harmonic of the fundamental beam of the dye laser was
used as the excitation light. The excitation wavelength used was 335 nm (6
ps), and the fluorescence was detected at 430 nm. The details of this
apparatus were reported previously (Saito et al., 1991). The temperature
was kept at 20°C.

When rod-shaped fluorophores undergo wobbling motion in the lipid
bilayer, the fluorescence anisotropy (r(f)) is expressed approximately as
follows (Kawato et al., 1977):

r(t) = (ro — ro)exp(—t/) + r. )

We determined these parameters (ry, 7., ¢) by least-squares fits. The
wobbling motion of the fluorophores was characterized according to the
wobbling-in-cone model, with the cone angle for the wobbling motion, 0,
and the wobbling diffusion constant, Dy, (Kinosita et al., 1977; Lipari and
Szabo, 1980). These values were calculated from the following equations:

ro/ro = [cos 8c(1 + cos 6.) /4 3)
Dy(ry — r.) _ X1+ x)Hn[(1 + x)2] + (1 — x)/2}
o 201 -x)
1—x)(6+8xy— x> — 12" —7x*
L (=206 + 8x . 4)(2 X =X @

where x = cos 6. Moreover, we calculated the membrane viscosity (7)
using the Stokes-Einstein equation:

kT

Dy =
v 67'Veff

&)

where k, T, and V¢ denote the Boltzmann constant, absolute temperature,
and effective volume of the fluorescent molecule.

RESULTS

Absorption anisotropies in the absence
of ethanol

Fig. 1 shows flash-induced absorption anisotropies of the
purple membrane aqueous suspension. The selected wave-
lengths for the measurements of absorption anisotropies
were 410, 570, and 680 nm. At these respective wave-
lengths, the M-intermediate, ground-state bR, and the O-
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FIGURE 1 Absorption anisotropies of the purple membrane suspension

without ethanol. The measured wavelengths are 410, 570, and 680 nm,
which are denoted in the figure, and the measurements were performed at
20°C. The anisotropies measured at these three wavelengths have almost
the same time dependencies. (Inset) The summed absorption change at 680
nm. This value (AA'r, 680) + 2AA(1, 680)) corresponds to the denomi-
nator in Eq. 1.

intermediate are mainly monitored. At 680 nm, the summed
absorption change (AAl(7, 680) + 2AA*(t, 680)), the de-
nominator in Eq. 1, increases from an initial negative value
due to the contribution of the absorption of ground-state bR
(Fig. 1, inset). Thus plotting of the anisotropy at 680 nm was
started after the absorption change crossed the zero value.
As shown in Fig. 1, the time courses of the anisotropy decay
at these three wavelengths are almost the same. This slow
decay is consistent with those in previous reports (Cherry et
al., 1977; Kouyama et al., 1981), in which the changes in
absorption anisotropies were interpreted as the rotational
motion of the purple membrane itself, not as the motion of
retinal within the membrane. The similar decay between
observed anisotropies at these three wavelengths suggests
that the motion of retinal within the membrane is almost
absent in ground-state bR and photointermediates.

Absorption anisotropies in the presence
of ethanol

Fig. 2 shows the anisotropy changes at these selected wave-
lengths in the presence of various concentrations of ethanol.
The absorption spectra of the samples were not affected by
the low concentration used in this study (data not shown).
Contrary to the results obtained in the absence of ethanol,
we observed wavelength- and ethanol concentration-depen-
dent anisotropy changes. At 410 nm (Fig. 2 A), the anisotro-
pies do not decay but increase with time. The anisotropy
increase is enhanced as the ethanol concentration increases.
At 570 nm (Fig. 2 B), the decay of the anisotropies becomes
rapid with increasing concentration of ethanol, and the
anisotropies finally take negative values. At 680 nm (Fig. 2
O), the anisotropies show small but distinct changes with the
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FIGURE 2 Absorption anisotropies of the purple membrane suspension
with various concentrations of ethanol. The ethanol concentrations are
denoted in the figures. The measurements were performed at 20°C. (A)
Data obtained at 410 nm. Above 0.8 M ethanol, the anisotropies rise with
time and exceed the initial values. (B) Data at 570 nm. The decay of the
anisotropy becomes rapid with increasing ethanol concentration. (C) Data
at 680 nm. The anisotropies show small but distinct changes.

