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Electrical birefringence, electrical dichroism and polarisation of fluorescence in an electric field experiments have been 
performed at high fields on sonicated fragments of DNA labelled with Acridine Orange. The latter electrooptical effect 
gives access to the field dependence of the fourth moment of the orientation function while the two former give access to 
the field dependence of the second moment. The origin of the large departure from an E2 dependence at rather low degrees 
of orientation is extensively discussed. Following a su ggestion of Shirai on the calculation of orientational averages for a 
saturated induced moment, we can show that this model rationalizes the existence of a linear E dependence of the orienta- 
tion factor at intermediate fields and explains very well our experimental results. When applied to previous dichroic data at 
higher fields it shows that the low value of the dichroism at saturation introduced to fit with other models, in contradiction 
with the absence of base tilting in the B form of DNA, is not required for a quantitative tit with this new orientation mech- 
anism. The transition from an E2 dependence at low fields to an E dependence at intermediate fields gives an estimate of 
the field required for the saturation of the ionic polarisation E - 6 kV/cm. 

1_ Introduction 

Electrooptical effects offer in principle several 
methods for the identification of the mechanism of 
orientation of particles in an electric field and for the 
measurement of their permanent dipole moment and 
polarizability anisotropy [I] _ In the case of polyelec- 
trolytes, the main mechanism of orientation is known 
to be due to the large induced moment resulting 
from the polarization of the counterion atmosphere 
[2,3,4]. In this case, the time of relaxation of the 
ionic polarization might be of the same order of mag- 
nitude as the rotational correlation time. The inter- 
pretation of the rise of the electrooptical effect, or 
its response to ac fields or reversing pulses in terms of 
a permanent dipole moment becomes then question- 
able [S] _ On the other hand the high field dependence 
of the electric birefringence of dichroism of polyelec- 
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trolytes has often been reported to resemble that pre- 

dicted for a permanent dipole moment [6], or to be 

a linear function of the electric field [7] in the low or 

intermediate degrees of orientation. An exact cornFar% 
son is however very sensitive to: 

i) the value of the birefringence or dichroism at 
saturation which cannot generally be experimentally 
reached. It must be deduced from structural inforrna- 
tion or extrapolated, assuming some theoretical law, 
to l/E= 0, 

ii) the polydispersity of the samples, 
iii) the possible role of flexibility_ 
One way of overcoming the last problem is to work 

at very low ionic strengths, where the contribution of 
the electrostatic repulsion to the persistence length 
[8,9] allows it to become much higher than the con- 
tour length of the polyelectrolyte molecule_ It svould, 
on the other hand, be very intere:ting to characterize 
the field dependence of the orientation by more than 
one moment. ‘Ihis is in principle possible from the 
change in the angular dependence of the light scattered 
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by large particles upon electric field orientation [ lo]_ 
But for polyelectrolytes at low ionic strengths light 
scattering is dominated by intermolecular interactions 
and the method is very questionable. 

It is one of the reason which led us to develop the 
method of polarized fluorescence in an electric field 
[ 11 ,I 2] _ This new electrooptical effect depends on 
both the second and the fourth moment of the orienta- 
tion function. We have recently performed a calcula- 
tion of the fourth moment at high fields in the case 
of an orientation due either to a permanent dipole 
moment or to an anisotropy of the electrical polariz- 
ability [ 13]_ 

Q = (3(cos% - 1)/2, (2) 

where 0 is the angle between the electrical field E and 
the particle axis, is related to the second moment of 
the orientation functionf(0) 

<cos*e > 

In this paper, we use these results in a comparison 
of the fluorescence method with electrical birefringence 
and dichroism. In order to minimize the uncertainties 
relative to the optical factors at saturation of the orien- 
tation, the polydispersity and the flexibility, we have 
used as a polyelectrolyte short sonicated fragments of 
DNA labelled with intercalated Acridine Orange. The 
nucleotide to dye ratio (P/D) is taken higher than 25 
to avoid energy transfer [14] and intercalation insures 
a unique geometry of the chromophore. Sonicated 
fragments with M - 3 X lo5 are known to have a 
limited polydispersity [l S] . There is an increasing 
body of evidence that although the persistence length 
has the accepted values of -600 A at the ionic strength 
and concentrations used for meaningful light scatter- 
ing experiments [ 161, it increases at ionic strength 
<l OW3 M and low polymer concentration [ 171 in such 
a way that fragments 700 to 1500 A in length can be 
treated as rigid rods [7,18] _ Theoretical estimates of 
the electrostatic contribution to the persistence 
length [8,9] support this view. 

ii 
= j- (cos2)f(B) sin 8 d0 

I 
1 f(t9) sin 0 de. (3) 

0 0 

f(0) is equal to exp(-U(e)/x-T) where U(0) is the 
electrostatic energy_ Low field expansion of the ex- 
ponential gives the classical Kerr law 

Q = &A$ (4) 

with A = (4a/xT+ p”/k*T’). 

