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by Bernoullian statistics. At higher temperature, owing to
steric hindrance, consecutive 1,2 placements are restricted
(P asa = 0) and the 1,2 units are no longer randomly distrib-
uted.
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Electrophoretic light scattering is a technique which
combines electrophoresis with laser light-scattering spec-
troscopy.? In 1971, Ware and Flygare introduced electro-
phoretic light scattering by measuring the electrophoretic
mobility of bovine serum albumin® and mobilities in
mixtures of bovine serum albumin with fibrinogen.* Later,
Uzgiris used this technique to measure the electrophoretic
mobility of human erythrocytes, a bacterium (Staphylo-
coccus epidermidis), and 0.357 u polystyrene latex
spheres.5 Bennett and Uzgiris have also demonstrated the
technique on 0.81 p polystyrene latex spheres using a
square wave AC field.® For further details, the reader is re-
ferred to views of the technique by Ware? and Flygare,
Ware, and Hartford.®

Presently, electrophoretic light scattering has not been
applied to systems of nucleic acids or viruses. We have ap-
plied this technique to the measurement of the electropho-
retic mobility of calf thymus DNA and tobacco mosaic
virus as a function of ionic strength. The results at high
ionic strength are in agreement with measurements made
using the Tiselius moving boundary electrophoresis tech-
nique.%-13 Our measurements are reliably extended to low
ionic strengths, and for TMV lower than any previous mea-
surements. We find that the electrophoretic mobility is in-
versely proportional to the square root of the ionic strength
at Jow ionic strength and approaches a constant value at
higher ionic strength.

We have also measured the electrophoretic mobility of
the denatured form of calf thymus DNA and have com-
pared it to the native form. The mobilities obtained were
U native(20°) = 5.0 X 104 cm? sec™! V! and ¢ denatured™
(20°) = 4.2 X 1074 cm? sec™! V™1 at 0.01 M NaCl and pH
7.0. These values and the approximately 15% difference be-
tween them agree with measurements made by the Tiselius
technique.11:12

In addition, we have improved the design of the electro-
phoretic light-scattering cell invented by Ware and Fly-
gare.l* The improved design makes optical alignment of
the cell much easier. Also the molecules in the scattering
region are prevented from making direct contact with the
electrodes.

Theory
When an electric field is applied to charged molecules,

Macromolecules

SCATTERING
LL

T
ELECTRIC
FIELD
GENERATOR

LIGHT TRAP

PMT POWER
SUPPLY

ko
LASER }-——

SPECTRUM ANALYZER

DIGITAL
AVERAGER

Figure 1. Block diagram of the experimental apparatus.
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Figure 2. Cross-section of the electrophoretic light-scattering cell.

they will move in the direction of the electrode of opposite
polarity. Laser light which is scattered from these mole-
cules will be Doppler shifted. As the molecules migrate
they also experience random Brownian motion which Dop-
pler broadens the scattered light. The resulting spectrum is
a Lorentzian shifted by a frequency proportional to the
electrophoretic mobility with a half-width proportional to
the translational diffusion coefficient. The theory has been
worked out in detail by Flygare and Ware,3 and we only
summarize the result here. The heterodyne spectrum for
the experimental geometry in Figure 1 is given by the equa-
tion

Hw) = NA2|: DK%/ ]

[@ — wy + KuE cos (6/2)F + (DK®)?

where N is the number of molecules in the scattering re-
gion, A is an amplitude factor, E is the electric field (which
is perpendicular to the incident radiation) applied to the
molecules, D is the translational diffusion coefficient, 6 is
the scattering angle, u is the electrophoretic mobility, and
K is the scattering vector. K is equal to (47n/Ap) sin (6/2)
where n is the index of refraction of the medium and A, is
the vacuum wavelength of the incident light.

The half-width at half-height of the Lorentzian spec-
trum is equal to DK ?2/2x. The magnitude of the Doppler
shift is equal to KuE cos (8/2)/2x. Therefore, one can si-
multaneously measure the translational diffusion coeffi-
cient, D, and the electrophoretic mobility, u, from the
spectrum.