addition of ethanol. These characteristic anisotropy changes
indicate that the molecular motion of retinal should occur
within the membrane, and that the rates of motion are
different between ground-state bR and photointermediates.

Fluidity change in the purple membrane
by ethanol

The effect of ethanol on membrane fluidity was examined
by DPH fluorescence depolarization. As shown in Fig. 3,

Volume 73 July 1997

0.5

04+ 4

o
w

o
&}

Anisotropy

P R I I IR R I N
o 10 20 30 40 50

Time(nsec)

FIGURE 3 Time courses of fluorescence anisotropies of DPH embedded
in the purple membrane. O, Purple membrane suspension without ethanol;
@, with 1.27 M ethanol. The measurements were performed at 20°C.
Smooth lines are calculated best-fit curves using Eq. 2. The addition of
ethanol induces the rapid decay of the anisotropy.

the decay of the fluorescence anisotropy accelerated with
the addition of ethanol. The values of r,, r.,, and ¢ in Eq. 2
were obtained by curve fitting analysis with the least-
squares method. The cone angle (6.), the wobbling diffu-
sion rate (Dy,), and the membrane viscosity (1) were cal-
culated using Egs. 3, 4, and 5; these values are listed in
Table 1. The value of effective volume of DPH (V) was
determined according to the previously reported value
(1.5 X 10722 cm>) (Kawato et al., 1977). In the absence of
ethanol, the wobbling motion of DPH is slow and restricted,
as shown in Table 1. The rigid crystalline lattice should
hinder the motion of both lipid and bR. However, the
mobility of DPH is significantly enhanced by the addition of
ethanol. This increased fluidity of the membrane is consid-
ered to induce the motion of retinal within the membrane.

DISCUSSION

We observed wavelength-dependent absorption anisotropies
in the presence of ethanol. If the orientation of retinal were
the same between ground-state bR and photointermediates,
the anisotropies should not depend on the measuring wave-
length. Thus the motion of retinal must be induced by the
addition of ethanol. This retinal motion should change dur-
ing the photochemical cycle, so that retinal should assume a
different orientation between ground-state bR and photoin-

TABLE 1 Fluorescence depolarization parameters of DPH
within the purple membranes in the absence or presence of
ethanol at 20°C

Ethanol Dy, U]
conc. M) 1, ro & (ns) 108 s 0c (°)  (poise)
0 033 028 108 2.8 18.8 16.0
1.27 031 021 33 20.0 28.7 22
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termediates. The rotation of the purple membrane itself does
not contribute to the difference in the retinal motion be-
tween ground-state bR and photointermediates, and so the
motion of retinal occurs within the purple membrane. The
retinal motion within the membrane is considered to be the
wobbling motion of retinal inside the protein and/or the
rotation of the whole protein. The wobbling motion of
retinal should be its Brownian motion or the motion that
accompanies the wobbling of peptide chains around retinal.
The time range of this motion is usually from picoseconds
to nanoseconds (Suzuki et al., 1989). The wobbling motion
of retinal might be enhanced because the addition of ethanol
disrupts the hydrogen bonds between the helix coils. How-
ever, our observed anisotropy changes occurred in the mil-
lisecond time range. Thus the motion of retinal in the
protein is not likely for the origin of the observed anisotropy
changes. The rotational motion of the whole protein be-
comes the most feasible origin of the retinal motion within
the purple membrane. As shown in Table 1, the molecular
motion of DPH, which was incorporated into the purple
membrane, was activated by the addition of ethanol. Like
that of DPH, the rotational motion of bR within the purple
membrane should be also activated.

