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A new method combining integrated optics and photon-correlation spectroscopy was
developed to study dynamic behavior in thin films and at interfaces. As a first applica-
tion, the lateral diffusion of rhodopsin, the visual protein in photoreceptor membrane,

was studied.

PACS numbers: 87.15.He, 87.15.Mi, 87.20.-i

Photon-correlation spectroscopy (PCS) is wide-
ly used to study the dynamics of samples of inter-
est by analyzing the temporal autocorrelation
function of fluctuations in the light scattered
quasielastically from them."? While behavior
such as macromolecular diffusion in bulk solu-
tions is routinely investigated using PCS, and
fluorescence-correlation spectroscopy has recent-
ly been used to study surface kinetics,® conven-
tional PCS methodology cannot be used, for ex-
ample, to study boundary regions occurring at
solid-liquid interfaces and in thin films. We re-
port here the development and first application of
a new light-scattering method combining PCS and
integrated optics® (I0) to probe dynamic behavior
at interfaces within distances of the order of the
wavelength of light, A. The recent application of
integrated optics to Brillouin® and Raman spec-
troscopy®” demonstrated the value of combining
integrated optics with spectroscopic techniques
and PCS-IO now extends this capability for study-
ing interfacial and thin film dynamics into the
range accessible to modern PCS instrumentation,
viz., 1-10"% s,

The samples chosen for this first study were
thin, multilamellar films of photoreceptor mem-
brane (PRM) that with humidification retained
many of the important photochemical characteris-
tics of the native membrane.®”® The possibility
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of studying the diffusive behavior of the PRM pig-
ment protein, rhodopsin, was particularly appeal-
ing since diffusively mediated intramembrane
rhodopsin interactions are considered to play an
important role in vision.'®!' The investigation of
membrane protein diffusion more generally by
means of PCS-IO offers important advantages
since proteins are not labeled and photoabsorp-
tion is avoided by a proper choice of laser line.
By contrast, fluorescence studies of membrane
protein diffusion'?*® require protein labeling and
interpretation of results can be complicated by
label effects on protein motion, undesirable
photochéemical events, etc. With PCS-IO, lateral
distances in the sample of the order of A are
probed, a useful feature since A is intermediate
between the ~ 1-um diffusion studied by photo-
bleaching-fluorescence-recovery techniques and
the highly localized protein motion probed by

. polarized flash photometry.'

The PCS-IO experimental setup is illustrated
in Fig. 1. The waveguide consisted of a sample
film as superstrate, a Corning 7059 glass film as
core, and a Pyrex slide as substrate.’® Approxi-
mately 5 mW of 6471 A laser light was coupled
into the guide using a fluid index-matched to the
sample to insure single-mode TE,; propagation.
Photoabsorption was avoided because 6471 A is
well above the sample absorption band.® Ilumina-
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FIG. 1. Experimental apparatus. A, and A, are
neutral density filters and D are diaphragms. FPP and
BPP are prism polarizers while FFL and BFL are
focusing and CL the collecting lenses. BPF is a nar-
row-band pass filter. The experimental scattering
geometry is shown in the inset.

ting the sample with the evanescent portion of the
guided light allowed a well-defined 0.5-p4m-thick
region of the sample close to the sample/core
interface to be probed'® by a relatively weak por-
tion (®* 1 mW) of the guided light. Perhaps more
importantly for PCS measurements, the incident
wave vector of the evanescent light, Eo, was
single-valued and well defined.'®

The films used in these studies were formed by
depositing bovine retinal rod outer-segment disks
onto microscope cover slips using the isopotential

TABLE I. Photoreceptor membrane PCS/guided
wave study results.

10''p, Humidification
(cm?/sec) (h) Bleached
5.12+2.80 0.6 No
11.12+4.80 0.6 No
8.88+2.40 0.6 No
7.52+1.50 0.6 No
8.16+1.78 1.0 No
2.12+0.84 1.0 No
6.06+0.86 1.0 No
5.10+2.26 1.0 No
9.84+2.02 3.5 Yes
11.42+2.02 3.5 Yes
3.78+1.20 3.5 Yes
5.40+2.48 3.5 Yes
9.14+1.70 3.5 Yes
4,58+ 0.96 3.0 Yes
1.84+0.58 3.0 Yes
4.46+1.80 3.0 Yes
5.68+1.38 3.0 Yes
3.20+1.18 3.0 Yes
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FIG. 2. Two representative baseline-corrected auto-
correlation spectra of photoreceptor membrane films.
The slow relaxation corresponds to run 3 in the third
sample (D; = 3.78x 10" ! cm?/s) while the faster relax-
ation corresponds to run 4 in the first sample (D = 7.52
x 10711 ¢cm?/s) (see table).

