
Cross-correlated photon scattering during the photocycle
of bacteriorhodopsin

Jozsef Cz6g6 and Lou Reinisch
The Laser Biophysics Center and the Department of Radiology, Uniformed Services University, Bethesda,
Maryland 20814 USA; and the Institute of Biophysics, Biological Research Center, Hungarian Academy of Sciences,
Szeged, H-6701, Hungary

ABSTRACT Changes in the ultraviolet light scattering from a suspension of purple membrane fragments were detected during
the photocycle of bacteriorhodopsin with a cross-correlation method. The scattered light intensity from a suspension of
membrane fragments containing the protein bacteriorhodopsin was measured on a logarithmic time scale of 1 ,As to 0.1 s at
pH 4.6 after the photocycle was initiated with a polarized 532-nm laser flash. A simple model of curved sheets with positive
and negative changes in the curvature is used to describe the observed light scattering changes. A detailed mathematical
derivation of the model as well as the pictorial description are given. The changes in curvature of the membrane fragment are
more than likely driven by the protein during the photocycle and are observed to have at least two time-resolved
components, each changing the curvature of the fragment with an opposite sign.

1. INTRODUCTION

Bacteriorhodopsin (bR) is a photo-activated proton pump
found in the purple membrane (PM) patches of the
bacteria Halobacterium halobium (1, 2). The protein
progresses through a sequence of intermediate steps
during the photocycle, as evidenced by changes in the
optical absorption spectrum (3). There have been at-
tempts to link these absorption changes to significant
rearrangements of the bR conformation: To date, studies
indicate that the retinal chromophore does not move
during the photocycle (4-8). Also, investigations of the
protein side chains show no evidence for motion during
the photocycle (9). However, some motion is probably
involved in the photocycle because it can be influenced by
the viscosity of the surrounding medium. When the
membrane fragments are suspended in the higher viscos-
ity medium of glycerol/water, the photocycle is slowed
(10). In addition, the proton moves across the membrane
during the photocycle. This motion has been directly
measured by the protein electric response signal (PERS)
method (1 1).

In earlier studies, the purple membrane fragments are

observed by UV light scattering after photoexcitation
with polarized light (12-14). Transient changes in the
scattering cross-section for the membrane fragments are

interpreted as small changes in the bending of the
membrane fragments. Here we report on these transient
changes in the scattering cross-sections with time resolu-
tion of 1 ,us. We find the dynamics of the membrane to be
much more complicated than earlier interpretations
showed. The fragments undergo forced changes in curva-

ture in opposite directions with different time scales
during the photocycle.

The mathematical derivation of the expected scattering
changes from the bent sheet model is presented in
Appendix A. We expand upon earlier derivations (12-14)
and also present a treatment of the scattering changes due
to absorption changes in the sample in Appendix B.

2. MATERIALS AND METHODS

Purple membrane fragments are isolated from the strain ET1001 of
Halobacterium halobium according to the procedure of Oesterhelt and
Stoeckenius (15). The samples are graciously provided by Dr. Zsolt
Dancshazy. The samples are suspended in 10 mM potassium biphtha-
late buffer. The concentration of the bR in the samples is determined by
measuring the absorption spectrum (Spectronic 1201, Milton Roy Co.,
Rochester, NY) in a 1-cm cuvette. The samples are very stable and show
no signs of aggregation with the low salt concentration. No settling of
the PM fragments is observed, even after 1 wk of storage. The extinction
coefficient of bR at 568 nm has been reported to be 63,000 cm-'M-'
( 16). Using our measured absorption spectra, the extinction coefficients
for the bR568 at 325 nm is -4,500 cm-'M-' and at 532 nm is 44,000
cm-'M-'.