The usual extent of the measured anisotropy is 0 < r <
0.4. However, our observed anisotropies exceeded this. To
understand these characteristic anisotropies, it is essential to
obtain individual time courses of the absorption anisotropies
for ground-state bR and photointermediates. Three interme-
diates, M, N, and O, are known to appear sequentially in the
millisecond time range. With neutral pH as our measuring
condition, the amount of accumulation of N-intermediate is
small, and M- and O-intermediates are mainly monitored. In
the presence of ethanol, however, Fukuda and Kouyama
(1992) reported the accumulation of the N-intermediate.
They performed the measurements up to 7 M ethanol.
Although their results showed that the alteration of kinetics
was exponential with increased concentration of ethanol, at
the low concentration of ethanol used in our study, the
change was small. We examined the ethanol effect by
analyzing the absorption change at 600 nm. This wave-
length is the isobestic point between ground-state bR and
the O-intermediate (Varé and Lanyi, 1991), and so the
photochemical cycle can simply be regarded as bR - M —
N — bR at 600 nm. In the absence of ethanol, the measured
absorption change was expressed by one exponential curve.
If the build-up of the N-intermediate had become significant
by the addition of ethanol, two exponential curves would
have been needed to fit the measured absorption change. As
the concentration of ethanol was increased, the decay of
absorption changes accelerated, which corresponded to the
increase in the decay rate of the M-intermediate. However,
the absorption change at 1.2 M ethanol (the maximum
concentration used in the measurement of absorption
anisotropies) could be still fitted with one exponential
curve. This result showed the accumulation of the N-inter-
mediate to still be negligible at 1.2 M ethanol. Thus we
analyzed our data, taking account of three species, ground-
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state bR, M-, and O-intermediates. Then the summed ab-
sorption change at A nm (AA(#, A)), which corresponds to
the denominator of Eq. 1, is expressed as follows:

AA(1, A) = AAN(t, A) + 2AAL(1, D)
= AAy(t, A) + AA(t, A) + Ao, A) (O
= a(\)AAy(t, 410) + B(V)AAR( 570)
+ Y(A)AA(t, 680)
where

_ €r(A) _ €o(A)
PO = casor ™ = ies0)
@)

The terms AAq(t, A) and €n(A) (2 = M, bR, O) are the
absorption change induced by () species and the extinction
coefficient of () species at A nm, respectively. The subscript
bR denotes ground-state bR. The absorption change of
AAq(t, A) is proportional to the change in population of the
Q species. Using the individual anisotropy of ) species
(ro(1)), the absorption anisotropy at A nm (r(f, A)) is written
as

em(A)
eu(410)°

a(A) =

a(M)AAy(t, 410)ru(7) + BIA)AALR(1, 570)ru(1)
+ ¥(N)AAo(t, 680)ro(1)
AA(, N)

r(t, A) =
(8)

We determined the values of o, 3, and vy according to the
reported absorption spectra (Cao et al., 1991; Varé and
Lanyi, 1991) (a(570) = 0, a(680) = 0, B(410) = 0.22,
B(680) = 0.03, y(410) = 0.25 and ¥(570) = 0.75) and
calculated rq(f) with Eqs. 6 and 8. Calculated anisotropies
for M- and O-intermediates are shown in Fig. 4, A and C,
respectively. The time courses of these anisotropies are the
same and are superimposable on those obtained without
ethanol (Fig. 1). The addition of ethanol increased the
membrane fluidity (Table 1), and so the rotational motion of
a protein was expected to be facilitated. However, the
calculated results show the motion of these two photointer-
mediates to still be restricted, even in the presence of
ethanol. On the other hand, the anisotropy of ground-state
bR is affected with ethanol, and it takes a negative value
above 0.8 M ethanol. The normal rotational motion of a
chromophore results in an anisotropy minimum value of
zero because the chromophores finally assume a random
angular distribution. Thus the negatively deflected change
in the anisotropy is due to the remarkable character of
ground-state bR.

