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Dynamic Kerr effect measurements were performed with dilute aqueous suspensions of monodisperse spherical vesicles 
(-1 pm diameter), isolated from the rod outer segment of bovine retina. A large birefringence, amounting to the specific 
Kerr constant of low3 esu, can be observed. When a sufficiently long duration pulse (1 s) is applied, the decay of birefrin- 
gence can be represented by a single exponential prome, yielding a relaxation time of 100 2 20 ms in 1 mM imidazole 
buffer. This is consistent with the rotatory relaxation rime of these spherical membrane vesicles. When a short duration 
is applied, the biiefringence increases more steeply and the decay protiie contains several components. The slowest (terminal) 
relaxation time is 86 5 15 ms and is due to the same process as the one observed in the slow pulse case. 

I_ Introduction 

The dynamic Kerr effect (DKE) has been used suc- 

cessfully as.a powerful tool for investigation of the 
electric and optical properties of macromolecules in 
dilute solution_ Specifically for rodlike macromole- 
cules, there exists an extensive literature [l] _ In the 
ideal case, i.e., monodisperse and dilute solution, the 
decay of birefringence can be represented by a single 
exponential, whose time constant T is related to the 
rotatory diffusion constant 0 as T = l/60. Hence, 
DKE measurements have been used for determination 
of macromolecular shape and size through the rota- 
tory diffusion constant. In this regard, DKE consti- 
tutes one of many hydrodynamic methods for molec- 
ular characterization. 

Recently, our laboratory has been involved in 
the study of structure and dynamics of spherical 
vesicles formed from the photoreceptor disk mem- 
branes of rod outer segment (ROS) of bovine retinae. 
It has been established that these membrane vesicles 
could be isoltited intact from ROS and swollen into 
monodisperse spherical vesicles of 450-500 nm in 
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radius [2,3] in low osmolar media (mM). Further, not 
onIy are they osmotically active [4] but also elec- 
trically active by exhibiting a well-defined electro- 
phoretic mobility [5]. Thus the electric field induced 
birefiingence transient technique, DKE, is a natural 
choice for probing their dynamics and perhaps even 
that of the photopigment on the membrane surface. 
There are two specific intramembraue dynamic pro- 
cesses of photopigment hitherto examined by various 
techniques; they are the lateral translational diffusion 
[6-91 and the rotatory diffusion [6,10] about the 
transverse axis of the disk, of rhodopsin, the photopig- 
ment which constitutes nearly one-half of the total in- 
tegral membranous substances [ 1 1] _ We ask the ques- 
tion: Is the DKE technique amenable to probing one 
of these processes within spherical vesicles? If the 
vesicles remain spherical but the uniform distribution 
of photopigment (and/or phospholipid, the other princi- 
pal component) can be perturbed by a dipolar electric 
field, then one should observe a substantial birefriu- 
gence, even if the perturbation is small, because of the 
size of these vesicles_ Similarly, a tield-induced vesicle 
deformation without attendant redistribution of photo- 
pigment (and/or phospholipid) could give rise to the 
same observation. Thus the DKE technique may be 
employed for examination of vesicle dynamics, 
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though interpretation in terms of the specific pro- 
cesses referred to above may be difficult_ This was the 
motivation which has prompted us to examine the 
DKE of these vesicles. In this paper, we present our 
first set of experiments which demonstrates conclu- 
sively that the DKE technique can appropriately be 
employed for extraction of at least one dynamic 
property of the gross vesicle structure, namely the 
rotatory diffusion constant of vesicles. In addition, it 
poses a number of intriguing questions, including the 
exact origin of the enormous birefringence. 

2. Experimental procedure 

2. I_ Samples 

Bovine ROS disk membranes were isolated and 
purified from dark-adapted frozen retinae (American 
Stores Packing Company, Lincoln, Nebraska) by a 
modified version [2] of the method originally em- 
ployed by Smith et al. [ 123 _ The swollen membrane 
vesicles were suspended in 1 mM imidazole buffer, 
and the pH of the suspension was monitored at 6.3- 
6.9 throughout each experiment. Each suspension had 
O-1 mM EGTA, which appears to reduce free cation 
concentration; a small amount of free cations enor- 
mousl_y diminishes the birefringence. The vesicle 
number density was determined by measurement of 
the optical absorbance at 633 run, which had earlier 
been calibrated against a number density determination 
by viscometry [ 13]_ Thirty-five independently pre- 
pared ROS samples were used in this study. 