4o is the difference between the parallel and trans- 
verse polarizability and J.I the permanent dipole moment 
of the particle_ The field dependence of Q at higher 
fields has been calculated for several orientation mech- 
anisms: permanent dipole, anisotropy of the electronic 
polarizabili?y, polarization of the ionic atmosphere in 
the absence of counterion-counterion repulsion [20]. 

2.2. Electric dicIzroism 

The change I,, - I = 4Z in transmitted intensity in 
the absence and presence of an electric field, is related, 
to the orientation factor Q by 

log(1 + 4I,,/I,) = -2 log(1 + 4IJIJ 

2. Basic theoretical relations 

= -0(2 co& - 1) log lo/l_ (5) 

x is the angle between pa, the chromophore absorption 
transition moment, and the.particle axis. The two ex- 
pressions are for a parallel or a perpendicular polariza- 
tion of the incident light with respect to E. 

2 1. Hectrical birefringewce 2.3. Polarized fluorescezzce izz azz electn-c field [ 121 

The birefringence of a solution of rigid elongated 
particles at a concentration C is given by: 

4n = (2+-J)C@1 -g&5_ (1) 

Here tz,-, is the solvent index of refraction, Bthe partial 
molar volume of the solute, fsl - g2) the difference 
in optical polarizabihty per unit volume of oriented 
particles. The orientation factor: 

The four polarized components of fluorescence 
VV, VH, HV and VH can be expressed, in the general 
case, as complicated functions of (sin20 ), (sin40 > and 
of the three lngles x, x’ and r$ which defme the orien- 
tation of the absorption ba) and emission (II,) transi- 
tion moments with respect to the particle axis. For 
the simplest case, corresponding to the case of rigid 
fragments of DNA with an intercalated dye x = x’ = 5712 
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and $I becomes the angle between pa and pe_ The ex- 
pressions reduce then to: 

Vv Oc f, (sin4B ,( 1 + 2 cos%), 

&=V, a+(sin20> - &,(sin40)(l -r-2 COG+), 

HH =s(l -(sin20)+<sin4t9)) 

+* (16 - 16(sin26) - 2(sin46>). (6) 

One sees that AVv/VV, the relative change of Vv 
upon orientation is independent of + and defines a 
new orientation factor A 

A= 1 - F(sin40)= AVv/Vv_ 

At low fields 

(7) 

A=&AE’ (8) 

and we have calculated this quantity at high fields for 
an orientation by a permanent dipole moment or by 
an anisotropy of the electrical polarizability [ 131. 

One sees from relation (6) that for x = x’ the rela- 
tive change in the other components does not give ad- 
ditional information_ It can be numerically calculated 
with the values of (sin’6 > and (sin40 > derived from Q 
and 4, and the value of I& obtained from the fluorescence 
anisotropy r in the absence of electric field: 

vv-Hv 
?-= 

=3 co& - 1 
v,.+Ziv 5 - (9) 

Their measurements provide however a check of 
internal consistency, and in particular the verification 
of the relation 

(WV - AVH j = (nU, -I- 2AZYv) = -(&YH •i- 24VH) 

= (co& - co&‘) - 0 (10) 

This expression is strictly valid at low fields [12] but 
remains verified [13] for intermediate degrees of 
orientation. 

3. Experimental procedures 

3__7_ Rodlike fragFneFzts of DNA 

Calf thymus DNA has been sonicated at a concentra- 
tion of -0.1 gr/Q in 0.1 M NaCl for times ranging 

from 2’ to 6’ in a Mullard 3100 in,trument operating 
at 20 kHz at a power of -30 W. The solutions have 
then been dialyzed against water and kept at low tem- 
peratures_ The addition of A0 and the final concen- 
tration have been controlled by optical density mea- 
surements- The electrooptical experiments have been 
performed at a concentration between 3 and 11 X low4 
M in nucleotide, high enough to avoid thermal denatu- 
ration at room temperature in the absence of added 
salt, as shown by an optical density versus temperature 
melting profile. 