The absorption change in the photointermediate is posi-
tive and proportional to the population of the intermediate,
and so its anisotropy expresses the angular distribution of
absorption dipoles in the intermediate. The actinic flash is
polarized vertically. Thus the initial positive values of
anisotropies of photointermediates reflect the vertically po-
larized angular distribution of their absorption dipoles.
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FIGURE 4 Calculated anisotropies attributed only to M-, O-intermedi-
ates and ground-state bR with various concentrations of ethanol. The
ethanol concentrations are denoted in the figures. The anisotropies of M-
(A) and O- (C) intermediates are independent of the ethanol concentration.
With increasing ethanol concentration, only the anisotropy of ground-state
bR (B) decays rapidly and takes a negative value.

However, the anisotropy of ground-state bR is the excep-
tional case. The actinic flash causes a depletion of ground-
state bR, and so the absorption change of ground-state bR is
negative. Thus the anisotropy of ground-state bR expresses
that of imaginary “disappeared” molecules. The initial pos-
itive value of the anisotropy of ground-state bR corresponds
to the horizontally polarized angular distribution of absorp-
tion dipoles in ground-state bR. The anisotropy change of
ground-state bR, from positive to negative, means that the
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horizontally polarized distribution shifts to the vertically
polarized one through the random one.

To take the analysis further, we should direct our atten-
tion to the fact that the absolute absorbance of ground-state
bR is contributed by two species of bR, nonexcited bR and
“returned” bR. Here “returned” bR is ground-state bR that
had been excited by the flash and finished the photochem-
ical cycle. If the mobility of nonexcited bR is different from
that of “returned” bR, this difference should affect the
anisotropy of ground-state bR. Here we examined the effect
of the individual mobilities of these two species on the
anisotropy of ground-state bR. As shown in the Appendix,
we can express the anisotropy of ground-state bR as fol-
lows:

rer(t) = rr(0) - ::_(((t)))

)]
AAbR(Ov 57O)<P2(A0non))t
+ (AAw(t, 570) — AAwR(0, 570)XP,(A6,)),

AAbR(t ’ 5 70)

where Py(a) = (3 cos’a — 1)/2 is the second Legendre
polynomial and {P,(c)), denotes an average of P,(a) at time
t. The terms A6, and A6, express the displacement of
absorption dipoles between times ¢ and zero. A6, and A6,
are angular deviations of the absorption dipoles in nonex-
cited bR and “returned” bR caused by the rotation of whole
protein within the membrane. To examine the effect of these
angles on the anisotropy of ground-state bR, we introduce
the angle Agg, (£ = non, re), which is defined in the simple
case in which all () species rotate through the same angle
within the membrane. This term, A, is related to A8 by

cos?(Agq(?)) = (cos*(Abg)),

Q) =non,re; 0°=< Agq, Aby =90° (10)

Substituting Eq. 10 into Eq. 9, g is written as follows:

rv(t)
rer(t) = ryr(0) - m

(11
AAR(0, 570)Py(A@,on(1)

+ (AAR(1, 570) — AAR(0, 570))Py(Ag(?))
AA(z, 570)

