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Structure changes of purple membranes during the photocycle were ana-
lysed in solution by measurements of the electric dichroism. The D96N-
mutant was used to characterize the M-state at neutral pH. The transition
from the resting state to 61% photo-stationary M-state is associated with a
strong reduction of the dichroism decay time constant by a factor of ,2.
Because the change of the time constant is independent of the bacteriorho-
dopsin concentration, the effect is not attributed to light-induced dis-
sociation but to light-induced bending of purple membranes. After
termination of light-activation the dichroism decay of the resting state is
restored with a time constant close to that of the M-state decay, which is
more than two orders of magnitude slower than proton transfer to the
bulk. Thus, bending is not due to asymmetric protonation but to the struc-
ture of the M-state. A very similar reduction of decay time constants at a
corresponding degree of light-activation was found for wild-type
bacteriorhodopsin at pH-values 7.8–9.3, where the lifetime of the M-state
is extended. Light-induced bending is also reflected in changes of the
stationary dichroism, whereas the overall permanent dipole moment
remains almost constant, suggesting compensation of changes in molecu-
lar and global contributions. Bead model simulations indicate that disks
of ,1 mm diameter are bent at a degree of photo-activation of 61% to a
radius of ,0.25 mm, assuming a cylindrical bending modus. The large
light-induced bending effect is consistent with light-induced opening of
the protein on the cytoplasmic side of the membrane detected by electron
crystallography, which is amplified due to coupling of monomers in the
membrane. Bending may function as a mechanical signal.
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Introduction

Proton pumping during the photocycle of bac-
teriorhodopsin has been analysed actively over
many years by virtually all available scientific
techniques.1 – 4 A major part of research activity
was focussed on studies of light-induced changes
of local structure indicated by various spectro-

scopic parameters. Changes on the level of the glo-
bal structure hardly received any attention.
Probably this is partly due to the fact that it is
more difficult to detect such changes at a suffi-
ciently high sensitivity. The structure of bacterio-
rhodopsin has also been characterized by X-ray
crystallography, electron crystallography and
NMR analysis in its resting state and in different
light-activated states.4 – 6 These studies provide a
wealth of stereo-chemical information with many
details on the protein structure. However, there is
very little information on changes of global struc-
ture during the photocycle. This may be partly
due to the fact that changes of global structure in
the crystalline state are restricted due to packing.

In the present investigation the structure of pur-
ple membranes is analysed in solution where
restrictions with respect to global changes do
not exist. The analysis is based on molecular elec-
tro-optics, a set of techniques including electric
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dichroism and electric birefringence with a particu-
larly high sensitivity for analysis of both local and
global changes of macromolecular structures.7,8

Because of its high optical and electrical aniso-
tropy, bacteriorhodopsin has been studied by
these techniques in many different laboratories.9 – 19

However, electro-optical techniques have not been
used yet to characterize different functional states
of bacteriorhodopsin. Among the reaction states of
bacteriorhodopsin the M-state is of particularly
high interest, because this state is known to be
critical for the pumping activity. The experimental
data show a large change of the global structure
during the M-state, indicating strong bending of
the disks. Changes in bending of wt-bacteriorho-
dopsin disks induced by light were reported by
Czege & Rheinisch20,21 based on measurements of
light-scattering intensities. However, as described
in the Discussion, the essential results are comple-
tely different. The difference appears to be mainly
due to the much higher sensitivity of the dichroism
decay, reporting changes of global structure with a
dependence upon the third power of the hydro-
dynamic dimensions. The molecular basis of the
large bending effects seems to be changes of the
protein structure occurring on the local level,
which are amplified due to tight coupling of mono-
mers up to large changes on the global level.
Although a biological role of the bending effect is
not known, the magnitude of the effect suggests a
function as a simple mechanical signal.

Results

Large change of electric dichroism and of
rotational diffusion induced by light

Analysis of reaction states during the photocycle
by electro-optical procedures requires controlled
application of light and electric field pulses. A
special instrument has been constructed for this
purpose (cf. Figure 1). Experiments for characteriz-
ation of the photo-activated state were initiated by
a light pulse. Then an electric field pulse followed,
with a delay of ,100 ms. In most cases the light
pulse was maintained until the end of the dichro-
ism decay. Thus, dichroism transients were usually
recorded in the photo-stationary state.

Characterization of reaction states generated
during the photocycle requires a high degree of
photo-activation, which is associated with very
large changes of the absorbance at wavelengths
around 570 nm. Because these changes perturb the
dichroism transients, the present measurements
were mainly conducted at the wavelength
l ¼ 458 nm, where absorbance changes resulting
from photoreactions of bacteriorhodopsin are
minimal.

As shown by the example in Figure 2, the accu-
racy of dichroism transients measured at this
wavelength is sufficiently high. Irradiation of light
at a high intensity in the range l . 500 nm induces

a considerable change of the dichroism: the ampli-
tude decreases by a factor of more than 2 and the
dichroism decay is accelerated by a factor of ,2.
An accurate description of the decay curves
obtained for the D96N sample requires two expo-
nentials both for the resting and the light-activated
state. The time constants for the light-activated
state (t1

p ¼ 7.2 ms, t2
p ¼ 21.9 ms with a relative

amplitude for the second exponential Ap
2 ¼ 64:4%)

are clearly smaller than those in the resting state
(t1 ¼ 10.6 ms, t2 ¼ 49.0 ms, A2 ¼ 66:3%). The time
constants of the dichroism decay are a very sensi-
tive measure of the hydrodynamic dimensions.
Thus, the change of the time constants indicates a
strong decrease in the hydrodynamic dimensions
upon light-activation. Furthermore, the obser-
vation of two exponentials indicates the existence
of a distribution of particle sizes in the D96N
sample.