2-2. Dynamic Kerr effect measurements 

The optical system of our Kerr effect apparatus is 
a standard one. The transmitted light transient of 7 
mW He/Ne laser was detected by a PMT (RCA 
C7 164R) after being passed through a sample cell 
placed between a pair of crossed Glan-Thompson 
prisms. We sometimes used a quarter-wave o/4) plate 
tuned to 632.8 run (Karl Lambrecht, Chicago, IL) 
placed between the cell and the analyzer in order to 
enhance the signal to noise ratio [ 143 _ The output 
signal was sent to a transient recorder (Biomation, 
Model 802), and its digital output was accumulated on 
a microprocessor computer (Kim I, MOS Technology, 

Norristown, PA)_ The averaged result of the transient 
signal from the microcomputer was output for analysis. 

The electric field was applied in a sequence of 
rectangular pulses with use of a capacitor discharging 
circuit and a pulse generator. The pulse height, pulse 
duration and pulse period were ah variable_ The range 
of field strength employed was S-1000 V/cm_ The 
range of pulse duration and pulse period were respec- 
tively 5-1000 ms and l-10 s. 

Pyrex glass tubing (1.8 cm dia X 20 cm length) with 
a pair of low stress optical coefficient flats serving as 
the windows at both ends was used as the Kerr cell. 
Platinum plate electrodes (0.4 cm X 12 cm), fnmly 
embedded in a cylindrical KEL-F electrode holder (1.8 
cm dia X 12 cm length), were in turn inserted into the 
glass tube. The separation of the electrodes was 4 mm 
and the length was 12 cm. 

The experiments were performed in the dark at room 
temperature (293 K). No specific temperature control 
of the Kerr cell was effected_ Since the vesicles tend 
to aggregate, particularly at higher concentrations, the 
experiments were performed within three hours after 
each sample preparation. The sample quality also 
seemed to be degraded by the long term application 
of high field; therefore the measurements for a fresh 
sample were completed within ten minutes after 
starting to apply the field. 

2-3. Gdibration of instrument 

The calibration of our instrument has been effected 
by application of an exponentially decaying electric 
field and monitoring of the resulting birefringence 
transient of nitrobenzene; nitrobenzene was chosen 
because its rotatory relaxation time of 30 ps [ 151 is 
much faster than the relaxation time of the applied 
field. Since the induced birefringence An is propor- 
tional to the square of applied field E, while the op- 
tical retardation 6 is proportional to &z, the relaxa- 
tion time of 6 should be faster than that of the applied 
field E by a factor of two; 

E = E. exp(-t/r), (1) 

6 = 60 exp(-2t/r). (2) 

The observed optical intensity from the PMT is related 
to the retardation as 

ar= &(l - cos b) (3) 
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Fig. 1. Logarithmic plots of the applied electric field strength 
and the birefringence transient due to nitrobenzene. The 
time axes are scaled in a 2 : 1 ratio. The signal profiles are 
*own in the upper part. 

in the system without a X/4 plate, or as 

N = 31* [sin(28 - 6) - sin 281 (4) 

in the system with a X/4 plate, where 6 is the polariza- 
tion axis of the analyzer relative to that of the electric 

field. We show in fig. 1 how these expectations are 
borne out by our instrument. Experiments were per- 
formed in the system with a h/4 pIate. The filled 
circles refer to the applied field and the open circles 
to the optical retardation. The time axes are scaled in 
a 2 : 1 ratio, so that aU four lines should be parallel to 
each other. This is clearly the case. 

3_ Results and discussion 

A typical birefringence transient is shown in fig_ 2, 
where both the rise and decay profiles of the bire- 
fringence are displayed in linear arid logarithmic scales. 
The experimental condition of these runs with a h/4 
plate was 1 s for the pulse duration, 10 s for the pulse 
period and 5.3 V/cm (ftied circles) or 19 V/cm (open 
circles) for the field strength_ The concentration of 
membrane vesicles was 4.8 X IO9 vesicIes/cm3. The 
birefringence reaches the asymptotic values 6 o, which 
are 69 X 10m4 and 83 X 10e3 in radians, respectively- 

t/s 

Fig_ 2. Linear and logarithmic plots of typical birefringence 
transient induced by a 1 s duration pulse. The fdled and open 
circles refer to the resuIts for 5.3 V/cm and 19 V/cm tield 
strength, respectively. 