According to Eq. 11, we found the value of ryg at 25 ms in
1.2 M ethanol to change the values of Ag,., and Ag,. In
this calculation, the constant values of 0.32, 0.79, and 18.8
were used for r,g(0), ry(25 ms/ry(0), and AA(0, 570)/
AA R(25 ms, 570), respectively. These values were deter-
mined from the data for 1.2 M ethanol. The calculated
values of ryi are summarized in Fig. 5. The usual extent of
anisotropy is 0 =< r < 0.4. As shown in Fig. 5, however, the
calculated anisotropies are distributed over a very wide
range. This prolonged extent of the anisotropy originates
from the fact that the differences in motion between non-
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FIGURE 5 Calculated values of the anisotropy of ground-state bR at
various rotational angles of nonexcited bR and “returned” bR. These
calculations were performed according to Eq. 11. In this calculation, we
used the terms of Ag,,, and A¢,. to express the rotational angles of
nonexcited bR and “returned” bR within the membrane, and the values of
Ag,, are denoted in the figure. Other parameters in Eq. 11 were determined
from the data at 25 ms in 1.2 M ethanol (see text). The square (ll) denotes
the case that nonexcited bR and “returned” bR have the same rotational
angles (A¢,., = Ag,.). At each value of Agp,,, the anisotropy of ground-
state bR (r,g) becomes small with increasing value of A, It is noted that
the anisotropy value of ground-state bR shown in Fig. 4 B (—0.34 at 25 ms
in 1.2 M ethanol) is achieved in the case of Ag,, > Ag..

excited bR and “returned” bR (A¢,,, # A¢,) make it
impossible to cancel out the terms of absorption changes in
Eq. 11 by division. It is noteworthy that the larger motion of
nonexcited bR compared to that of “returned” bR (A¢,, >
Ag,.) induces the negative value of the anisotropy. The
same motion of these two species (squares) also induces the
negative value; however, the minimum value of the anisot-
ropy in this case (—0.13 at Ag,,, = A, = 90°) still does
not reach the anisotropy value (—0.34) at 25 ms in 1.2 M
ethanol (Fig. 4 B). To explain the characteristic anisotropy
changes of ground-state bR in Fig. 4 B, therefore, the
motion of nonexcited bR within the membrane must be
larger than that of “returned” bR. The rotation of photoint-
ermediates within the membrane is considered to be negli-
gible (Fig. 4, A and C), and “returned” bR should keep the
angular distribution of absorption dipoles in photointerme-
diates. Thus the addition of ethanol must induce the rotation
of nonexcited bR within the purple membrane.

Fig. 6 shows a schematic diagram in which the larger
rotation of nonexcited bR than that of “returned” bR induces
a shift of the horizontally polarized angular distribution of
absorption dipoles in all ground-state bR to a vertically
polarized one (this shift corresponds to the shift of anisot-
ropy of ground-state bR from positive to negative). Imme-
diately after the excitation with the vertically polarized
flash, the angular distributions of absorption dipoles in
photointermediates and nonexcited bR are polarized verti-
cally and horizontally, respectively. As shown in Fig. 4, A
and C, the rotation of photointermediates within the mem-

Rotational Motion of Bacteriorhodopsin 363

photointermediates

photoex?x — X return

L
[]
[y}
[~
2
£
©

© random\ ﬁertically

distribution polarized

%é — distribution

nonexcited bR
A——

time proceeding

FIGURE 6 The schematic diagram for the motion of absorption dipoles
leading the vertically polarized angular distribution of dipoles in all
ground-state bR. For ground-state bR, the positive and negative values of
the anisotropy correspond to the horizontally and vertically polarized
angular distribution of dipoles. The thin and thick lines denote the absorp-
tion dipoles of ground-state bR and photointermediates in the sample,
respectively. The vertically polarized actinic flash leads the vertically
polarized angular distribution of the dipoles in photointermediates, and
horizontally polarized distribution in nonexcited bR. When the dipoles of
nonexcited bR rotate faster than that of photointermediates, the angular
distribution in all ground-state bR polarizes vertically as photointermedi-
ates return to ground-state bR.

brane is negligibly small. Thus the depolarization of angular
distribution in photointermediates is very slow, and the
initial vertically polarized distribution is maintained. On the
other hand, the rotation of nonexcited bR within the purple
membrane makes the absorption dipoles in nonexcited bR
assume a more random angular distribution than that in
photointermediates. In this situation, the increase in ‘“re-
turned” bR, keeping the vertically polarized distribution in
photointermediates, induces the distribution in all ground-
state bR to polarize vertically.

