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The hydrodynamic method of transient electric birefringence has been used to study bovine rhodopsin rolubilized in 
two detergents, 0.02% Ammonyx LO and 0.045% digitonin. All measurements are interpreted as the sum of two exponen- 
this by which the relaxation times yield the rotary diifusion coefficients for ellipsoids of revolution. The semi-major and 
minor axes for prolate ellipsoid models have been caicnkted and their a~hl ratio, 6.8, in both detergents, is in tine with 
recent reports on the structure of rhodopsin. Studies on bleached rhodopsin showed a large increase in axial ratio in 0.02% 
Ammonyx LO. 

1. Introduction 

This paper describes the results of hydrodynamic 
studies on purified bovine rhodopsin, solubilized in 
two detergents_ The purpose of this study is to deter- 
mine the shape envelope of the rhodopsin-detergent 
mice&s. 

The hydrodynamic method of transient electric 
birefringence deveIoped by Benoit [I] and O’Konski 
and Zimm 121 was chosen for this study. The most 
general theory for this method describes the transient 
birefringence for a homogeneous suspension of 
spheroids in terms of two exponential functions of 
time, with time constants ts = 1/6R, and of = 

1/2($?t + 2R,) [3] _ R, and RTJ denote the distinct 
rotary diffusion constants for the spheroid correspond- 
ing to rotation about the short and long axes of the 
spheroid, respectively. Knowledge of the magnitude 
of these constants, combined with the inversion proce- 
dure of the Perrin equations developed by Wright 
et aI. [4], allows the dimensions of the semi-major 
and minor axes of the spheriod to be determined. This 
method has been successfully used to determine the 
hydrodynamic dimensions of several proteins includ- 
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Research support was provided by a grant HEW PHS 
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ing bovine serum albumin, H&c pomatia hemocyanin, 
and a series of seven proteins in the detergent sodium 
dodecyl sulfate and therefore was chosen for this 
study [S-7]. 

2. Materials and methods 

Dissected bovine retinas obtained from G. Honnel 
and Company (Austin, Minn.) were stored at -70°C 
until used. All,operations were conducted under dii 
red light and in ice buckets with the exception of 
column chromatography and birefringence measure- 
ments, which were done at room temperature under 
dim red light. Rod outer segments (ROS) were isolated 
using the sucrose gradient procedure of Ebrey [S] _ 

Purified rhodopsin was prepared from the ROS 
obtained by the above procedure by solubilization 
of the ROS in 2% Ammonyx LO, 0.067&l phosphate 
buffer, pH 7.0 and chromatographed on a calcium 
phosphate column according to the method of Ebrey. 
Further purification was accomplished by chromatu- 
graphy on hydroxylapatite according to Applebury 
et al. [9]. 

Purified rhodopsin was concentrated when neces- 
sary by ultrafittration (Amicon, Lexington, Mass.). 
The purity criteria is based on the ratio of the optical 
densities at 280 nm and 500 nm (OD 280/500). 

Prior to measuring the birefringence, the samptes 
were dialyzed three times against 0_02% Ammonyx LO, 
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0.004% dithiothreito! (DTT), in distilled water. With 
concentrations less than this amount of detergent, 
the rhodopsin was no Ionger soluble, but could be 
resolubilized by addition of dirergent 19). 

Digitonin samples were prepared by dialysis of 
purified rhodopsin against 0.045% digitonin, 0.004% 
DTT in distilled water. 

Bteached rhodopsin was prepared by exposing 
rhodopsin to an incandescent lamp taken from a 
lantern projector for periods of 30 s followed removal 
from the light to insure against heating. This process 
was continued For 10 min. The birefringence apparatus 
was constructed by RC. Williams, Biophysics Depart- 
ment, Medical College of Virginia. The optical system 
is similar to that described by O’Konski and Zimm 
and O’Konski and Haltner [2,10] _ The pulsing circuit 
was designed by Williams and produced a pulse with 
a resolution time of 4 no_ The analysis of the birefrin- 
gence data has been described by Wright and Thompson 
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3. Fksults 

The measured birefringence relaxation for all sam- 
ples showed curvature when plotted on semi-logarith- 
mic paper. Estimation of relaxation times by the usual 
peeling off method showed all samples could be des- 
cribed within experimental error by two relaxation 
times; 7s and Tf (corresponding to slow and fast relaxa- 
tion processes, respectively), which suggests a spheric&l 
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Fig. 1. Birefringence relaxation times versus rhodopsin in 
0.02% Ammonyx LO. 

ES 

2 4 6 6 10 

y/ml 

Fig. 2. Birefringence relaxation time versus rhodopsin in 
0.045% di&onin. 

model for the rhodopsin-detergent micehes used in 
this study. 