Contributions from light-scattering reflected by
magic angle data

When the light used for measurements is polar-
ized to the magic angle (558 with respect to the
field vector), the electric dichroism is suppressed
completely, whereas effects due to conformation
changes and other reactions are not suppressed at
all.8,22 A detailed analysis of the transients obtained
at l ¼ 458 nm revealed a special contribution at
this magic angle. In the wavelength range around
570 nm, field-induced changes of the absorbance
at the magic angle are negligible compared to the
large dichroism amplitudes, whereas at 458 nm
contributions at the magic angle cannot be neg-
lected. An analysis of the magic angle amplitude
DA55 measured for a given solution and with con-
stant electric field pulses but different wavelengths
shows that DA55 increases linearly with 1/l4,
indicating that this amplitude results from light-
scattering.

The effects observed at the magic angle are
dependent on the concentration of bacteriorhodop-
sin. At high concentrations, e.g. in the range of
10 mM and above, the field-induced transients are
clearly affected by a reaction associated with a par-
ticularly slow rise and a relatively fast decay. The
example in Figure 3 shows the slow rise of the
transient recorded at the magic angle (q ¼ 558)
and an unusual shape of the transient recorded at
parallel orientation of polarization plane and field
vector (q ¼ 08). The unusual shape at q ¼ 08 is
due to superposition of a standard orientation
effect and a “magic angle” effect. Thus, subtraction
of the magic angle effect measured at q ¼ 558 from
that measured at q ¼ 08 should reveal the unper-
turbed form of the orientation effect, as verified in
Figure 3. The validity of the correction is also indi-
cated by the fact that the ratio DA0=DA90 of the
stationary absorbance changes measured at q ¼ 08
and q ¼ 908 is far from the expected value7,8,22 22
before correction but in agreement with 22 after
correction (within experimental accuracy ^20%).
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Furthermore, the shape of the corrected transient
ðDA0 2 DA55Þ closely corresponds to that of DA0-
transients measured at low concentrations.

The magic angle effect observed at high concen-
trations seems to reflect field-induced interactions
of purple membranes. This is suggested by the
analogy of the DI55-transient shown in Figure 3
with those reported previously for lipid vesicles23

and DNA double helices.24 An analysis of the

field-induced stationary amplitudes DI55 measured
at different concentrations cBR indicates that there
are two different contributions to the magic angle
effect. The ratio DI55=cBR increases with cBR, con-
firming the existence of an association process. If
DI55 would be based on an intermolecular process
exclusively, DI55=cBR should approach zero at low
concentrations. However, DI55 remains at a level of
clearly detectable magnitude (DI55=I0

55 < 1023 both

Figure 1. Scheme of the instrument used for the present measurements. The light pulses for photo-activation were
generated by the two 600 W arc lamps. The light for measurements was generated by a 100 W wolfram halogen
lamp. Light pulses and electric field pulses were initiated by the timer unit; their length and relative position on the
time axis could be adjusted to any value. Usually the light pulse was initiated 100 ms before the start of the electric
field pulse and was terminated, when the dichroism decay was complete.

Figure 2. Change in transmission
at 458 nm DI by a suspension of
D96N purple membranes due to an
electric field pulse of 3.67 kV m21

DC, measured with light polarized
parallel to the field vector, in the
resting state (R) and the light-acti-
vated state (L). The degree of light-
activation was 61%. The time base
is set to zero at the end of the elec-
tric field pulse. The fits of the
decay curves by two exponentials
(R: t1 ¼ 10.6 ms, t2 ¼ 49.0 ms, A2 ¼
66:3%; L: t1

p ¼ 7.2 ms, t2
p ¼ 21.9 ms,

Ap
2 ¼ 64:4%) can hardly be distin-

guished from the experimental
curve. Transients obtained after cor-
rection by the magic angle effect are
indicated by Rc (t1 ¼ 11.6 ms,
t2 ¼ 55.0 ms, A2 ¼ 66:0%) and Lc

(t1
p ¼ 8.03 ms, t2

p ¼ 29.3 ms,
Ap

2 ¼ 59:4%). The transients for the
resting state R and Rc are shifted
on the DI-scale by 0.01 V. Buffer A,
20 8C, D96N concentration 2.49 mM.
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for the resting and the light-activated state) in the
range of low concentrations cBR , 3 mM: Further-
more, the special form of the DI55-transients illus-
trated in Figure 3 is not observed at low
concentrations. Finally, the existence of a magic
angle contribution in the low concentration range
is indicated again by the ratio DI0=DI90; which is
not consistent with the expected value 22, when
the DI-values are used without correction, but
approach the expected value 22 after correction
with the magic angle effect (within experimental
accuracy ^20%). All these observations indicate
the existence of an intramolecular process contri-
buting to the magic angle effect. The shape of the
magic angle transients found at low concentrations
is similar to that of the dichroism transients. Thus,
the intra-molecular magic angle effect appears to
be closely coupled to the process of orientation of
the disks.