Samples of the PM suspended in agar gel are made by dissolving agar
(Bactoagar, Difco Laboratories, Detroit, MI) into water (2.5% agar) at
800C. The gel is cooled to about 400C before the concentrated PM
suspension is added and mixed thoroughly. The sample is then allowed
to gel at room temperature in a cylindrical cell. The pH is controlled by
immersing the gelled sample into a 10-mM potassium biphthalate buffer
solution. The cylindrical gel sample is allowed to equilibrate with the
buffer solution overnight. Tests of this method were made agar gel
samples (no PM) equilibrated in copper sulfate solutions. Visual
inspection showed that copper sulfate was able to diffuse into the gel
within a couple of hours. Even though the smaller salt ions diffuse in
rather rapidly, we have observed no loss ofbR from the gel samples, even
after several months of storage in the buffer solution.

voue5 etme 90 71-2 ipyia oraVolume 58 September 1990 721-729 Biophysical Journal 721



HedLsrN:A ae

HeCd Laser Nd:YAG Laser
325 nm Polarizers Polarizers 532 nm

_ ~ ~ ~ ~~I _~

Photodiode ; 3
QuartzLes t /Aperture

Trigger Inte frne'Photomltiplie

|Wondertoy II

| ~~Amplifier|
§ omputer

FIGURE 1 A block diagram of the experimental setup. The frequency
doubled, Q-switched Nd:YAG laser excites the photocycle with 1.5-mJ
pulses at 532 nm (30-ns pulse length). The polarization of the laser is
selected with a combination Glan-Taylor prism and thin film polarizer.
The HeCd laser (325 nm, 7 mW) illuminates the cylindrical sample cell
from the opposite direction. The polarization is selected with a combina-
tion of a Glan-Thompson prism and a thin film polarizer. The sample
cell is held in an index matching goniometer at room temperature. The
scattered light is collected and focused onto a 1-mm aperture in front of
the photomultiplier tube (PMT) with two quartz lenses. An interference
filter blocks the room light and most of the 532 nm light from entering
the PMT. The PMT has a l-kg anode resistor, and the signal is
amplified with a DC to 1 MHz amplifier. The digitizer runs on a
logarithmic time base and is triggered with an optical diode. Subsequent
data storage and analysis are performed with the computer.

The geometry of the scattering system with a 300 scattering angle is
shown in the block diagram of the experiment in Fig. 1. The monitoring
light is the 325-nm line (7 mW) from a HeCd laser (Liconix, Sunnyvale,
CA). The polarization is selected using a quartz Glan-Thompson
polarizer (Newport Corp., Fountain Valley, CA) and a membrane
polarizer (Oriel Corp., Stratford, CT). The exciting flash is from a

frequency doubled, Q-switched Nd:YAG laser (attenuated to 1.5
mJ/pulse) at 532 nm (Quantel Int., Santa Clara, CA). The Nd:YAG
laser has a 10-Hz repetition rate with an average power of 15 mW.
Repetition rates of 5 and 2 Hz are also used to ensure that heating is not
affecting the measurements. The polarization of the pulsed laser is
selected with a quartz Glan-Taylor polarizer (Newport Corp., Fountain
Valley, CA) and membrane polarizer to avoid changes in the beam
direction when selecting different polarizations. Detection is made by a

photomultiplier tube (type 9863, Thorn EMI Gencom Inc., Plainview,
NY). The signal is amplified (AM 502, Tektronix Inc., Beaverton, OR),
then digitized with a logarithmic time base (Wondertoy II, University of
Illinois, Urbana, IL) and processed by computer (WGS 6300, AT&T,
Morristown, NJ). The PM suspensions are held in 10 x 75 mm

cylindrical test tubes of borosilica glass.
The percent changes in the scattered light have two components: one

scales with bR concentration, the second is independent ofbR concentra-
tions (see Appendix B). To separate the two signals, the experiment is
performed at a number of concentrations. At each concentration we

measure the changes in the scattered light at 42 equally spaced points on
a logarithmic time axis. We then plot the changes in the scattered light
as a function of the bR concentration for each of the 42 time points.
These data are then fit to 42 independent straight lines using a least
squares routine. The 42 slopes and intercepts of the fits give the
scattering changes proportional to the bR concentration and the
scattering changes independent of the bR concentration, respectively.