spin-dry centrifugation technique.®”® These films
consisted of ~10° membrane layers, were highly
oriented, and were typically 10-20 pm thick.
After humidification at 20-23 °C and 100% relative
humidity for 35 min to 3.5 h, films were firmly
pressed face down onto glass waveguide cores,
which produced large, optically clear regions of
arbitrary shape in each sample. To prevent dehy-
dration, spaces between cover slip edges and
guide cores were sealed with Vaseline on three
sides and with the coupling prism and index-
matching fluid on the fourth. [For comparison
purposes, some films were bleached by room
light while others were not (see Table D.] Light
scattered from optically clear regions at 90° to
the guided light (Fig. 1) was collected within
about one coherence solid angle and amplified,
and discriminated photomultiplier pulses were
then processed by a digital correlator. Incoming
photodetection counting rates were scaled to lev-
els appropriate to scattered-light intensities and
correlator times. While strong scattering from
stationary sample inhomogeneities resulted in
large autocorrelation function baselines and
heterodyning of the scattered light,'” the expo-
nential character of evolving autocorrelation
“spectra” above baseline was readily monitored
on an oscilloscope. When an occasional sample
became dehydrated during the course of these
measurements, this exponential part decreased
correspondingly, ultimately disappearing into the
baseline. Occasionally, inactive sample regions
were also found that yielded strictly flat spectra.
Results for scattering from active regions were
fitted with the sum of one, two, or three expo-
nentials plus baseline and in eighteen of twenty
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cases were best fitted by one exponential. These
eighteen spectra were then analyzed further. Two
representative spectra are presented in Fig. 2.

The dynamic behavior of thin films of alternat-
ing strata of water and phospholipid bilayer—a
system devoid of proteins—was recently inves-
tigated using forced Rayleigh light scattering.'®
The area, thickness, and bilayer spacing of sam-
ples studied were comparable.to those employed
here. While scattering from both thermal and
hydrodynamic inhomogeneities was observed, no
evidence for any dynamic mode of the kind ob-
served in PRM was reported. Furthermore, the
influence of extraneous vibrations on spectra from
PRM films was ruled out on the basis of the flat
spectra observed for inactive and dehydrated
films and because spectral decay times for active
regions were found to be independent of sample
region size and shape. These results and the
high proportion (= 80 wt.% of all protein) and high
density (=60-A spacing) of PRM rhodopsin sug-
gest that spontaneous rhodopsin concentration
fluctuations were primarily responsible for light
scattering in PRM. Exponential spectra, then,
resulted from the formation and relaxation of
these fluctuations via protein diffusion.’®*” The
characteristic 1/e time, 7, of the spectral decay
was then related to the two-dimensional rhodop-
sin mutual lateral diffusion coefficient, D;, and
to the scattering wave vector, K, by'*%7

T =(0.5DLK2)-1, (1)

where the factor 0.5 accounts for the projection
of K onto the membrane plane (Fig. 1, inset) and
K =|k - k,| = 4mn sin(6/2)), with A,=6471 &, 6
=90°, and n =1.499, the measured refractive in-
dex of a humidified PRM film at room tempera-
ture and 6328 A.19 It is seen that a length in the
sample of 27 /K= 2000 A was probed in these
measurements. Rhodopsin diffusion was there-
fore measured in regions smaller than the rod
outer-segment disks used to make sample films
—a capability unique to this new method.