To test whether the scheme in Fig. 6 can account for the
anisotropy changes of ground-state bR (Fig. 4 B), we intro-
duced a simple model for the motion of whole protein
within the membrane and performed a fitting analysis. Here
we expressed the time dependence of (P,(A6,,,)), and
(P,(A6.)), in Eq. 9. Because the purple membrane is
crowded with bR molecules, the proteins should not be able
to rotate freely. The rotation of bR molecules is considered
to be limited to a certain angle. We expressed (P,(A8,,.)),
as follows:

(Py(AB,n)) = (1 — A)exp(—t/1) + A (12)

where the constant number A comes from the limitation on
the rotation of bR molecules. The extent of value of A must
be 0 = A = |. Moreover, we supposed that photointerme-
diates are completely immobilized, and that returned bR
begins the identical rotation with nonexcited bR. The abso-
lute value of AAyx(z, 570), which appeared in Eq. 6, is
proportional to summed populations of photointermediates
at time ¢. Then d[AAx(¢, 570))/dr is proportional to the
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number of molecules that return to ground-state bR from
photointermediates at time ¢. Thus (P,(A#8,.)), is expressed
as

<P2(A9m)>t - d[AAb:{(t’ 570)]/dt*(P2(A0non)>t (13)

f {d[AA(r, 570))/de}

where the numerator is the convolution product. Here we
simply expressed AA x(?, 570) as follows:

AAg(t, 570) = —Ayg exp(—1/Tg) (14)
Using Eqs. 12 and 14, Eq. 13 can be written as
(Py(A0,), (15)

' Aug exp(~1'/
j M(l — A)exp(—(t — £)r) + A} d'
bR

0

Apr(1 — exp(—#/Tyr))
{rAwr(1 — A)/(7r — T} {exp(—t/Tr) — exp(—#/7)}
- AbRA exp(—t/TbR) + AbRA
Ap(1 — exp(—t/1ir))

Substituting Eqgs. 12, 14, and 15 into Eq. 9, we next obtained
equation

rm(?)
rer(f) = rr(0) * —7=
bR bR 0) 16)

. [ 1-4 {7 exp((V/1pg — V7)D) — 7} + A]
TR — T
The anisotropy of ground-state bR (r,x(#), Fig. 4 B) was
fitted to Eq. 16 with the least-squares method, where A and
7 were used as fitting parameters. The values used for 1,5
were obtained from the fitting of AAz(r, 570) to Eq. 14,
and the values of rz(0) were constrained to the values
determined from Fig. 4 B. For ry(#)/r\,(0), the anisotropy of
the M-intermediate at 0 M ethanol (shown in Fig. 4 A) was
used. The anisotropy change without ethanol was consid-
ered to originate from the rotation of the purple membrane
itself. Thus, at 0 M ethanol, we supposed both (P,(A8,,.))
and (P,(A0,)), to be 1. The fitting was performed for the
anisotropies of ground-state bR obtained with 0.4-1.2 M
ethanol. The fitting results are summarized in Fig. 7 and
Table 2. As shown in Table 2, the values of both T and A
decrease continuously with increased ethanol concentration.
These results show that the addition of ethanol accelerates
the rotation of the bR molecule and loosens the limitation of
the rotational angle. Our model is too simple for a precise
discussion. Moreover, our model is one of many models that
satisfy the scheme in Fig. 6. Therefore, a discussion here
about the values of fitting parameters cannot lead to defin-
itive conclusions. However, the parameters took reasonable
values and the fitting results simulated well the anisotropies
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FIGURE 7 The fitting results of anisotropies of ground-state bR with
various concentrations of ethanol. The ethanol concentrations are denoted
in the figure. The anisotropies of ground-state bR (shown in Fig. 4 B) are
displayed here with a scatter diagram. These anisotropies were fitted to Eq.
16 with the least-squares method, where A and T were used as fitting
parameters (see text about other parameters in Eq. 16). The determined
values of parameters were summarized in Table 2. The solid lines are
anisotropies calculated with Eq. 16, using the fitting results.

of ground-state bR. Thus it was confirmed that the scheme
in Fig. 6 can account for our measured data.