3. RESULTS

Fig. 2 a shows the transient changes in the scattered light
measured at 325 nm during the bR photocycle. The figure
plots the percent change in the scattered light versus the
time after the visible laser flash on a logarithmic time
scale. The four curves show the scattering measured using
vertically and horizontally polarized monitoring (325 nm)
light (Iv and IH) and vertically and horizontally polarized
exciting (532 nm) light (Ev and EH).
As a control, we repeat the above experiments with the

bR fixed in 2.5% agar gel. In the gel, the membrane
motion is constrained. The transient scattering signals are
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FIGURE 2 (a) The observed scattering changes from a 5-,gM suspen-
sion of bR in membrane fragments in water at room temperature. The
excitation at 532 nm is either vertically or horizontally polarized (EV or
EH). The scattering is measured at 325 nm with either vertically or
horizontally polarized probe light (Iv or IH). The four curves are labeled
for the polarizations used. The initial deflection of the data (faster than 8
,us) is from laser light leaking into the PMT. (b) The observed scattering
changes from an -20 gM suspension of bR in membrane fragments in a
2.5% agar gel. Here the membrane fragments are constrained and
unable to change their curvature. The scattering changes are induced by
changes in the absorption of the sample at 325 nm during the
photocycle. The polarizations on the monitoring and scattering light are
indicated. The bold lines are used for the horizontal excitation (EH); the
thin lines are used for the vertical excitation (Ev). The arrow locates the
slight "kink" observed in the curve.
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shown in Fig. 2 b. The smaller signal observed here is due
to changes in the absorption of the 325-nm light that also
occur during the photocycle. These absorption changes
are small and slightly distort the measured scattering.

Previous studies performed on PM fragments in this
same brand of agar gel indicate that the photocycle is not
significantly altered by the gel (9). We therefore feel that
Fig. 2, a and b, can be compared qualitatively. However, a

direct quantitative comparison is difficult. The concentra-
tion of the bR in the two samples must be identical. In
addition, the agar scatters much more light than water.
So, the intensity of the exciting laser flash is slightly
attenuated in the gel sample. The additional scattering
from the agar will cause an artificial decrease in the
amplitude, because we measure the percent change in
scattering.
The scattering changes due to changes in the chro-

mophore can be separated from the scattering changes
due to a change in membrane cross-section by diluting the
sample. The true fractional scattering changes due to
cross-section changes will remain constant (as long as the
membrane fragments remain the dominant scattering
center) and the changes in scattering due to changes in
the chromophore will scale with the chromophore concen-

tration, Eq. B 10. We measure the scattering from a

sample at 5.0 AM concentration. We then dilute the
suspension to 2.5, 1.25, and 0.63 ,uM. For each concentra-
tion the transient scattering is measured. The scattering
transients at each time point for the four samples are fit as
a linear function of the chromophore concentration. The
scattering changes independent of the chromophore con-

centration are shown in Fig. 3 a (the intercepts of the
linear least squares fit). Also shown in Fig. 3 a are the
changes that scale linearly with the chromophore concen-

tration. These are the scattering changes induced by
absorption changes. The linear least squares fits for
several time points are shown in Fig. 3 b. The linear
approximation outlined in Appendix B appears to be valid
for these data.

4. DISCUSSION

The surface of the PM fragment is asymmetrically
charged ( 17, 18). The most energetically favorable config-
uration for a flexible membrane with a fixed asymmetric
charge distribution is curved. Therefore, it is not unreason-

able to assume that the PM fragment is curved. The
changes in the scattering cross-section of the PM frag-
ments during the photocycle of the bR can be explained
by changes in the curvature of the membrane fragments.
The membrane fragments are thin sheets, reported to

be 4.9 nm ( 19) and 4.35 nm (20) thick and on the order of
1 ,um in diameter (21). We also note that the effective
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FIGURE 3 (a) The scattering is measured from a suspension of 5.0 M
bR. The sample is diluted to 2.5, 1.25, and 0.63 MM. The scattering is
measured for each sample. The scattering for each time point is then fit
with a linear least squares method as a function of the chromophore
concentration. The percent changes in the scattered light due to
membrane fluctuations should be independent of chromophore concen-

tration. These concentration-independent scattering changes (intercepts
from the least squares fit) are shown as open points. Error bars are

determined from the residuals of the least squares fit. Scattering
changes for the two polarizations (EHIH and EVIV) are shown. Scattering
changes that scale with chromophore concentration (slopes from the
least squares fit) are shown as solid points. Error bars are determined
from the residuals of the least squares fit. Scattering from times faster
than 10 As are influenced by the scattered light at 532 nm leaking into
the PMT. (b) Demonstrations of the linear dependence of the scattering
from suspensions of PM fragments. The percent change in scattering is
plotted as a function of the bR concentration for 9 equally spaced
log(time) points for horizontal and vertical excitation (EH and EV,
respectively). The lines are least squares fits to the data. The time points
are: (0) 10 As; (0) 30 ,s; (0) 100 As; (U) 300 ,us; (A) 1 ms; (A) 3 ms;
(+) IO ms; (*) 30 ms; (x) 0.1 s.