The magic angle effects are briefly described
here without further discussion, because these
effects were used to correct the dichroism transi-
ents discussed below, although the photo-induced
changes are large and clearly visible without any
correction (cf. Figure 2). The goal of this correction
is optimal accuracy of the dichroism data over a
broad range of concentrations.

The effect of the correction in the range of low
concentrations is shown in Figure 2. After correc-
tion the risecurve for the light-activated state is
converted from a special shape with a maximum
in the transmission change to a standard shape
with a continuous increase of transmission. In
both cases the amplitude of the transmission
change is increased. The correction also leads to
some increase of the time constants, usually in the
range of 10–20% (cf. legends to Figures 2 and 3).
However, the strong acceleration effect induced by
photo-activation is observed both in the raw and
the corrected data.

Rotational diffusion is accelerated during
M-state

The extremely large change of the dichroism
decay indicates a major change in the global struc-
ture of the purple membranes. Apparently this
change is due to formation of the M-state and,
thus, the degree of transition to the M-state should
be determined under the given experimental con-
ditions. A simple procedure is based on determi-
nation of the light-induced absorbance change at
411 nm, where the absorbance of the M-state is
maximal. The change in the extinction coefficient
at this wavelength due to formation of the M-state
is 36 £ 103 M21 cm21, based on spectra given in the
literature.25 – 27 Using these data, the degree of
photo-activation has been determined for each
experiment. In the examples presented in Figures
2 and 3, 61% of the bacteriorhodopsin molecules
were converted to the M-state. The ratio of the
average time constants for the resting and the
photo-activated state has been measured at differ-
ent degrees of photo-activation. As shown in
Figure 4, the increase of this ratio with increasing
photo-activation is more than linear. An exact
interpretation of these data requires detailed
hydrodynamic model calculations.

Most of the M-state is generated under the pre-
sent experimental conditions within times of less
than 100 ms, as judged from the increase in the
absorbance at 411 nm. However, some change of
the absorbance at 411 nm is observed up to the
time range of about a second. Probably different
M-sub-states are generated at different times of
irradiation. However, measurements of the dichro-
ism decay at different irradiation times between
0.1 second and 0.6 second did not reveal any differ-
ence within experimental accuracy of ^10%. If
different sub-states are generated, these sub-states
cannot be distinguished on the basis of the

Figure 3. Change in transmission
at 458 nm of polarized light DIq by
a suspension of D96N purple mem-
branes due to an electric field pulse
of 3.67 kV m21 DC at different
orientations of the polarization
plane with respect to the field vec-
tor: DI0 parallel; DI55 magic angle.
The transient denoted by DI0 2 DI55

is the difference between the transi-
ents at parallel and magic angle
orientation. The degree of light-acti-
vation was 61%. The time base is set
to zero at the end of the electric
field pulse. Least squares fits of the
dichroism decays DI0 (t1

p ¼ 6.0 ms,
t2
p ¼ 22.9 ms, Ap

2 ¼ 75:6%) and DI0 2
DI55 (t1

p ¼ 7.2 ms, t2
p ¼ 28.2 ms,

Ap
2 ¼ 69:7%) are represented by

continuous lines. Buffer A, 20 8C,
bacteriorhodopsin concentration
13.6 mM.
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dichroism decay time. Based on the data collected
for the photo-cycle, the late M-state should be
accumulated under photo-stationary conditions.

Changes in dichroism decay time constants may
result from different types of changes in the global
structure. One of the possibilities is a change in
the state of aggregation, which should be reflected
by a dependence of the experimental time con-
stants on the concentration of bacteriorhodopsin.
Measurements in the range from 3 mM to 14 mM
bacteriorhodopsin did not provide evidence for
such concentration dependence, within experimen-
tal accuracy (cf. Figure 5). These data indicate that
the light-induced change of the dichroism decay
time constants is due to bending of the bacterio-
rhodopsin discs.

The lifetime of the state with the accelerated

dichroism decay was analysed by measurements
of this decay at different times Dt after termination
of light-activation. As shown in Figure 6, the inte-
gral dichroism decay time constant ti increases in
a time range very close to that observed for the
decay of the M-state. The time constant obtained
from the ti ¼ f ðDtÞ dependence is 500 ms and the
time constant obtained under identical conditions
from the absorbance at 411 nm for the decay of the
M-state is 750 ms. The rather close correspondence
shows that the state with the accelerated dichroism
decay is equivalent with the M-state. An exact
equivalence of the time constants is not expected,
because the hydrodynamic changes are probably
not linearly related to the amount of M-state.

The light-induced change of the dichroism decay
was observed under various conditions. In buffer B

Figure 4. Ratio of the dichroism
decay time constants r obtained
from t2-values for the resting and
the photo-activated state as a func-
tion of the degree of photo-acti-
vation f (evaluation described in
Results; buffer A, 20 8C, field pulses
3.67 kV m21 DC, D96N concen-
tration 3.44 mM).

Figure 5. Dichroism decay time
constant t2 of D96N purple mem-
branes (fractionated sample)
measured at different bacteriorho-
dopsin concentrations in the resting
state (X) and in the photo-activated
state (W). Buffer A, 20 8C, degree of
photo-activation 61% (based on DI
at 411 nm; cf. Results), field pulses
of 3.67 kV m21 DC.
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containing Ca2þ at pH 6.7 the average decay time
in the light-activated state (,70% M-state) was
smaller by a factor of 1.7 than that of the resting
state. Reduction of pH to 5.1 by addition of acetic
acid to this buffer lead to a decrease in this factor
to 1.33 at ,54% M-state. The pH-dependence is
partly due to a decrease in the lifetime of the M-
state with decreasing pH. The available data
suggest that light-induced bending is slightly less
extensive in the presence of Ca2þ than in their
absence.