Experimental Section

Figure 1 is a diagram of the experimental apparatus. The laser
source is a Spectra-Physics Model 165-03 argon-ion laser which is
operated in a single mode of the 5145-A resonance. Amplitude
fluctuations in the laser are reduced by monitoring the output with
a servo regulator which adjusts the power supply current to keep
the intensity constant. The laser beam is focused into the electro-
phoretic light-scattering cell. The scattered light is collimated by
pinholes and directed onto an RCA 7265 phototube. Enough light
is scattered from the front window of the cell to serve as a local os-
cillator signal at the phototube. The signal from the phototube is
preamplified by a Princeton Applied Research Model 113 pream-
plifier which is then the input into a Federal Scientific UA 15A
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Table I
Electrophoretic Mobilities in Calf Thymus DNA
and Tobacco Mosaic Virus as a Function
‘of Ionic Strength

tpwa (20°) % 104
cem? sect VI

tpay (20°) X 10

Ionic strength cm? sec™! v!

0.001 5.2
0.004 5.9

0.01 5.0 3.5
0.02 4.4 2.7
0.05 3.3 1.9
0.10 2.8 1.5

real time spectrum analyzer. The spectra are stored and averaged
in a Federal Scientific 1015 spectrum averager. The electrophoret-
ic mobility is measured directly from the spectrum.

Figure 2 shows a cross-sectional diagram of the electrophoretic
light-scattering cell. The laser beam is focused in the scattering re-
gion perpendicular to the plane of the diagram. The cell is simply
aligned by directing the light reflected from the front and back
windows of the scattering region back in the direction of the inci-
dent beam. Cells with scattering regions having heights of 2 and 4
mm have been used. In both cases the path length of the scattering
region was 1 cm, making the cross-sectional area of the scattering
regions 0.2 and 0.4 cm?, respectively. These dimensions allow ef-
fective cooling of the region. The temperature is monitored by
means of a thermocouple. The dialysis membrane prevents mole-
cules in the scattering region from coming in direct contact with
the electrodes and also prevents any bubbles formed on the elec-
trodes from entering the scattering region. The field is applied to
the two platinum black electrodes.

The electric field is applied in pulses of alternating polarity and
duration of 0.1 to 1.0 sec. The electric field strength used in our ex-
periments was between 0 and 100 V/cm. Concentration gradients
are avoided by alternating the polarity of the pulses. After each
pulse the field is turned off for a period equal to several pulse
lengths so that the system has time to return to equilibrium. The
pulse generator is synchronized with the spectrum analysis equip-
ment so that data are accumulated only when the field is on.

Commercial calf thymus DNA Lot No. 82C-9500 Type I was
purchased from Sigma Chemical Co. The DNA was phenol extract-
ed!® and exhaustively dialyzed to each ionic strength with NaCl at
pH 7.0. Tobacco mosaic virus samples were provided by Dr. Russel
Steere of the Department of Agriculture Plant Virological Labora-
tory at Beltsville, Maryland and Dr. Arthur Knight of the Biology
Department at the University of California at Berkeley. The virus
was dialyzed to each ionic strength used at pH 7.0. All samples
were filtered through 0.8 u millipore filters which had been pre-
treated with a 0.1% solution of bovine serum albumin to prevent
adsorbtion of the sample into the filter.16

Results and Discussion

Table I gives the values of the electrophoretic mobility
obtained for calf thymus DNA and tobacco mosaic virus at
each ionic strength. Figure 3, which is a typical electropho-
retic light-scattering spectrum, is from a sample of DNA.
The spectrum was signal averaged 100 times and took ap-
proximately 5 min to accumulate. The intensity at low fre-
quency in the spectrum is probably the result of impurities
in the sample or mechanical vibrations in our apparatus
which modulate the laser intensity at low frequencies. Fig-
ures 4 and 5 are plots of the mobility of calf thymus DNA
and tobacco mosaic virus, respectively, as a function of the
ionic strength. Concentrations of calf thymus DNA were in

the range 50-100 ug/ml and in the range 0.1-0.5 mg/ml for

tobacco mosaic virus. Our measurements have a 5% stan-
dard deviation. Mobilities measured by other workers using
the moving boundary technique are plotted for compari-
son.