diffusion diameter for the fragments has been reported to
be slightly smaller. Arrio et al. finds a PM fragment to
have an effective diameter near 0.3 ,Am (22). The curved
surface of the fragment could account for some of this
difference. Also, the handling of the PM fragments could
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have an influence on their size. It is possible that the
larger fragments are torn with the shear forces of the
suspending medium.
The dipole of the retinal groups, arranged in symmetric

trimers, are essentially parallel (200) to the membrane
surface (23). It is important to recall that the visible laser
flash will interact with the retinal dipole. When the light
polarization is parallel to the retinal dipole, it is preferen-
tially absorbed. The ultraviolet light scatters off of the
membrane surface. The orientation of the membrane
fragments with respect to the excitation and probe light is,
therefore, important. There are essentially three broad
classes of membrane orientation possible. These are

shown in Fig. 4 and labeled as class 1, 2, and 3. While it is
not exact to categorize all membrane orientations by
these three classes, we can use them to qualitatively
explain the scattering transients (see Appendix A).
We first consider excitation with horizontally polarized

light (EH) In Fig. 4, this light travels across the page with
the polarization vector out of the paper. This polarization
will primarily excite those PM fragments in class 1 and
class 2 (see Appendix A for a mathematical verification).
In these two orientations, the angle between the mem-

brane surface and the incident horizontal polarization is a
minimum. Therefore, the excitation of the retinal timers
in the membrane is maximal. The scattering from the
membrane is maximized when the surface normal is
parallel to the scattering vector. The scattering vector

I (325 nm)

2

2

1
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E (532 nm)

Class 2 Class 3

FIGURE 4 The three classes ofPM orientation are shown. The 532-nm
light travels from right to left across the page; the 325-nm light travels
from left to right. The middle membrane in each class is the initial
configuration. The membranes decrease the amount of curvature (1)
and then increase the curvature (2). Finally, they relax to the original
configuration. For simplicity, cylindrical curvature about two perpendic-
ular axis is shown. In the actual PM it is probably more complicated.
Also, the curvature changes are exaggerated for illustration purposes.
The arrows through the membrane fragments show the direction of the
proton pump with respect to the membrane curvature for pH 4.6. Class 1
and 2 PM fragments are primarily probed with horizontally polarized
excitation. Class 3 PM fragments are primarily probed with vertically
polarized excitation (see Discussion in the text).

bisects the angle formed by incident light and the scat-
tered light. For this experiment, the scattering vector is
out of the paper and nearly perpendicular to the paper. It
can be seen from Fig. 4 that scattering will decrease when
the curvature of the class 1 and 2 orientations decreases.
Likewise, the scattering will increase as the curvature
increases for the class 1 and 2 orientations. See Appendix
A and references 12-14 for the mathematical treatment
of this model.
We observe in the experimental data an initial decrease

in the scattering, then an increase in the scattering of the
probe beam after the excitation with horizontally polar-
ized light. This implies first a reduction in the curvature,
followed by an increase in the curvature of the membrane
fragments after photoexcitation. One might descriptively
term this a "flapping" of the PM after photoexcitation
(see Fig. 2 a of reference 22 for a micrograph suggesting
PM flapping).

Excitation with vertically polarized light (Ev) will
excite those membranes with orientations in class 2 and
class 3. However, most of the scattering of the probe beam
will be due to the class 3 orientation ofPM fragments. So,
we neglect the class 2 orientation and take into account
only the class 3 orientation. This may seem to be an

oversimplification of a complicated system, but careful
mathematical analysis has been performed and supports
the simple picture presented here (see Appendix A and
references 12-14). The PM fragments excited with verti-
cally polarized light will therefore decrease in scattering
cross-section when the bending is increased. Likewise,
they will increase in scattering cross-section when the
bending is decreased (or the "flaps" are open).