D, values calculated using Eq. (1) are presented
in Table I. Each group of values represents a
different sample and different values within a
group represent different sample regions. Though
D, =10 ecm?/s here, the reported tracer lateral
diffusion coefficients for intact frog and mud pup-
py rods at room temperature were ~10™° cm?/s.%°
The slow diffusion seen here is most likely due
to rhodopsin aggregation. This interpretation is
supported by recent x-ray diffraction and electron
microscopic data from compacted films of the
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kind studied here,* which exhibited regions of
lipid/protein segregation and unit-cell dimensions
distinctly less than those of native rod cells.
Presumably, then, inactive regions were those
depleted in rhodopsin, and D variations resulted
from inhomogeneities including protein/lipid
segregation. These results are also in accord
with those of Schindler et al.?® who recently re-
ported the room-temperature tracer lateral diffu-
sion coefficient of the Escherischia coli matrix
protein in humidified, reconstituted, multibilayer
membrane films to be <107 !2 cm?®/s. This slow
diffusion is also thought to stem from protein ag-
gregation. The E. coli matrix protein molecular
weight and concentration were 36 000 (Ref. 23)
and 40% (Ref. 22) while the corresponding PRM
rhodopsin values are 37000 and 40%,'%2* and
functional analogies between these two systems
have been postulated.® ‘

Finally, it is seen (see Table I) that photo-
bleaching did not affect D; results indicating that
further photoinduced aggregation did not occur.

This work was partially supported by the Na-
tional Science Foundation and the National Insti-
tute of Health (National Eye Institute). One of us
(J.S.) acknowledges helpful conversations about
this work with B. A. Smith, M. B. Weissman,
and N. C. Clark. Two of us (K. R. and J. S.)
acknowledge the able technical assistance of
K. Rosen, W. Cantore, V. Culbertson, and
R. Santo.

(@)present address: Department of Physics, Univer-
sity of Nevada, Las Vegas, Nevada 89154.

IN. C. Ford, Chem. Scr. 2, 193 (1972).

2H, Z. Cummins and H. L. Swinney, in Progress in
Optics, edited by E. Wolf (North-Holland, New York,
1970), Vol. 8.

3N. L. Thompson, T. P. Burghardt, and D. Axelrod,
Biophys. J. 33, 435 (1981); T. P. Burghardt and
D. Axelrod, Biophys. J. 33, 455 (1981).

p, K. Tien, Rev. Mod. Phys. 49, 361 (1977); H. Ko-
gelnik, in Integrated Optics, edited by T. Tamir,
Topics in Applied Physics, Vol. 7 (Springer-Verlag,
Berlin, 1975).

N. L. Rowell and G. I. Stegeman, Phys. Rev. Lett.
41, 970 (1978).

6y. Levy, C. Imbert, J. Cipriani, S. Racine, and
R. Dupeyrat, Opt. Commun. 11, 66 (1974).

J. F. Rabolt, R. Santo, and J. D. Swalen, Appl.
Spectrose. 33, 549 (1979), and 34, 517 (1980).

8N, A. Clark, K. J. Rothschild, D. A. Luippold, and
B. A. Simon, Biophys. J. 31, 65 (1980).

K. J. Rothschild, N. A. Clark, and K. M. Rosen,
Biophys. J. 31, 45 (1980).

10M, Montal, Biochim. Biophys. Acta 559, 231 (1979).



VOLUME 48, NUMBER 24

PHYSICAL REVIEW LETTERS

14 JUNE 1982

'3, Olive, Int. Rev. Cytol. 64, 107 (1980).

2D, E. Koppel, D. Axelrod, J. Schlessinger, E. L.
Elson, and W. W. Webb, Biophys. J. 16, 1315 (1976).

13D, Lansing Taylor and Yu-1i Wang, Nature (London)
284, 405 (1980).
"TIR, Cone, Nature (London) New Biol. 236, 39 (1972).

153, D. Swalen, M. Tacke, R. Santo, K. E. Riekhoff,
and J. Fischer, Helv. Chim. Acta. 61, 960 (1978).

18M. Born and E. Wolf, Principles of Optics (Per-
gamon, New York, 1975).

1B, J. Berne and R. Pecora, Dynamic Light Scattering
(Wiley, New York, 1976).

8W. Chan and P. S. Pershan, Phys. Rev. Lett. 39,

1368 (1977).

15R, Santo, unpublished results.

2IM. M. Poo and R. A. Cone, Nature (London) 247,
438 (1974); P. A, Liebman and G. Entine, Science 185,
457 (1974).

s, Gruner, K. J. Rothschild, and N. A. Clark, to be
published.

2M. Schindler, M. J. Osborn, and D. E. Koppel,
Nature (London) 283, 346 (1980).

R. J. Cherry, Biochim, Biophys. Acta 559, 289
(1979).

%T. G. Ebrey and B. Honig, Q. Rev. Biophys. 8, 129
(1975). '

1693