Most of the dichroism decay time constants
shown here were measured after pulses of
3.67 kV m21. The results obtained from data after
pulses of different field strengths are very similar,
although some dependence on the field strength is
observed, partly due to the fact that there was a
distribution in the size of membrane fragments.
The standard pulse of 3.67 kV m21 represents a
relatively low electric field strength, where the
dichroism amplitude arrives already at a high
level (cf. Figure 7). By this choice the accuracy of
decay curves was sufficiently high and any pertur-
bations by the electric field were reduced to a
minimum.

Stationary dichroism and photo-induced
change of retinal angle

As illustrated in Figure 2, photo-activation does
not only change the dichroism decay but also the
stationary dichroism amplitude. Measurements of
these amplitudes at different field strengths (cf.
Figure 7) show a decrease in the dichroism for the
photo-activated state over a wide range of electric
field strengths, whereas the overall shape of the
field strength dependence is quite similar for the
resting and the photo-activated state. These data
were analysed by the orientation function for
disks having a permanent dipole perpendicular to
the plane and an induced dipole in the plane.28

The orientation of purple membranes9 – 19 in low
DC-fields is determined by their permanent dipole
moment, which is directed perpendicular to the
membrane plane. The direction of orientation
changes at high DC field strengths,19,28 where the
induced dipole moment is dominant, causing pre-
ferential orientation along the membrane surface.
AC-fields ($1 kHz) induce orientation by the
induced dipole at any field strength, because the
permanent dipole cannot follow rapid changes in
the field direction. The induced dipole can change
its direction very quickly, because it is based on
changes in the ion distribution in the membrane
plane, which are sufficiently fast to follow high fre-
quencies up to the range of ,1 MHz. The change
in the mode of orientation from the permanent to
the induced dipole is reflected in the sign of the
dichroism.

The permanent and the induced dipole moments
obtained by the quantitative analysis of the station-
ary DC-dichroism remain almost constant upon
transition to the photo-activated state, whereas the
limit dichroism is reduced by a factor of ,1.9 in
the photo-activated state (Figure 7). However, the
extrapolation to the limit of orientation may not
be reliable enough, because the experimental
dichroism values obtained by DC-field pulses are
far away from the limit value. The experimental
dichroism values induced by high AC-field pulses
are much closer to the limit of complete orientation
(cf. Figure 8) and, thus, extrapolation is more
reliable. In this case, the limiting dichroism values
are much larger and the difference between the
resting and the photo-activated state is relatively
small. These data indicate that the limit values of
the dichroism depend on the mode of orientation
and suggest that the mode of orientation affects
the shape of particles (cf. Discussion).

The limit values of the dichroism are also depen-
dent on the ion composition. In the presence of
EDTA, used for chelating bivalent ions, the electric

Figure 6. Integral decay time con-
stant ti for the light-activated state
as a function of the time Dt after ter-
mination of light-activation. The
curved line represents a least
squares exponential fit of the data
with a time constant t ¼ 500 ms
(buffer B, pH adjusted to 6.1 by
addition of acetic acid, 20 8C,
6.14 mM D96N, 7.34 kV m21 DC
pulses).
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dichroism is much higher, both in AC and DC-
measurements. The limit dichroism found in buffer
A from AC-measurements is 0.424 for the resting
state and 0.361 for the light-activated state (61%
M). The corresponding values from DC-data are:
0.182 for the resting state and 0.112 for the light-
activated state. Compared to the rather large
change in the limit dichroism, changes in the per-
manent dipole moment induced by removal of
Ca2þ are negligible. Parameters obtained from fit-
ting of stationary dichroism data to orientation
functions are compiled in Table 1.

Global structure in M-state of
wt-bacteriorhodopsin is analogous to
that of D96N

The M-state of D96N is known for its particu-
larly long lifetime and, thus, was selected for a con-
venient analysis. Because the effects observed for
D96N may be partly due to the mutation, it is of
interest to analyse the M-state of wt-bacteriorho-
dopsin. For a direct comparison, the electric
dichroism of wt-bacteriorhodopsin was measured
first under the same conditions as D96N. These

Figure 7. Stationary dichroism
jDC at 458 nm of D96N bacteriorho-
dopsin induced by DC-field pulses
in the resting state (X) and in the
photo-activated state (W). The lines
show least-squares fits to the data
by the orientation function for
disks having a permanent dipole
perpendicular to the plane and
an induced dipole in the plane.
The fitted parameters for the
resting and the photo-activated
state are given without index
and with index p , respectively:
permanent dipole moment
m ¼ 1.92 £ 10223 C m; mp ¼ 2.18 £
10223 C m; polarizability a ¼ 1.19 £
10227 C m2 V21; ap ¼ 1.37 £
10227 C m2 V21; reduced limit
dichroism j1

DC ¼ 0.083; j1
DCp ¼

0.0448; buffer B, 20 8C; degree of
photo-activation 69% (based on DI
at 411 nm; cf. Results), 6.06 mM

D96N. The inserted disk-symbol indicates the direction of preferential orientation with respect to the field vector rep-
resented by the arrow (cf. Results: Stationary dichroism and photo-induced change of the retinal angle).