As shown in Table 1, the addition of ethanol increased the
fluidity of the purple membrane. This increase in membrane
fluidity is considered to lead to the rotation of nonexcited
bR. However, the motion of photointermediates within the
membrane is negligible, even in the presence of ethanol.
Thus a certain mechanism must restrict the motion of pho-
tointermediates. The restricted motion should originate
from the conformational change in photointermediates. The
conformational change may increase the unit volume for the
rotor. Such an increase in the protein volume may become
an obstacle to the rotation of the photointermediate among
neighboring proteins. The change in the protein volume was
reported by Subramaniam et al. (1993). They showed an
increase in the protein volume at the M-intermediate. In the
kinetics of the photochemical cycle, a cooperative phenom-
enon was reported. The increase in the flash intensity
slowed the decay rate of the absorption change of the
M-intermediate. Thus the conformation change in excited
bR was considered to affect the photochemical cycle of
neighboring protein (Dancshiazy and Tokaji, 1993; Tokaji,

TABLE 2 Fitting parameters for the anisotropies of ground-
state bR with various concentrations of ethanol

Ethanol
conc. (M) rer (O Tpr (MS) T (ms) A
0.4 0.32 99 124 0.93
0.6 0.33 8.2 11.5 0.72
0.8 0.34 8.1 11.2 0.60
1.0 0.33 8.3 10.7 043
1.2 0.32 8.1 10.7 0.17
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1993, 1995; Hendler et al., 1994; Mukhopadhyay et al,,
1994). Var6 et al. (1996) suggested that the expansion of
protein volume in excited bR increases the lateral pressure
within the purple membrane, and the pressure influences the
kinetics of the photochemical cycle of neighboring protein.
Our observed restriction of the rotation of photointermedi-
ates may be a dynamic property relating to this cooperative
phenomenon.

The changed conformation in the outer part of the pho-
tointermediate may also lead to binding interaction with
neighboring proteins. The binding interaction increases the
unit volume for the rotor. Other proteins around the inter-
acting proteins should become obstacles to the rotation of
such a large unit. In animals, the retinylidene proteins
commonly function as the visual pigment. The phototaxis
receptors in H. salinarium are the retinylidene proteins
sensoryrhodopsin and phoborhodopsin. The conformational
changes in the outer parts of these proteins are essential for
activating signal-transducing proteins. The conformational
change of bR may also induce interaction with neighboring
proteins, and this protein-protein interaction may restrict the
motion of photointermediates.

For D96N bR, we observed a slower rotational motion for
the M-intermediate than for nonexcited bR (Kikukawa et
al., 1995). The site-specific mutation should affect the pro-
tein conformation, and the changed conformation may per-
turb the purple membrane. Thus the difference in motion
between nonexcited bR and M-intermediate should be mea-
surable. Perturbation of the purple membrane of wild-type
bR by the addition of ethanol is considered to be similar to
that caused by the site-specific mutation. Within the purple
membrane of wild-type bR, the packing of proteins may be
so tight that protein motion is severely restricted. This tight
packing was loosened by the addition of ethanol, which was
confirmed by the increase in membrane fluidity. The per-
turbation of the purple membrane should enable nonexcited
bR to rotate. Then the restriction of motion of photointer-
mediates originating from their conformational changes
should become measurable.