This picture is consistent with the measured scattering.
After photoexcitation the membrane initially reduces its
curvature. This leads to an increase in scattering when
excited with vertically polarized light. The reduced curva-

ture is then followed by increased curvature. This leads to
a reduction in the scattering of the probe light by the class
3 orientation (those excited with Ev).

This simple model explains the observed scattering
data very well. The transient scattering has a different
sign depending upon vertical or horizontal excitation
polarization. This experimental result may be very disturb-
ing at first. Upon careful analysis we find that the
scattering changes in opposite directions for vertical and
horizontal follows directly from the model (changing the
membrane curvature).
Of course, the actual situation has additional complica-

tions. It is possible for the membranes to rotate during the
experiment. The rotation of the entire fragment during
the course of these experiments will decrease the signal
size. Photoselection experiments using polarized light
indicate that the PM fragment rotation is significantly
slower than the period of the photocycle (9). Additionally,
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the PM fragments require orientation for the PERS
signal. In these measurements, the suspension of PM
fragments retains its orientation for -0.1 s after the
orientation electric field is turned off (24).

In this discussion, we have thus far assumed that the
dipole moment interacts only with the pulsed laser; there
is no absorption of the UV light by the sample. This is not
strictly true. There is a slight increase in absorption of the
UV light by the PM when the protein undergoes its
photocycle. The changes in absorption will cause apparent
changes in the scattered light. The changes in the scatter-
ing signal due to absorption changes can be measured by
putting the membrane fragments into a gel, where they
are constrained and unable to change their curvature. The
changes in scattering due to absorption changes measured
at 325 nm are consistent with known rates for the bR
photocycle. A slight "kink" in the scattering in the gel
sample due to absorption changes (Fig. 2 b) is seen at -80
,us corresponding to the L R transition. This kink is

more obvious in samples with a higher concentration of
bR. Also, the final decay of the absorption-induced
scattering change is consistent with 1.5-3 ms time for the
O -- bR transition measured with PM in a water
suspension (2, 24).

In Fig. 4 the direction of the proton pump is shown with
respect to the membrane curvature. The initial reduction
in curvature is shown, then the increase in curvature,
finally the fragment returning to its initial state of
curvature. The initial change from a curved membrane to
a more flat membrane is a driven reaction. The exact time
of the initial change is difficult for us to determine with
our data. The l-,ts resolution of our A/D converter, and
the leakage of the pulsed laser light into the photomulti-
plier distorts the data faster than -8 ,us. Needless to say,

the first change in curvature happens very quickly. It
probably takes place or starts within the 2-3 ,us time
known for the K , L transition. The change in curvature
is probably a delayed response to an impulse force for this
initial fast transition.

Subsequently, the membrane is driven to a more curved
state with a time constant near 80 us. The 80-,gs time
corresponds with the observed absorption "kink" in Fig.
2 b. Also, this corresponds well with the time for the L
M transition. We know this is not a spontaneous relax-
ation of the membrane, because the spontaneous relax-
ation occurs much slower. A relaxation is seen at the end
of the kinetics, and it is, in fact, slower than the photocy-
cle.

Finally, after the photocycles of the many protein
molecules held in each PM fragment are complete, the
membrane relaxes to its initial state with a very nearly
single exponential decay time. In Fig. 5 we show the
absolute value of the percent change in scattering on a

logarithmic scale versus linear time. Here, the exponen-

I--

1 -

S-

z 0.1

M

'U
.= 0.01

ux

. 0.001-
0.00 0.02 0.04 0.06 0.08 0.10

time (s)

FIGURE 5 The absolute value of the percent changes in scattering on a
logarithmic scale vs. linear time (same data as Fig. 2), for times >8 ms.
(0) EHIH; (A) EHIV; (0) EvIv; (0) EvIH. Straight lines show the least
squares fit to the data with rates of 105, 1 1 1, 71, and 71 s -', respectively.