Figure 8. Stationary dichroism
jAC at 458 nm of D96N bacteriorho-
dopsin induced by AC-field pulses
in the resting state (X) and in the
photo-activated state (W). The lines
show least-squares fits to the data
by the orientation function for
disks having a permanent dipole
perpendicular to the plane and a
saturating induced dipole in the
plane (unpublished results). The
fitted parameters for the resting
and the photo-activated state are
given without index and with
index p , respectively: polarizabil-
ity a ¼ 3.31 £ 10228 C m2 V21; ap ¼
2.10 £ 10228 C m2 V21; limit field
strength E0 ¼ 4:79 kV m21; Ep

0 ¼
5:55 kV m21; reduced limit dichro-
ism j1

AC ¼ 0.265; j1
ACp ¼ 0.229; buffer

B, 20 8C; degree of photo-activation
71% (based on DI at 411 nm; cf.
Results), 6.13 mM D96N. The

inserted disk-symbol indicates the direction of preferential orientation with respect to the field vector represented by
the arrow (cf. Results: Stationary dichroism and photo-induced change of the retinal angle).
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measurements at pH-values around 7 did not
reveal large changes in the dichroism decay or of
any other dichroism parameter during photo-acti-
vation. Because the lifetime of the M-state is
extended at alkaline pH, wt-bacteriorhodopsin
was then analysed at pH-values of 7.8, 8.3 and 9.3,
where a sufficiently high degree of molecules
(,18.2%, 23.6% and 32.3%, respectively) was dri-
ven to the M-state by photo-activation. Under
these conditions the dichroism decay was acceler-
ated in the light-activated state by factors of 1.11,
1.19 and 1.28, respectively. These data demonstrate
a continuous increase in the acceleration effect with
increasing pH. The magnitude of the effect is simi-
lar to that observed for D96N at the same degree
of photo-activation (cf. Figure 4). The dichroism
decay of the wt-bacteriorhodopsin sample could
be described by single exponentials at a satisfac-
tory accuracy. The average decay time constant in
the resting state was 52.4 ms.

Bead model simulations

Dichroism decay time constants are known to be
very sensitive indicators of hydrodynamic dimen-
sions. The rotation time constant tR of circular
disks29 increases with the cube of their diameter d :

tR ¼
2hd3

9kT
ð1Þ

where h is the viscosity and kT the thermal energy.
Thus, for a disk with d ¼ 1 mm we get tR ¼ 55 ms
and with d ¼ 0:5 mm tR ¼ 6.9 ms (in water at
20 8C). However, there is no simple analytical
relation to deduce the bending angle of a circular
disk from a reduced time constant of rotational dif-
fusion. Bead model simulations30,31 are required to
get this type of information. The global structure
of a disk was modelled by an assembly a spherical
beads, as shown in Figure 9. The diameter of the
flat circular disk illustrated in Figure 9(a) is
990 nm. This disk was bent in a cylindrical mode
with different bending radii. The orientation mode
was defined by the permanent dipole moment,
which is in perpendicular direction to the disk

plane. If there is a net charge distributed on the
disk surface, bending will contribute to the perma-
nent dipole in this direction. The simulated dichro-
ism decay curves can be represented by single
exponentials at a sufficient accuracy, although
there are contributions from five exponentials. The

Table 1. Parameters obtained for D96N purple membranes by fitting of stationary dichroism data to orientation
functions

Buffer E-field % M m (10224 C m) a (10228 C m2 V21) E0 (kV m21) j1

B DC 0 19.2 11.9 0.083
B DC 69 21.8 13.7 0.0448
B AC 0 3.31 4.79 0.265
B AC 71 2.1 5.55 0.229
A DC 0 16.5 5.72 0.182
A DC 61 15.2 4.74 0.112
A AC 0 1.58 6.09 0.424
A AC 61 0.84 7.12 0.361

DC-data were fitted to the orientation function described by Shah;28 AC-data were fitted to a modified Shah function with a saturat-
ing induced dipole moment (unpublished results). The resting state is denoted by 0% M and the light-activated state is specified by
the percentage of M-state (see the text). m, permanent dipole moment; a, polarizability; E0, saturation field strength; j1, limit dichro-
ism; 20 8C, estimated accuracy ^10%.

Figure 9. Bead models of a circular disk with a diam-
eter of 990 nm at different bending angles. The model is
constructed out of 399 beads with a radius of 14 nm.
The views (a) and (b) show the planar disk in two differ-
ent orientations. The views (c)–(f) show different forms,
which are bent to the surface of cylinders with radii of
500 nm, 400 nm, 300 nm, and 200 nm. The views (b)–(f)
are generated using the same rotational angles. The
simulated dichroism decay time constants are 48.9, 39.6,
35.5, 28.7 and 17.6 ms for bending radii of 1, 500, 400,
300 and 200 nm, respectively.

674 Strong Bending of Purple Membranes in the M-state



fitted single exponential time constants are 48.9,
39.6, 35.5, 28.7 and 17.6 ms for bending radii of 1,
500, 400, 300 and 200 nm, respectively. A compari-
son of experimental and simulated time constants
demonstrates that the degree of curvature induced
by light-activation is very large. The bending
radius at high degrees of photo-activation in the
range of 61% is in the order of magnitude of
250 nm.