For the calf thymus DNA the results are in agreement,
within experimental error, for ionic strength greater than
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Figure 3. Electrophoretic light-scattering spectrum of calf thymus
DNA.
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Figure 4. Mobility of calf thymus DNA plotted as a function of
ionic strength: O, this work; ¢, ref 9; ¥, ref 10; A, ref 11; 0, ref 12.
(All data were viscosity corrected to 0°.)
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Figure 5. Mobility of tobacco mosaic virus plotted as a function of
ionic strength: O, this work; O, ref 13. (All data were viscosity cor-
rected to 0°.)

0.05 M NaCl (with the exception of the values from ref 9,
where presumably some systematic error caused their data
to be consistently high). The scatter in the moving bounda-
ry electrophoresis data at ionic strengths below 0.05 M
NaCl indicates that the technique is less reliable at low
ionic strengths. At low ionic strength the solution deviates
significantly from Longsworth’s “‘ideal” conditions for elec-
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Figure 6. Mobility of calf thymus DNA at 20° plotted as a funec-

tion of the square root of the ionic strength.
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Figure 7. Mobility of tobacco mosaic virus at 20° plotted as a
function of the square root of the ionic strength.

trophoresis which are very low macro-ion concentration
and rather high ionic strength.171® At low ionic strength
the presence of the macro-ions makes a nonnegligible con-
tribution to the properties of the solution and causes small
gradients of conductivity, pH, and macro-ion concentration
across the moving boundary which complicate the analysis
of the data.

Conversely, low ionic strengths cause no problems in
electrophoretic light scattering because the measurements
are done at equilibrium and unstable concentration gradi-
ents are not formed in the solution. It is, in fact, advanta-
geous to make electrophoretic light scattering measure-
ments at low ionic strengths, because heating which causes
convection is reduced. The heat developed in electrophore-
sis experiments is equal to H = E2«18 where E is the elec-
tric field (in V/em) and « is the conductivity (in ohm™!
cm™1). Thus, lowering the conductivity, which is equivalent
to lowering the ionic strength, will reduce the heating if the
electric field remains constant. However, for our measure-
ments on the calf thymus DNA, we restricted the ionic
strength to values of 0.004 M NaCl and above, because the
sample tends to denature if the ionic strength is made ex-
tremely low.1!

For tobacco mosaic virus our results, within experimen-
tal error, are in agreement with previous results from the
moving boundary electrophoresis technique.’® In addition,
we have extended our measurements to lower ionic
strengths than were previously attainable for tobacco mo-
saic virus,
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Figure 8. Electrophoretic frequency shifts as a function of electric
field for the native and denatured forms of calf thymus DNA.

For both the calf thymus DNA and tobacco mosaic virus
we did not attempt to measure the diffusion coefficient
from the spectral line widths. Both samples were known to
be very polydisperse making these measurements impracti-
cal.

Figures 6 and 7 are plots of the mobility of calf thymus
DNA and tobacco mosaic virus, respectively, as a function
of the square root of the ionic strength. In each case the
mobility is linear in the square root of the ionic strength at
low ionic strength, as predicted, and then approaches a
constant value at higher ionic strength.!?

We have also measured the electrophoretic mobility of
the denatured form of calf thymus DNA at 0.1 M NaCl and
pH 7.0. Denatured samples were prepared by immersing
the native DNA in 95° water for 1 hr and then quickly
transferring it to an ice bath for 10 min.12 The electropho-
retic mobility was then measured immediately.

Figure 8 shows a plot of the observed frequency shift as a
function of the electric field strength. Each point is an av-
erage of several measurements and the graphs exhibit the
predicted linear dependence with field strength. The mea-
sured values of the electrophoretic mobilities were

Upative(20°) = 5.0 X 107! em?® sec™! V!
”denatured@()c) = 4-2 X 10""1 sz 580'1 V"1

with a 5% standard deviation. When the data are viscosity
corrected to 0°, it is in good agreement with electrophoretic
mobilities measured with a conventional Tiselius electro-
phoresis cell.l! The values obtained using the sucrose gra-
dient electrophoresis apparatus!? are lower than the others,
but the percentage difference in mobility between the na-
tive and denatured form is in good agreement. Table II
summarizes these data.