tial nature of the decay is very apparent. In addition, the
relaxation differs slightly for vertical and horizontal
excitation (Ev and EH). The vertical excitation scattering
change decays with a rate of 108 ± 4 s-'. The horizontal
excitation scattering change decays with a rate of 71 ± 2
s- 1. The values of these relaxation rates, of course, depend
upon the handling of the sample and the PM fragment
size. Yet, the PM fragments excited with vertically
polarized light always shows a faster decay than the PM
fragments excited with horizontally polarized light. Fur-
ther investigations are needed to understand this differ-
ence. We note that the different polarizations view the
membrane fragments and the relaxation differently (see
Fig. 4). It is not unreasonable to see different relaxation
times. It is also possible that the relaxation time could be
slightly influenced by the rotational time of the mem-

brane fragments. Recall that the characteristic time of
the rotation is on the order of 0.1 s or longer for PM (24).
Further work in this area is clearly needed.
The reduction in membrane curvature followed by an

increase in curvature before the membrane relaxes to its
initial state is an exciting result. Measurement of charge
movement with the PERS technique has indicated for
many years that the charge first moves in one direction
and then reverses direction during the photocycle of
bacteriorhodopsin (1 1, 24). In fact, a slingshot model for
the proton pump of bR was introduced. In the PERS
experiments, the first "backward" motion of the proton
occurs in several fast steps. The slowest step of the
backward motion occurs in 2-3 ,us. We propose a simple
model where the backward motion of the protons causes

the PM fragment to flatten because of electrostatic
repulsion (see Fig. 6). The subsequent forward motion of
the proton measured with PERS follows in several steps.
These steps correlate with the intermediates of the bR
photocycle measured with optical absorbance changes.
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FIGURE 6 A simple model that correlates the motion of the proton as
measured with the PERS method to the changes in curvature seen with
light scattering. The membrane fragment is initially curved with the
proton located somewhere inside PM. The proton initially moves
backwards within a few microseconds. This causes the membrane to
flatten from the electrostatic forces. The proton is then pumped across
the membrane. The charges on the opposite side of the membrane
surface cause an increased bending of the membrane. Finally, the
system relaxes to the initial state. The times shown on the model are
approximate.

According to the model shown in Fig. 6, the forward
moving protons will cause an increase in the membrane
curvature. Our simple model correlates well with the
PERS measurements, but it clearly needs experimental
verification. Yet, the correlations with the direction of
proton motion and changes in curvature are worth noting.
The membrane bending is significant in the study of

bR. The membrane motion observed here indicates a link
between the function of bR and the dynamics of the
membrane. Understanding the external controls on a

protein is an important aspect in understanding the
function of a protein. Additionally, if the correlation
between the proton motion and the bending (as mentioned
above) is justified, then the membrane motion is an

additional probe to the motion of the proton. Additional
work is in progress to measure the fast changes in the
bending of the membrane fragments as a function of the
pH and the viscosity of the suspending medium. This
should give us new insight to the function of bR.

where X is the angle between the direction of the polarization of light and
the transition dipole moment. The dipoles of the retinal groups are

arranged in symmetric trimers as shown in the coordinate system in Fig.
7 a. The membrane normal, n, is along the z-axis. The incident exciting
light has a polarization vector, p, where w is the angle between n and p.
The retinal dipoles are shown as three symmetric r vectors at an angle a
from the membrane normal. Accounting for the trimer arrangement of
dipoles, Eq. Al now becomes

W _ .2 [COS28cos2 + sin' 6 sin'

2 [2 sin' 6 + - (2 -3 sin2 5) cos2 ]. (A2)

The membrane is not flat, but curved with an angle as shown in Fig.
7 b. Therefore, the value of cos2 w must be averaged over the membrane.
In the case of spherical curvature, we note that

(COS2) 2w(1 -'cos f) =T dO f1 dO cos2 W

= I[1 +cos'(1 +cos )(1 -3sin2WO)], (A3)

a

b

\R

APPENDIX A

We present here the mathematical analysis of the excitation and
scattering process. For clarity, we will treat the excitation and scattering
separately. The polarized excitation light interacts with the chro-
mophore transient dipole moment (the retinal) and selects specific
orientations of PM fragments. The scattering process is from the
membrane and will change with the membrane cross-section.
To analyze the excitation process, recall that the probability of

exciting a chromophore with a transition dipole moment u is given by

w - y2 Cos2 o, (Al)