It is clear from the lower part of the figure that the 
decay profiles are well represented by a single expo- 
nential and are independent of the field strength_ The 
deduced relaxation time is 100 f 20 ms_ As for the 
rise portion, it depends on the field strength even in 
low field regions such as 19 V/cm as shown in the 
figure. This is due to the saturation effect, as expected 
by comparison of the two asymptotic values of bire- 
fiingence and field strength applied. 

An additional noteworthy point is that the speci- 
fic Kerr constant Ksp was estimated to be at least on 
the order of 10m3 esu, although a more precise de-. 
termination of Ksp was prevented by the gradual de- 
crease of the signal intensity as we applied sequenm 
pulses. We attribute the decrease to electrophoretic 
migration of the vesicles toward one of the electrodes 
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Fig. 3. Typical birefringence transient induced by a 5 ms dura- 
tion pulse. 

as the pulse sequence is cumulatively applied, since 
we can recover a part of the signal decrement by shak- 
ing the cell. The specific Kerr constant on the order of 
low3 esu is to be compared with 1.36 X 10e3 esu for 
tobacco mosaic virus (TMV) in distilled water [ 161 
and 1.3 X lo-’ esu for poly(r-benzyl-L-glutamate) 
(h1.W. 3-S X 10’) in ethylene dichloride [ 173, both 
rigid rod-like dipolar molecules, and with S-7 X lo-l4 
esu for polystyrene (M-W. 2.5 X 10’) in carbon tetra- 
chloride [ 181, a flexible random coil molecule with a 
small permanent dipole moment. We emphasize here 
thet the Kw of the ROS membrane vesicles is com- 
parable to that of TMV, whose linear dimension of 
0.3 ,um is about the same as 0.5 m for the vesicle 
radius. 

In fig_ 3 is displayed another birefringence transient 
profile observed under a very different (much shorter) 

pulse width and (much stronger) field strength than 
that shown in fig_ 2. Here the pulse width was 5 ms, 
the pulse period 2 s and the field strength 880 V/cm_ 
The rise and decay profde are not symmetric; the 
rise portion is very sharp and the decay portion is no 
longer single exponential in profde. The difference 

Fig 4. Logarithiic plots of birefringence transient induced 
by a 5 ms duration pulse. Data acquisition conditions are 
listed in table 1. Concen’Sation dependence of the terminal 
relaxation time is shown in (D). The three independently pre- 
pared samples are distinguished by different symbols_ The 
applied fields are 875 V/cm (filed circles), 890 V/cm (open 
squares) and 1000 V/cm (open circles). 
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Table 1 

Data acquisition conditions referring to tig. 4 

53 

Concentration Field strength h/4 plate Number of 
(vesicles/cm3) (V/cm) acumulations 

(A) a 7.14 x 109 875 W/O 100 
b 3.22 X lo9 888 WJO 20 
C 3.87 X IO9 750 \vi 20 

(B) a 18.90 X 10’ 1000 U./O 100 

and b 2.09 x 109 750 WI0 20 
(0 c 4.36 X lo9 925 WfO 20 

from the earlier one is quite striking_ The decay pro- 
fde seems to contain a number of faster relaxation 
mechanisms beyond r = 100 ms, which were evident- 
ly obscured in the long pulse width experiment. This 
point is amplified graphically in fig. 4 (A), @) and 
(C), where the time axis is successively expanded by 
by one decade each in (B) and (C). The data acquisi- 
tion conditions are Iisted in table 1_ All three runs are 
made with separately prepared samples. These plots 
show the extent of reproducibility of the experiment_ 
The longest time frame decay profiles, shown in fig_ 
4 (A), represent the slowest (terminal) relaxation 
mechanism_ We should note that there is no concen- 
tration dependence of the terminal relaxation time 
within the number density range of (1.6-l 5.5) X 10’ 
vesicles/cm3 examined in this study; this is shown in 
fig. 4 (D)_ Variability of the terminal relaxation time 
r is within 20%, and r is determined as 86 -t- 15 ms, 
which is in good accord with the result of the long 
pulse width experiment discussed above. 