The measured relaxation times are shown in fig. 1 
through 3. The concentrations were calculated from 
measured optical densities at 500 nm on stuck solu- 
tions, assuming a molar extinction of 43 250 M-t cm-t 
and the molecular weight for rhodopsin to be 35 000 
daltons [9,11,12]. 

Fig. 1 shows the concentration dependence of rf 
and rs for rhodopsin in 0.02% Ammonyx LO, measured 
for three different rhodopsin preparations, with 
OD 280/500 ranging from 1.7 to 2.5. Since the several 
samples tend to extrapolate to the same relaxation 
times at zero concentration, the data are pooled to 
calculate the linear least squares lines from which the 
relaxation times extrapolated to zero concentration 

mvml 

Fig. 3. Birefringence relaxation times versus bleached 
rhodopsin in 0.02% Ammonyx LO. 
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Table 1 
Cakula~ed rotary diffusion caefficknts, semi-a&I tengtits, and ahI ratios for ellipsoids1 mad&s of rhadopsin~eter~~n~ micetIes 
based on transient birefriagence data 

Rhadopsin/Detergent 

0.02% Ammony?r LO 

0.M.R Ammonyx LO 
~bleadhed) 

R, x IO4 
(s-1 )a) 

75.1 f 5.1 

30.3 f: 1.5 

R, x IQ+ 
(SC’ )a) 

796 + 65 

699 r 47 

Axial ratio 

6.8 i 0.5 

11 +o.lz 

0.04sso Diitonin 114 +5 1211 +45 1OO~Z 14.9 % 0.3 6.7 + 0.2 

8 Extrapohted to zero concentration. 

an: obtained. The resufting intercepts and standard 
errorsarers=222% 15nsandrf=20+-2.3ns [13]_ 

Fig. 2 shows the concentration dependence of rf 

and r, for rhodopsin in 0.045% digitonin. As in the 
above discussion. the data from the two samples are 
pooled in the linear regression. The resulting inter- 
cepts and standard errors are 7s = 144 i: 5.7 ns and 
rf 3 19.7 + 0.7 ns. 

Fig. 3 shows the results of bleaching with white 
light. In the case of bleaching in the presence of 0.02% 
Ammonyx LO, the Iong relaxation time approSirnately 
doubles in duration, with no significant increase in 
the short relaxation, as shown in fig. 3. In this case, 
the relaxation times, extrapolated to zero concentra- 
tion, are determined by the intercept of the straight 
line drawn between the two data points. The result- 
ing values are rs = 550 C 27.5 ny and rt= 35 f 2.3 ns, 
Tlte.errors in this case are calculated assuming 5% 
errors in accord with the above two sets of data. 

The birefringence relaxation curves for the solvents 
0.02% Axnmonyx LO and 0.045% digitonin appeared 
the same as that for distilled water and therefore 
solvent correction was unnecessary (5 j . The salvent 
viscosities for 0.02% Amrnonyx LO and 0.045% 
digitonin, measured with an Ostwald viscometer 
thermostated at 25°C. afe 0.8704 and 0.8782 cP, 
respectively_ 

The laser light source did not bleach the rhodopsin 
samples since the relaxation times were unaffected 
after t/2 hour and 2 l/2 laser exposures of two un- 
bleached samples in each detergent. 

The calculated rotary diffusion coefficients and 
semi-axid lengths of prolate elhpsoidal models for 
rhodopsin-detergent micelles used in this study are 
shown in table 1, The standard errors appearing in 

table I were calculate;d by propagating the relaxation 
time errors through the inversion procedure discussed 
in the Introduction, and calcuMing the pooied root 
mean square values which are obtained. The resulting 
&xial ratios are also shown in table 1. 

It is possibie to rule out an oblate ellipsoid model 
based on the rotary diffusion coefficients for such a 
mode1 since their ratio is greater than the upper limit 
for the obfate case [3,4J. 

4. Discussion 

Equivalent prolate ellipsoid of revolution have 
been calculated for micelles of bovine rhodopsin 
s&bilked in 0.02% Ammonyx LO and 0.045% 

digitaain. In both cases, tlte ellipsoids have an &al 
ratio of 6.8 within experimental error. The differences 
in the dimensions of the semi-axes are probably due 
to the different detergents and not due to conforma- 
tion changes in rhodopsin, since the absorption spectra 
are unchanged in these two detergents. 

Recent observations on rhodopsin by other tech- 
niques have implied considerabre asymmetry in the 
structure of rhodopsin. A thorough review of these 
fimdings has been published by Ebrey and Honig f 14]_ 
&fore recent observations on the asymmetry of rhodop- 
sin solubilizad in detergents are given by Lewis et al. 
[12j, and Yeager [15]. Lewis et al. computed the 
dimensions of prolate and ablate ellipsoidal models 
for chadopsin, based on area and volume data they 
obtained from binding studies of T&on X-100 with 
rhodopsin and partial specific volumes. The semi- 
axial lengrhs for their prolate ellipsoid are 55.5 A and 
k-3.5 A, and for their ablate ellipsoid, 32 A and 10 A_ 
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Yeager measured the radius of gyration for rhodopsin 
in 1% Ammonyx LO and in the detergent dodecyltri- 
methylammonium bromide using the method of 
neutron scattering. His values in these detergents are 
29 ? 2 A and 26 + 3 A, respectively. He states that 
these values are incomparable with a spherical model 
of rhodopsin which he reports would have a radius 
of gyration of 17.3 A. In both of these cases, the 
observations are on the rhodopsin core of the deter- 
gent micelle. 