Discussion

Molecular electro-optical techniques are useful
to detect both global and local changes in macro-
molecular structures in solution at a particularly
high sensitivity. The information on structure can
be obtained within a time determined by its
rotational diffusion time constant. Thus, structures
of intermediates can be characterized by molecular
electro-optics in solution at a relatively high time
resolution. The information is provided on: (1) the
charge distribution indicated by the dipole
moment, (2) the arrangement of chromophores
indicated by the limit dichroism and (3) the size
and shape of the global structure indicated by the
time constant(s) of rotational diffusion.

Charge distribution and dipole moment

In the case of bacteriorhodopsin the information
on the charge distribution is of particular interest,
because proton motion during photo-activation
may change this distribution. A simple model cal-
culation indicates the order of magnitude: motion
of a proton from the intra- to the extra-cellular
side may change the dipole moment by 1=2 £ e £
50 £ 10210 C m ¼ 120 D per protein molecule. This
change is considerable with respect to the exper-
imental dipole moment of ,50 D per monomer,
but relatively small compared to the dipole
moment calculated from the crystal structure of
the protein in the order of 600–800 D.19,32 The effect
of proton motion on the dipole moment may also
be counterbalanced by motion of charged residues
of the protein. A recent investigation indicates that
the overall dipole moment of the protein is com-
pensated to a large extent, apparently by a non-
symmetric distribution of charges on lipid
residues.32 The overall permanent dipole moments
obtained in the present investigation suggest that
the change in the charge distribution between the
resting and the M-state is negligible. However, a
dipole change resulting from displacement of
some residue(s) may be compensated by
rearrangement of some other residue(s). Further-
more, the considerable change of shape during
transition to the M-state indicated by the dichroism
decay prevents a detailed comparison of molecular
dipole components, because bending of charged
objects may provide a large contribution to the
overall dipole moment.33

Retinal angle and limit dichroism

The orientation of purple membranes is driven
by AC-fields rather close to the limit of perfect
orientation, whereas the orientation is far from
this limit in the case of standard DC-fields. Thus,
the limit dichroism can be obtained at a much
higher reliability from AC-data. The example
given in Figure 8 shows that the limit dichroism
of the photo-activated state is smaller than that of
the resting state by ,15%, corresponding to a rela-
tively small change of the retinal orientation. A
completely different result is obtained from DC-
data, indicating a large reduction of the dichroism
in the photo-activated state by a factor of 2.

The difference between the limit dichroism j1
DC

obtained from DC and j1
AC from AC-measurements

is mainly due to the fact that the available orien-
tation function does not represent the various
effects contributing to the dichroism accurately
enough. First of all, usual bacteriorhodopsin prep-
arations include different particle sizes and shapes.
Furthermore, the shape of the particles is not con-
stant but subject to bending. The degree of bending
is probably affected by various factors, including
the electric field. Model calculations demonstrated
that bending of objects with a high charge density
leads to considerable dipole moments.33 Field-
induced bending of purple membranes must be
expected as well as field-induced stretching. The
processes of bending and stretching are dependent
on the details of the experimental conditions.
When the disks are oriented mainly by their
induced dipole moment, stretching is expected,
because the induced dipole is maximal in the
stretched state. Thus, stretching must be expected
under AC-pulses in general and under DC-pulses
of high field strengths. The energy term due to the
permanent dipole moment is dominant at low
field strengths of DC-pulses. In this domain, the
dipole moment may be increased by bending and,
thus, bending may be enhanced. Because the
experimental dipole moments of the resting and of
the M-state are close to each other, the degree of
field-induced bending or stretching should be
similar.

Due to the different effects contributing to the
stationary dichroism, a complete quantitative
interpretation cannot be presented yet. Apparently
high AC-fields induce stretching of purple mem-
branes and, thus, the limit dichroism obtained
from AC-measurements for the resting and the M-
state are relatively close to each other. The differ-
ence in the j1

AC-values between resting and light-
activated state is probably mainly due to a differ-
ence in the local orientation of retinal in the pro-
tein. At low DC-field strengths field-induced
bending is expected to be negligible or at least
similar for the resting and the light-activated state,
because the permanent dipole moments are of
similar magnitude. Thus, the large difference in
the stationary dichroism between the resting and
the light-activated state observed at low DC-fields
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(Figure 7) is mainly attributed to light-induced
bending of membrane fragments.

Based on this assignment of factors contributing
to the dichroism amplitude, we may proceed in
the analysis with the assumption that the disks are
stretched out at high AC-field strengths. Assuming
a simple flat structure of the discs, the angle of the
transition dipole moment derived from j1

AC is 62.38
for the resting state and 61.28 for the photo-acti-
vated state (71% M) in the presence of Ca2þ. The
higher values of the limit dichroism found in the
presence of EDTA provide retinal angles of 67.68
for the resting state and 65.48 for the photo-acti-
vated state (61% M).