We now turn to the question of the mechanism 
for the terminal relaxation. We propose that it is the 
rotatory diffusion of the spherical vesicles. The relaxa- 
tion time of a spherical particle with radius r suspend- 
ed in a medium. of viscosity r] is 

T = 4mr3/3kT, !5) 

where kT has the usual meaning. From the pbserved 
7=86~15msintheshortdurationandr=100~20 
ms in the long duration case and q = 1.00 centipoise, 
we compute the radius r as 0.44 + 0.02 m from the 
short duration case and 0.46 + 0.03 m from the long 
duration case, which is in excellent agreement with the 
values obtained by elastic light scattering, 0.48 + 0.06 
m [2,4], and by quasielastic light scattering, 0.51 f 

0.05 pm [24] _ Eq. (5) also suggests that the terminal 
relaxation time should be proportional to the solven; 
viscosity n_ By increasing the viscosity with high molec- 
ular weight Dextran (M-W. 70 000, Sigma), we con- 
firmed that this is almost the case up to 2.5 centipoise, 
though a simple proportionality was not obeyed above 
n = 2.5 cp. However the concentration of Dextran re- 
quired to reach such a viscosity is also suspected to 
deform osmotically the membrane vesicles away from 
the spherical shape. Thus until the deformation char- 
acteristics of the vesicles by Dextran is sorted out, the 
observed departure from the linear dependence of r 
on n needs to be examined further, rather than taking 
it as evidence contrary to the expectation of eq. (5). 

Turning to the multiple exponential profile ob- 
tained with short pulse width and high field strength, 
we note first that the decomposition into a set of three 
components is possible. This is shown in fig. 5, where the 
three components are distinguished by their respective 
relaxation times as 88 ms, 10 ms and 1 ms. The slowest 
one corresponds to the rotatory diffusion motion of a 
whole vesicle as discussed above. Where the other two 
processes come from, we cannot be certain at this 
time. Neither are we sure of the uniqueness of our 
decomposition scheme. What we are sure of is that 
the short pulse width experiment does give rise to the 
correct terminal relaxation_ It is also possible that 
there may be even faster birefringence decay processes 
than that given by the 1 ms relaxation time, thcugh 
the precision of our data precludes us from extracting 
them _ 

We have also observed a remarkable effect of di- 
valent and trivalent cations in the vesicle suspensions_ 
Upon addition of a small amount (-100 ,uM) of CaC12, 
CeC13 or LaC13, the induced birefringence disappears 
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t/ms 
Fig. 5. Decomposition of the biiefringence transient induced 
by a 5 tns duration pulse. 

immediately. Inasmuch as these cations are known to 
bind to the vesicle surface [S] , it is not surprising 
that the vesicles no longer respond to the imposed 
electric field as before the addition of these cations. 
Thus it appears that the field induced birefringence 
requires surface charges, possibly negatively charged 
groups of the photopigment that is on the extravesi- 
cular side. We therefore tentatively propose that rbe 
cause of the large birefringence is the field induced 
perturbation of the random distribution of photopig- 
ment (and/or phospholipid) over the spherical surface. 
Upon removal of the field their return to the unper- 
turbed random distribution would proceed at such a 
rate that its time constant should be faster than that 
of the overall vesicle rotatory motion. Possibly this 
may lie in the range of l-10 ms as shown in fig. 5. 
On other words, there should be two distinct sets of 
processes responsible for the birefringence, namely, 
the intravesicular polarization process and the overall 
orientation process. The two sets of the processes are 
comparably contributing to the birefringence in the 
short pulse dnration experiment whereas the orienta- 
tion process is dominant in the long pulse duration ex-. 
periment. This could explain why we obtain multiple 
exponential profiles in the short duration case and 
sirgle exponential profiles in the long duration case. 
The concept of membrane fluidity [19] seems to us 
to be !rrtimately connected with the intravesicular 

polarization process, and to the best of our knowledge, 
O’Konski is the first one to undertake a study of this 
sort with phospholipid vesicles 1203 _ 
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