FIGURE 7 (a) The three symmetric dipole moments of the bR trimer
are shown as r vectors. The membrane normal, n, is along the z-axis. The
angle between r and n is 6. The incident light has a polarization along the
p vector. The angle between p and n is w. The symmetry of the three r
vectors makes the result of the dipole interaction term, Eq. A2,
independent of the angle a. (b) A schematic of a spherically bent
membrane fragment, with radius of curvature, R and angle of curvature
24. The thickness of the membrane in the radial direction (the
/-direction), is 10.
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where w0 is the angle between p and n at the center of the membrane
fragment. The important results of Eqs. A2 and A3 may not be
apparent. There are three broad classes of membrane orientation
possible. These are shown in Fig. 4 and labeled as class 1, 2, and 3.
Horizontally polarized exciting light (EH) travels across the page in Fig.
4, from right to left with the polarization vector out of the paper. Class 1,
2, and 3 will correspond to wo = 90, 90, and 00, respectively. We allow a
to be nominally 700, then Eq. A2 is maximized for class 1 and 2
orientations and minimal for the class 3 orientation. With similar
arguments, one can see that vertically polarized exciting light (EV) will
primarily excite the PM fragments in class 2 and 3. Of course, in the
suspensions all orientations are possible, and categorizing each mem-

brane into one of the three classes will not yield exact solutions. We,
therefore, integrate over all orientations when making our calculations.
Due to the membrane fragment size, we can use the Rayleigh-Debye

approximation to describe the scattering (25). The intensity of the
scattered light is determined from the form factor P:

1 2

P(0) = V2 | vexp (ihs) dV|, (A4)

where 0 is the scattering angle and V is the volume of the scattering
particle. The coefficient h = (4wr/X) sin (0/2), where X is the wavelength
of the scattered light, and Is is the length of the projection of the
position vector of an arbitrary point on the membrane to the direction of
the scattering vector (25).
The scattering cross-sections are proportional to the form factor

according the following relations

a V2P(0), o-rl - V2P(0) cos2 0, (A5)

where oa and a, are the scattering cross-sections when the incident light
is polarized perpendicular and parallel to the scattering plane, respec-

tively (25). The scattered light is proportional to the scattering cross-

section.
The integral in Eq. A4 can be expanded for the case of spherically

bent surfaces

P(0, e) = | Jo(hp sin e) exp (ihl cos e) dl (A6)

where J0 is the zero order Bessel function, and p = IR 2 (R 1)2.

The angle is between the membrane normal and the scattering vector,
s. The length, 1, is across the membrane with a total thickness of '0. The
scattered light intensity is proportional to the form factor in the case of
constant particle volume, Eq. A5. Using the coordinate system shown in
Fig. 8, the exciting light at 532 nm is incident from the -x direction.
The probe light at 325 nm is incident from the +x direction. The angle 0

is 300 in our experiments. Class 1 membranes will have e = 900; class 2
will havee = 750; class 3 will have e = 15°.

In the case of vertically polarized exciting light (Ev), class 2 and 3
membrane fragments are primarily excited. From Eq. A6, we find that
the scattering form factor is orders of magnitude larger for the class 3
membrane fragments compared to the class 2 fragments. We therefore
only consider the class 3 fragments. In Eq. A6, is not a single value, but
varies due to the curvature of the membrane. Increasing the curvature
will increase the range of e. Analysis of Eq. A6 shows a decrease in the
form factor with an increase in curvature for e < 300 for 0.25 Am2
membranes (12). This is an agreement with the pictorial argument
presented in Fig. 4.

Horizontally polarized exciting light (EH) will excite class 1 and 2
membrane fragments. When e > 600, the scattering form factor

membrane

scattered
light

y
bisector

/ incident probe
x beam

FIGURE 8 The orientation of the PM fragment is defined with the
incident probe beam coming from the +x direction, and the incident
excitation beam coming from the -x direction. The xy plane is the
scattering plane, with the scattering angle, X, measured from the -x
axis. The membrane normal forms an angle e with the bisector of the
compliment of angle 0.

increases with increased curvature for the 0.25 Am2 membranes (12).
This is also in agreement with the pictorial argument presented in Fig. 4.