The orientation of retinal has been analysed by
many different methods (for a summary cf. Ref.
34). The present data obtained from AC-measure-
ments in the presence of EDTA are in the same
order of magnitude as results reported in the litera-
ture. The polyene chain direction in the crystal
structure is 69.88 with respect to the membrane
normal.35 This angle is decreased in the M-state by
2.28 according to Schertler et al.,36 whereas Luecke
et al.35 report a reduction by 9.28. The difference
may be due to the analysis of different crystal
forms in these investigations. Linear extrapolation
of the dichroism change found in the present
measurements to 100% M-state provides a change
of the retinal angle of 3.68 (buffer A containing
EDTA). The dependence of the retinal angle on
the ion composition found in the present investi-
gation has not been reported previously. This
dependence suggests the existence of some ion-
binding site(s) close to the retinal group. However,
high resolution structures of bacteriorhodopsin
did not provide evidence for such binding site(s).
Thus, the dependence of the retinal angle on the
ion composition may be based on ion binding to
surface residues, which induces a change in the
pK of internal carboxyl groups.

Decay time constants indicate strong
light-induced bending

The most remarkable effect detected in the pre-
sent investigation is the large decrease in the
dichroism decay time constants in the photo-acti-
vated state. This decrease clearly demonstrates a
major change in the global structure. One of the
potential explanations is a photo-induced dis-
sociation reaction of the disks. However, dis-
sociation should be reflected by some
concentration dependence of the time constants
that was not detected in the experimental data.
Another argument against photo-dissociation is
provided by the parameters of the bi-exponential
fits. If there would be photo-dissociation, the
amplitude of the faster process should increase
upon photo-activation, because the fraction of
smaller particles should increase. Due to the
extreme dependence of dichroism decay times on
particle sizes (cf. equation (1)), this effect associ-
ated with dissociation should be easily detectable,

but has not been observed. Thus, the available
experimental data support an interpretation by
photo-induced bending.

The extent of bending induced by photo-acti-
vation is considerable as judged by the large
change in the dichroism decay time. However, a
quantitative assignment of bending angles requires
hydrodynamic model calculations. One of the diffi-
culties for an exact assignment is the heterogeneity
of the sample preparation with respect to size and
shape. However, an approximate assignment may
be based on disk models with a circular shape.
Using equation (1) the experimental rotational
time constants t1 ¼ 11.6 ms, t2 ¼ 55.0 ms for the
resting state (Figure 2) provide average disk sizes
of 0.6 mm and 1 mm as major components of the
distribution. These numbers illustrate the fact that
relatively small changes in disk dimensions result
in large changes in rotation time constants.

The change of t2 upon photo-activation is much
larger than that of t1. This result is consistent with
bending. Both small and large particles are driven
to the same degree of photo-activation and, thus,
their bending radius should be equivalent. Under
these conditions the effect of bending on the hydro-
dynamic dimensions increases strongly with the
size of the particles. The bead model simulations
on a disk with ,1 mm diameter clearly demon-
strate that the degree of photo-induced bending is
extensive. The acceleration of rotational diffusion
by a factor ,2 observed for particles of this size at
61% photo-activation corresponds to a bending
radius of ,250 nm.

Because photo-activation cannot be driven to com-
pletion, it may be suspected that different time con-
stants of the dichroism decay may reflect activated
and non-activated molecules. However, each mem-
brane fragment contains a high number of mono-
mers (on average ,50,000) and each of these is
activated with the same probability. Thus, the aver-
age degree of photo-activation for the whole frag-
ment population should be valid for each individual
membrane fragment. Selective photo-activation of
individual membrane fragments would require a
high degree of cooperativity, which has not been
found for bacteriorhodopsin.

Among the potential contributions to light-
induced bending of purple membranes may be
accumulation of protons on the extracellular side
of the membrane. An argument against this
interpretation comes from the decay of bending
after termination of light-activation. As shown in
Figure 6, the experimental time constant for the
decay of bending (500 ms) is more than two orders
of magnitude larger than that for transfer of pro-
tons to the bulk solution.37 – 40 Thus, asymmetry of
pH is not the basis of the bending effect. The rather
close correspondence of time constants for the
decays of bending and M-state indicates that the
structure of the M-state is the source of bending.
Bending is suppressed due to packing in the crys-
talline state of the samples, but is without these
limits in solution.
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Comparison with literature data

“Transient changes in the curvature of the purple
membrane” have been discussed by Czege &
Rheinisch20,21 based on measurements of light-scat-
tering intensities in the pH-range 4–11. These
authors used wt-bacteriorhodopsin and short light
pulses for activation, whereas a photo-stationary
state was analysed in the present investigation.
Czege & Rheinisch found only relatively small
changes in scattering up to 3%. Their changes are
maximal at pH 8 and decrease at pH . 8. Thus,
the pH-dependence described by Czege & Rhei-
nisch is very different from that found in the pre-
sent investigation and is not consistent with an
assignment of bending to the M-state. Furthermore
Czege & Rheinisch20 report a decreased degree of
bending upon photo-activation for pH . 5. Thus,
not only the magnitude of the effect and its pH-
dependence but also the direction of the effect is
different. These differences are probably mainly
due to the fact that light-scattering intensities are
not nearly as sensitive with respect to changes in
shape as rotational diffusion. Furthermore, Czege
& Rheinisch did not use the D96N-mutant, where
the effect can be observed more easily than with
wt-bacteriorhodopsin. Czege & Rheinisch did not
report their degree of photo-activation, which
would be essential for any comparison, because
the effect of bending is expected to be non-linear.
Finally, as mentioned also by Czege & Rheinisch,
there are problems in the interpretation of the
light-scattering intensities.