Owing to our previous experience on the molecular 
weight and size of sonicated fragments [ 181 their 
characterization has been limited to the measurement 
of the rotatory diffusion constant from the initial 
sIope of the tieId free decay of the birefringence at low 
field. 

3-Z Optica ineasureFFzen&s 

3.2. I. BirejiiF~geFnze 

Kerr effect measurements have been performed with 
a simple apparatus built from a He-Ne 2 mW laser, 
two Glazebrook prisms and a Radiotechnique photo- 
multiplier_ The principle of quadratic detection in- 
volves the calibration of the phase difference due to 
birefringence by comparison with the angle of rota- 
tion of the analyzer required to obtain the same inten- 
sity. It is important, when working in a large range of 
birefringence to limit the intensity and to spread the 
emerging beam on the photocathode. This is achieved 
by interposition of a Polaroid film at an angle before 
the polarizer and of a divergent lens after the analyzer. 
The charging resistor of the photomultiplier was suf- 
ficiently low (10 kR) to make the intrinsic decay 
time of the order of 1 ,US as seen in a calibration test 
using nitrobenzene. This value is small enough to not 
influence the measurement of the rotational correla- 
tion time of DNA fragments. 

3.2.2. LiFrear dichoism aFFd Jiboresceme FFzeasure- 

?neFrrs 

These experiments have been performed on a T-jump 
instrument with both absorption and fluorescence de- 
tection, as described previously [lo] _ The instrument 
has been equipped with Polaroid polarizers. Linear di- 
chroism measurements require an high enough optical 
density (-1) to reach sufficient accuracy while ffuores- 
cence measurements require a lower optical density 
(-0.1 to -0.2) to minimize the correction due to the 
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Table 1 
Molecular and electro-optical parameters, according to the different interpretation schemes, of sonicated DNA 

Sordcation time 

Rotational diffusion 
cons&at D (5-l) 

Length L (A) 

PolarizabWy anisotropy 
Pa (cm3) 

Permanent dipole 
moment p (Debyes) 

Saturated induced 
moment t.r, (Debyes) 

2’ 4 6’ 

4850 7300 9100 

1470 1200 1100 

4.6 x lo-l6 3.5 x lo-‘6 2.15 x lo-‘6 

5000 3800 2300 

2300 2600 2000 

effect of the linear dichroism on the screening of the 
incident intensity lo by the layers placed before the 
observed fluorescent volume. We have discussed previ- 
ously this instrumental effect and proposed [12] a 
first order correction: 

@~v/~v)con = AV,/V, - $AY,/I,,, 

(A&I~v)cvlT = A&&+ - 3 Lv,/I,, 

(*~H/VH)~~ =A~H/~H - $N./l,, 

(~H/HH)~o~ = A+/HH - + NJl,- (11) 

Linear dichroism experiments have been performed 
at h = 490 nm, corresponding to the maximum of the 
A.0 absorption. Fluorescence experiments have been 
performed at an excitation wave length X = 436 nm, 
corresponding to a strong line of the xenon-mercury 
lamp, with a Wratten 16 filter to eliminate the scatter- 
ed light on the fluorescent beam. Linear dichroism 
measured at this latter wave lengths is used in relation 
(1 I). With this choice of wave lengths, the same solu- 
tion can be used for both types of measurements. 

3.2.3. Cell. clec@odes ajzd pulse geizeratore 
A simple selected square spectrofluorometric 

suprasil cell (Hehrna) was found to have a sufficiently 
low residual birefringence to be used in all experiments_ 
Stainless steel horizontal electrodes, kept at a precise- 
ly measured distance by a special Teflon holder have 
been designed_ In order to obtain large enough electric 

pulses a simple generator derived from the designs of 
Griffing 1211 and Glick [22] has been built. The dis- 
charge of a 10 I_~F capacitor is monitored through the 
cell or directly to the earth by two high voltage SKT 
16 Semimikron solid state thyristors. They are succes- 
sively triggered by the front and the end of a square 
pulse. Considering the resistance of the cell in normal 
conditions 1 
10-4-10- I 

cm2 electrodes 1 S mm apart in 
M solutions) pulses of 500 ,us can be ob- 

tained with a vohage decay smaller than 5%. The 
pulse vohage was measured across a calibrated resistor 
in parallel with the cell and displayed on a dual beam 
recording oscilloscope, together with the optical sig- 
nal_ A picture of the screen is taken for amplitude 
and decay measurements_ For low field measurements 
the cell was inserted in a bridge allowing for a five fold 
voltage reduction. 