The radius of gyration for the prolate model of 
Lewis et al. is calculated to be 26.2 A, which is in 
agreement with those reported by Meager. The ablate 
model of Lewis et al. yields a radius of gyration of 
15.6 A, which is not supported by Yeager’s data. 
These comparisons are supportive of our fmdings that 
an oblate model for rhodopsin can be discounted. 

The equation for the frictional ratio for a prolate 
ellipsoid as a function of &al ratio is given by Tanford 
[ 161. For the prolate ellipsoid of axial ratio 6.8 a 
frictional ratio of 1.36 is caIculated. This value is in 
good agreement with the value 1.2 to 1.4 reported 
by Hubbard for rhodopsin in 2% digitonin [ 171. This 
agreement is supportive of the prolate ellipsoid models 
for the micelles of rhodopsin in the two detergents 
used. 

The effect of bleaching rhodopsin in the presence 
of 0.02% Ammonyx LO shows a large conformational 
change. The axial ratio increases to 11_ This observa- 
tion supports other data which show that considerable 
conformation changes occur in the protein moiety of 
rhodopsin following lighht absorption. Such changes 
have thoroughly been reviewed by Ebrey and Honig 
[ 14]_ Additionally, since the review by Ebrey and 
Honig. Santillan and BIasie have reported that the 
scattering mass of rhodopsin in ROS membrane 

multilayers changes dramatically upon rhodopsin 
bleaching, based on electron density profile changes 
at 8A resolution X-ray diffraction. This shows that 
rhodopsin undergoes a conformational change, due 
to bleaching, in ROS membranes as well as in deter- 
gents_ 

Acknowledgement 

The author wishes to express his appreciation to 
Dr. Thomas G. Ebrey for inviting him to visit his 
laboratory and providing the research support for 
these experiments, and to Dr. Rajni Govindgee for 
her instructions in the preparation of purified 

rhodopsin. Also, the author wishes to thank Professor 
W-T. Ham and R.C. Williams of the Biophysics Depart- 
ment, Medical College of Virginia, Richmond, Virginia, 
for providing use of the birefringence apparatus [ 191. 

References 

[11 
VI 
131 
I41 

151 

161 
171 

[81 
191 

[lOI 

1111 

t121 

[I31 

H. Benoit, Ann. Phys. 6 (1951) 561. 
CT. O’Konski and B.H. Zimm, Science 111 (1950) 113. 
D. Ridgeway, I. Amer. Chem. Sot. 88 (1966) 1104. 
A-K. Wright, R.C. Duncan and K.A. Beckman, Biophys. 
J. 13 (1973) 79.5. 
A.K. Wright and M.R. Thompson, Biophys. J. 15 (1975) 
;37. 
A-K. Wright and W.W. Fish, Biophys. Chem. 3 (1975) 74. 
A.K. Wright, h1.R. Thompson and R.L. Millet, Bio- 
chemistry 14 (1975) 3224. 
T.G. Ebrey, Vision Research 11 (1971) 1007. 
M-L. Applebury, D.M. Zuckarman, A.A. Lamoh and 
TM. Jovin, Biochemistry 13 (1974) 3448. 
C.T. O’Konski and A.J. Haltner, J. Amer. Chem. Sot. 
78 (1956) 3604. 
J.P. Rotmans. G.L.M. Van De Laar, F.J.M. Daemen and 
S.L. Eonting. Vision Research 12 (1972) 1297. 
M.S. Lewis, L.C. Kreigand W.D. Kirk, Exp. Eye Res. 18 
(1974) 29. 
R-L. Anderson and T.A. Bancroft, Statistical Theory in 
Research (McGraw-Hill. New York, 1952)_ 

[ 141 T.G. Ebrey and B.H. Honig, Quarterly Review of Bio- 
physics 8 (lQ75). 

[ 151 %I. Yeqer, Federation Proceedings 13, (I975) #3,583. 
[ 161 C. Tanford. Physical Chemistry of hlacromolecules 

Wiley. New York, 1961) p_ 327. 
[ 171 R. Hubbard, I. Cen. Physiol. 37 (1953) 381. 
[IS] G. Dantillan and J.K. Blasie, Biophyn 15 (1975) 109x 
[ 191 R.C. Williams. W.T. Ham and A.K. Wright. Anal. Biochem.. 

in press. 