Biological function

Purple membranes are usually considered in the
literature to be planar disk structures, although
the general shape of Halobacteria implies a high
degree of bending. According to Stoeckenius et al.41

the cells of Halobacterium salinarium “usually
are rods of approximately 0.5 mm diameter and
4–10 mm length”. Thus, purple membrane patches
in vivo are strongly bent to cylindrical forms. The
curvature found in the present experiments at 60%
photo-activation happens to be close to the natural
one in the membrane of Halobacteria. Apparently
the curvature can be modulated by various factors.
The surface charge density is clearly one of the
essential factors. Other factors remain to be investi-
gated as well as the energy required for bending. It
is possible, for example, that purple membranes in
their isolated state are released from “bending
strain” imposed by the in vivo situation. The pre-
sent results clearly demonstrate that photo-exci-
tation changes the balance of factors contributing
to bending to a large extent and, thus, light-
induces a bending signal. The molecular basis for
bending of purple membranes in the photo-acti-
vated state is expected to be a change of the protein
structure. Changes in bacteriorhodopsin structure
during the photocycle were analysed and dis-
cussed by several authors. The findings obtained

by different approaches are contradictory. Subra-
maniam & Henderson42 using electron crystallo-
graphy found particularly large movements
within helix F (up to 2–3 Å), whereas the X-ray
analysis of crystals did not show this transition.35,43

Probably “the main structural change is inhibited
or muted in the three-dimensional crystals”.42,44 As
shown in Figure 10, the changes reported by Subra-
maniam & Henderson are equivalent with a
wedge-like deformation of the protein in the
trans-membrane direction during the M-state. The
effect of this deformation on the global structure
of purple membranes has not been considered yet.
It is obvious, however, that a wedge-like defor-
mation of the monomer must be amplified to a
high degree of bending in purple membranes.

A biological role of bending in the light-induced
state cannot be specified yet. It is possible that
bending of purple membranes is used as a “mech-
anical” signal in the membrane. Although signal

Figure 10. View of the a-helical structure of bacterior-
hodopsin in the resting state (blue, 1FBB) and in the
“late” M-state (red, 1FBK) according to Subramaniam &
Henderson.42 Movements of the helices F and G open
the proton channel at the cytoplasmic side and generate
a wedge-like structure. The coordinates were loaded
from the Protein Data Bank; the Figure was generated
with VMD.48
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action via bending remains speculative at the pre-
sent state of knowledge, the unusually large light-
induced bending found in purple membranes
suggests that it is worthwhile to study this possi-
bility in more detail. The existence of mechano-
sensitive ion channels in bacteria45 demonstrates
that signals of this type can be detected and
converted.

Materials and Methods

Wild-type (wt) bacteriorhodopsin was prepared by
standard procedures46 from H. salinarium, provided by
Dr J. Tittor. The D96N sample was kindly donated by
Dr J. Tittor. The membrane fragments were dialysed
extensively against the buffers used for measurements.
Buffer A: 1 mM NaClO4, 1 mM sodium cacodylate (pH
6.7), 0.2 mM EDTA; buffer B: 1 mM NaClO4, 1 mM
sodium cacodylate (pH 6.7), 0.2 mM Ca(ClO4)2. The
measurements with wt-bacteriorhodopsin at pH-values
.7 were performed in the buffers: 3 mM Tris–HCl (pH
7.82), 0.2 mM Ca(ClO4)2; 3 mM Tris-HCl (pH 8.27),
0.2 mM Ca(ClO4)2; 2 mM sodium borate (pH 9.32),
0.2 mM Ca(ClO4)2.To suppress aggregation, the samples
were sonicated in a Bransonic 220 sonicator for three
minutes before electro-optical measurements. The
samples were light-adapted by irradiation with a cold
light source.

Combined application of electric field pulses and of
intensive light pulses to a given solution requires a
special instrument, which allows independent initiation
of the pulses. An instrument of this type was constructed
using the units of a standard field jump instrument8,19

together with a cell that has been designed for fluor-
escence detection.47 The cell with Pt-electrodes at the
top and bottom is equipped with two standard conical
quartz windows for absorbance measurements and two
conical windows with a large aperture for fluorescence
measurements. The light path for fluorescence measure-
ments, which is arranged in perpendicular direction to
the light path for absorbance measurements, is used in
the present application for irradiation of light to generate
the M-state of bacteriorhodopsin. Two 600 W lamps from
Hanovia were used as light sources (one from the left
and the other from the right side); the irradiation time
was determined by electromagnetic shutters. The wave-
length of the irradiation light was limited by cut-off fil-
ters to l . 520 nm. Polarization filters oriented at an
angle of 558 with respect to the electric field vector were
used for isotropic excitation of bacteriorhodopsin. DC
and AC-pulses were generated by an arbitrary waveform
generator Tektronix AWG 5105 together with a Fluke
amplifier 5205A. A scheme of the instrument is pre-
sented in Figure 1.

The dichroism decay curves of D96N bacteriorhodop-
sin required two exponentials for accurate fits. Because
amplitudes and time constants of such fits may vary
over a relatively wide range, unless the accuracy of the
data is very high, in some cases integral time constants
ti were used as defined by:

ti ¼
A1

A1 þ A2
t1 þ

A2

A1 þ A2
t2 ð2Þ

where A1; A2; t1 and t2 are the amplitudes and the time
constants of the first and the second exponential,
respectively.
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