4. Experimental results 

Three samples, sonicated for 2’, 4’ and 6’ have been 
used. Their rotatory diffusion constants and length 
according to Broersma formula [23] are given in table 
1. A log plot of the field free decay of birefringence 
for the 4’ sample is given in fig. 1. No significant 
change of the relaxation behaviour and initial relaxa- 
tion time has been found when operating at higher 
field. 

The variations of the transmitted intensity in the 
linear dichroism experiments and of the component VV 
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5 10 
I I 

15 tp5a 
I 

Fig. 1. Field free decay of birefringence of the 4’ Sample. 

in the fluorescence experiment have been treated ac- 
cording to relations (5), (7) and (11). The orientation 
factors Q and A have been plotted as a function of 
E2 in figs. 2,3 and 4. They present a very large de- 
parture from a linear dependence for values higher 
than O-l_ Electric birefringence data can be matched 
to the linear dichroism data by a proper choice of 
gl - g2 in relation (1). Values of Q derived from rela- 
tion (1) with iF = 0.53 and g1 - g2 = 21.5 X 10M3 
are plotted in the same figures. 

I 
A 
!z 

.3 

-2 a 

600 1000 

Fig. 3_ Q and A for the 4’ sonica~ed DNA - see ?Z?=_ 2. Fig. 4. & and A for the 6’ sonicated DNA - see fii_ 3. 

Fig. 2. E2 field dependence of the orientation factors c (from 
birefkingence c and dichroism =) and A (from fluorescence r? 
- 2’ sonicated DNA. The full curve are calculated for a per- 
manent dipole moment g cahxlated from the low field linear 
part. The dotted curve is calculated for a distribution of elec- 
trical anisotropien (see text and table 2). 

The relative changes of the polarized components 
VH, H, and HH have only been measured in detail 
for the 4’ sample. They are plotted after correction 
according to relation (11) on fig. 5. At high fields the 
correction becomes of the order of 25%. It is however 
seen that relation (10) with x = x’ holds showing the 
consistency of the corrected results. The value of the 
anisotropy of fluorescence r = 0.19, corresponding to 

A 

-3 P, 



Fig. 5. Field dependence of the relative changes in the polar- 
ized components of fhxorescence rrH 0, NV 0 and H&J = (4’ 
sonicated DNA). 

cos2$ = 0.65, has been calculated from the absolute 
values of the fluorescence components V,, and H, 
in the absence of electric field. These values have to 
be corrected for the difference in transmission and 
sensitivity of detection with the polarization of the 
fluorescent beam. For that purpose one takes ad- 
vantage of the symmetry relation HV = VH = HH in 
the absence of orientation. 

5. Discussion 

5_ 1. classical models 

Relations (4) and (8) indicate that the initial 
tangents in the E2 dependence of Q and A should be 
in a ratio 0.7. This prediction, which has already been 

.verified in previous works [ 11 ,I 21, is compatible with 
the experimental results of figs. 2,3 and 4. The cor- 
responding values of A, expressed in terms of polariz- 
ability anisotropy Acr or in terms of.pure permanent 
dipole moment p are given in table I _ 

As the theoretical dependence of @ and A for an 
anisotropic polarisability mechanism of orientation, 
is essentially linear in E2 up to vaiues -0.5, the pro- 
nounced downward curvature at much lower values 
seen in figs. 2,3 and 4 indicate an essentia1 failure of 
this model. 

Since theory predicts such a curvature for a perma- 

nent dipole mechanism of orientation we have cal- 
culated the field dependence of Q and A using the 
value of @ deduced from the initial tangent. There is 
a priori not much physical ground for a true permanent 
electric dipole, considering the antiparallel double 
helical structure of DNA, but the model has neverthe- 
less already been used 163 _ The calculated curves, 
using tabulated values of Q and A as a function of 
r.LE/A-T [I 3,181, have been drawn as full lines on figs. 
2,3 and 4. They reproduce the initial curvature but 
present an increasing departure from experiment at 
higher field, the measured values being always lower 
than the calculated ones especially for E2 > 500 CGS. 