APPENDIX

Separating the contributions of nonexcited bR and “returned” bR, we will
formulate the absorption anisotropy of ground-state bR (r,,g). Because the
absorption change induced by ground-state bR (AA,g(#, A)) is negative, ryx
shows the anisotropy of imaginary “disappeared” molecules. The anisot-
ropy of “existing” ground-state bR, r;, is written as

(Aszo + AAL(t, 570)) — (Asyo + AA&(t, 570))

(Asro + AAlg(t, 570)) + 2(Asy + AAK(1, 570))
a7

where Ag,, is the absorbance value of the sample at 570 nm, and
AAlR(r, 570) and AAK(r, 570) are absorption changes induced by ground-
state bR at 570 nm with the monitoring lights polarized in parallel and
perpendicular to the polarized orientation of the actinic flash. Then r,y is
related to & by

rR(t) =

34570 + AAw(2, 570)
AAg(t, 570)

ror(t) = rig(?) - (18)
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where AA,x(t, 570) is AA, (1, 570) = AAlL(2, 570) + 2AA%(t, 570) and is
independent of the angular distribution of absorption dipoles. Using the
anisotropies of nonexcited bR (r,,,) and “returned” bR (r,,), rez can be
written as follows:

(3As70 + AA(0, 570))70n(1)

+ (AAbR(ta 570) - AAbR(O’ 570))rre(t)
34570 + AAgg(2, 570)

(0 = (19)

where (3A5;, + AA (0, 570)) and (AA (1, 570) — AAR(0, 570)) corre-
spond to the populations of nonexcited bR and “returned” bR, respectively.

We introduce the terms A6, A6, and A6, to express the angular
deviations of absorption dipoles at times ¢ and zero. The angles A@,,, and
A#,. indicate, respectively, the angular deviations of nonexcited bR and
“returned” bR caused by the rotation of protein within the membrane, and
A8, indicates the angular deviation of both species caused by the rotation
of the membrane itself. We next obtain the equation

ro(t) = ro(0) - (Py(A6g)), « (P2(A6,,)),
0° = Afg, A6, =90° (20)

re>

Q = non, re;

where P,(a) = (3 cos’a — 1)/2 is the second Legendre polynomial, and
{ ), is the average of P,(Afy) (P = non, re, m) for all nonexcited bR or all
“returned” bR or both species at time ?.

Attime 0, A6, Af,., and A@,, are 0°, and r,.(0) expresses the angular
distribution of absorption dipoles in the excited bR immediately after the
flash excitation. Because the angular distribution for all molecules (includ-
ing nonexcited bR and excited bR) at time 0 is random, the anisotropy of
all molecules is zero. Using r,,.(0) and r.(0), the anisotropy of all
molecules is expressed as follows:

(3A570 + AAbR(O’ 570))rnon(0) - AAbR(O’ 570)rrc(0) .
(3Asz + AAR(0, 570)) — AA(0, 570) a

21

where (3455, + AAR(0,570)) and —AA (0, 570) correspond, respec-
tively, to the populations of nonexcited bR and excited bR at time 0.
Furthermore, at time O, the anisotropy of “existing” ground-state bR
(r‘,fR(O)) coincides with that of nonexcited bR (r,,,,,(0)). On the other hand,
the anisotropy of the imaginary “disappeared” molecules (r,z(0)) coincides
with that of excited bR, thus,

rbR(O) = rre(O) (22)

As shown in Fig. 4, A and C, the decay of anisotropies of photointerme-
diates should originate from the rotation of the membrane itself. Thus we
used ry (anisotropy of the M-intermediate) as the anisotropy change
induced exactly by the rotation of membrane itself. Using ry,, (P,(A6,)),
can be written as

(Py(AB)) = ru()/ru(0) (23)

Substituting Egs. 19-23 into Eq. 18, we obtain r,; as follows:

rer(t) = rr(0) * :_:%

(24)
AAbR(Os 570)<P2(A0non)>t
+ (AAbR(t’ 570) - AAbR(O’ 570))<P2(A0re)>1
AA(t, 570)
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