We have not observed the effects of electroosmosis?® in
our experiments. Electroosmosis occurs when oppositely
charged particles in a capillary tube are attracted to the
charged glass surface and move along the surface when an
electric field is applied across the length of the tube. The
particles moving along the glass surface cause a backflow of
solution through the center of the tube which obscures the
measurement of the electrophoretic mobility. We have
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Table II
Electrophoretic Mobilities in Native and Denatured
Calf Thymus DNA

5 4
“denatured(o ) x 10
emisec! V!

Z(nati.ve(oo) X 104

cm? sec’! vl

This work 2.8 2,35
Ref 11 2.3 2.1
Ref 10 3.2

Ref 12 2.17 1.90

used electrophoretic light scattering cells that have scatter-
ing regions with 0.2 and 0.4 cm? cross-sections and we have
directed the laser light beam into different regions of the
cross-sections, and in all cases we observe no changes in the
frequency shifts (electrophoretic mobility). In addition, the
frequency shifts are independent of preconditioning the
cell with protein. Qur consistent results agree with earlier
conclusions on the negligible effects of electroosmosis.”?!

Conclusion
Our measurements demonstrate that electrophoretic

light scattering is well suited for measuring the electropho-

retic mobilities of nucleic acids and viruses. This work and
previous works3-5 demonstrate that electrophoretic light
scattering is a reliable way to measure electrophoretic
mobilities from small proteins up to large bacteria. The
technique has the following advantages over the conven-
tional moving boundary technique: the technique is much
faster; the experiment is done at equilibrium and does not
require the build-up of unstable concentration gradients;
instantaneous velocities are measured instead of long time
migration of the molecules; the measurements can readily
be done at higher temperatures, and measurements of
lower ionic strengths can be made.
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Reaction of Vinylidene Cyanide with Styrene.
Structure of the Cycloadduct and Copolymer
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The reaction of vinylidene cyanide with styrene sponta-
neously yields an alternating copolymer and a product
composed of one molecule of styrene and two molecules of
vinylidene cyanide.1-? It has been suggested that the prod-
ucts arise from two competing reactions, although it was re-
ported! that the trimer was formed only in the presence of
large amounts of a free radical inhibitor, tert- butylhydro-
guinone. Oxidation of this trimer was also reported to yield
phthalic acid, and 1-(2,2-dicyancethyl)-4,4-dicyano-
1,2,3,4-tetrahydronaphthalene was suggested as the struc-
ture of the product.

The reaction of styrene and vinylidene cyanide in ben-
zene at 25° spontaneously yields an alternating copolymer
(1) and the cycloadduct, 1,1,3,3-tetracyano-4-phenylcyclo-
hexane (2) (Table I). The cycloadduct had the correct ele-

Table
Reaction of Vinylidene Cyanide (VC)
with Styrene (ST) in Benzene at 25°

% yield®
Molar ratio Nsp/C
{(VC/ST) Cycloadduct  Copolymer of copolymer’
2.17 20 78 0.45
1.45 23 53 0.65
0.73 33 49 0.57
0.47 30 53 0.69

@ % yields were calculated with respect to the reactant present in
the smaller molar amount. ? Reduced viscosities were taken in di-
methylformamide solutions, concentrations varying from 0.35 to
0.45 g/100 ml at 30°.

mental analysis and showed a parent ion in the mass spec-
trum, m/e 260. Both the 'H and !3C nmr spectra were con-
sistent with the assigned structure (Table IT).

C:H;CH=CH, + CH,=C(CN), —
(|:N
cl CH;—CH—-CHZ é(cw
CN (CN),

The copolymer was soluble in acetonitrile but insoluble
in toluene. The composition of the copolymer was consis-
tently 1:1, regardless of the feed ratio (Table III). The ab-
sence of '3C absorption in the copolymer at 66.02 ppm cor-
responding to the C-2 of poly(vinylidene cyanide) and at 46
ppm corresponding to C-4 of polystyrene established the
absence of blocks of polystyrene or poly(vinylidene cya-
nide) in the copolymer. The absence of absorption near
17.5 ppm excludes a head-to-head structure and supports
the head-to-tail copolymer.

Thus, the closest intermediate, to both the cycloadduct
and the copolymer, is perhaps a donor-acceptor complex
since the cycloadduct is a product of a head-to-head addi-
tion of styrene and vinylidene cyanide, while the copolymer
is head-to-tail.