APPENDIX B

We treat here the change in the scattering transients as a function of the
chromophore concentration. The chromophore concentration will change
the observed scattering signal via two major effects: It will attenuate the
exciting light that reaches the center of the sample. Secondly, if the
chromophore changes its absorption at the probe beam wavelength, then
the amount of scattered light making it out of the sample and to the
detector will also be changed by the absorption transients. We account
for both of these effects in the following.
A schematic of the situation is presented in Fig. 9. The excitation

beam enters the sample from the top. The volume of the illuminated
sample imaged into the PMT has a length I and has a width of w. The
probe beam enters from the bottom. Given that cpm is the concentration
of purple membrane fragments, then the amount of light scattered (dR)
from the volume element dVis

dIsc(t) = Im(Q, t)o(Q, t)CpmdV. (BI)

Im is the intensity of the probe beam a distance t into the sample and at
the time t. The scattering cross-section of the PM fragments is a, with t
and t denoting position and time, respectively. This scattered light must
pass through a pathlength p of the suspension to reach the detector. So, it
is attenuated and the scattered light is now

dI,c(t) = Im(Q, t)O(a, t)cpm exp [-7l325(4, t)pcbR] dV. (B2)

Here, CbR is the concentration of the bacteriorhodopsin. Also, 'q is the
nondecadic absorption coefficient of bR. The subscript gives the wave-

length. At time t = 0, the scattered light for the volume element can be
written as

dIh,(t = 0) = Ioo7OaCbR exp [-nl325CbR(Q + p)] dV. (B3)

Both aQ(, t) and 7(Q, t) depend upon t and t due to the attenuation of the
excitation light as it passes through the sample and the changes in the
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FIGURE 9 The volume of the PM suspension imaged onto the PMT.
The incident excitation light, Eo enters from the top of the page. The
probe beam, IO enters from the bottom of the page. The scattered light,
ISC, is from volume element dV, and must be integrated over the entire
volume. Both the excitation and probe beams are attenuated by the
sample absorption. The probe beam will experience a time-dependent
attenuation due to the change in the absorption of the sample as it goes
through the photocycle. Additionally, the scattered light is attenuated as
it passes out of the suspension. The full analysis is presented in Appendix
B.

bR absorption during the photocycle, respectively. To simplify the
notation, we use 7° = i1Q, t = 0) and a° = o(Q, t = 0). At time t = 0, all
the bR is in the ground state and the absorption and scattering
cross-section is not a function of t. In Eq. B3 we have also used aCbR =
cpm to simplify the notation. We can explicitly identify the scattering
cross-section and absorption as

a Q(, t) = aO[ + s (t)I,(,)I (B4a)

rq , t) = qo + k(t)Ie( ). (B4b)

Here, s(t) and k(t) contain all the kinetic factors in the scattering and
the absorption, respectively. I.x(Q) is the excitation intensity at point t in
the sample. It is an instantaneous excitation at time t = 0. The
excitation intensity can be written as

l. Q) = Eo exp [- 532CbR(lR )] (B5)

We do not take into account the change of Im and I,, due to scattering,
since this is a small perturbation. The differential equation describing
the intensity of the monitor light, Im is

I0=m 5 + k(t)IeX(Q)]CbR. (B6)

The solution to Eq. B6 is

Im (, t) = Io exp (A), (B7)

where A is a function of CbR, such that

A = -325cbRo - k(t)EoCbR
[exp (7l532CbR0) - 11

exp (-n532CbRl) L
7532CbR ].(B8)

We use Eqs. B7 and B8 in Eq. B2 and integrating over the entire volume
of sample imaged upon the PMT, we obtain the following relation as the
fractional scattering change

ISC(t = 0)

f {[l + s(t)Iex(Q)] exp [A - n1325(Q, t)PCbR]
- exp [-n325CbR( + p)]}dV (B9)

f exp [-1325cbR(Q + p)] dV

This complicated equation can be more easily evaluated when the
concentration of bR is small (as in these measurements). Expanding Eq.
B9 to the first order terms and neglecting qcl relative to unity, we obtain

AiSC
- a(t)Eo- k(t)EOCbR(l + W)- (BI0)-sc (t

Thus, we have shown the scattering to have two components. One
component is a function of the cross-section changes, s(t), and indepen-
dent of the chromophore concentration. The second component is a
function of the absorption changes, k(t), and has a linear dependence on
the chromophore concentration. We have assumed that qcl is small. For
the experiments reported here, v = 2.303e ^ 100,000 cm-'M-', c < 5.0
AM, and 1 < 5 mm. As shown by the linear dependence of the data in Fig.
3 b, the data are sufficiently well described by this first order approxima-
tion.
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