A better fit to the field dependence predicted for 
a permanent dipole model could be obtained by modi- 
fying the value of the dichroism at saturation, as al- 
ready made by some authors. The required change 
would however destroy the agreement between Q and 
A at low fields, 

As the agreement between theoretical and calculated 
values of Q and A is nearly quantitative for the 4’ 
sample with E’ < 500 CGS (fig_ 3) we have recalculat- 
ed the field dependence of A_UH/HH and MV/HV_ As 
relation (6) indicates, these components depend upon 
differences between (sin28 > and (sin4B) and must be 
very sensitive to the details of the orientation mecha- 
nism. As shown in fig. 5, the agreement is not very 
good. 

5.2. Possible polvdispersitv effects 

Starting from the structural inconsistency of a per- 
manent dipole moment, Houssier [26] has proposed, 
in his interpretations of the electric birefringence and 
dichroism of DNA and nucleoproteins, to fit the 
field dependence of Q with the weighted sum of orien- 
tation factors corresponding to different values of 
the anisotropy of electrical polarisability. 

From a numerical point a view it is obvious that 
such a procedure is able to explain any curvature, the 
high polarizabiiity terms reaching saturation when the 
low polarizability terms have still an E2 dependence. 
From a physical point of view such a sum should be 
justified by some type of polydispersity. 

Assuming a similar shape for A 
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Fitting of the field dependence of Q and A with a sum of anisotropic poiartiabilities: relative weights and anisotxopies 

Sample 

2’ 4’ 6’ 

~Vj, Aai(Cm3) 85% 1.20 x lo-‘6 70% 1.06 X lo-l6 90% 0.75 x lo-*6 
wj, Ami (cm3) 15% 24 x lo-‘6 20% 3.2 x 10-16 10% 15 x lo-‘6 

10% 21.2 x 10-16 

4 =Cwi4(Aoii), (13) 

we have fitted our curves with a unique set of two or 
three IV: and Aoi for both orientation factors. For the 
three samples a very satisfactory agreement can be 
reached, as shown by the dotted lines in figs. 2,3 
and 4. The required values of ‘vi and Aoii are given in 
table 2. Considering the difference in the extreme 
values of 4~9, it should also be reflected in the field 
free decay. 

If we attribute it to the polydispersity in length, 
and since the ionic polarization of rigid polyelectro- 
lytes is believed to be proportional to L3, as is the 
rotational correlation time r, there should be: 

[27] for the interpretation of the dielectric dispersion 
of polyelectrolytes solutions, to justify the relation 
(12) as originating from the chain flexibility_ This is 
not very clear to us. In this model, the kinking is time 
independent and introduces a potential bareer between 
segment?1 and overall fluctuations of the counterion 
distribution. There are therefore two time constants 
for the redistribution of the counterions in the pres- 
ence of the field and two regions of dielectric dis- 
persion, the low one being molecular weight depen- 
dent_ 

i) Large discrepancies in the average length as de- 
duced from the weight average molecular weight (ob- 
tained by light scattering at higher ionic strength and 
the mass per unit length of the Crick and Watson struc- 
ture) and from the field free decay of birefringence 
at low fields which is the cubic root of the product of 
the weight, z and z + I averages [25] )_ We have never 
observed such discrepancies for sonicated fragments 

1171. 

However, since the model has a time independent 
conformation, there is only one rotational correlation 
time and one, frequency dependent, polarizability 
anisotropy associated with each chain. For molecules 
of identical molecular weight a distribution of polar- 
izabilities could only arise from a fluctuation in the 
length of the subunits or of the potential barrier as- 
sociated with the kinks. This could probably broaden 
the distribution of anisotropies compared to the dis- 

ii) A large change in the field free decay with the 
degree of orientation, with the progressive apparition 
of faster components of increasing amplitude. We 
have not observed such changes in our experiments. 
Houssier [26] reports a change in mean relaxation 
time for a sonicated sample of molecular weight 
-5X105from40~satEU1-2kV/cmto20ps 
at E > 6 kV/cm. The detailed comparison of his re- 
sults [24] for the distribution of Acui (from the field 
dependence of @) and of ii (from the field free decay 
near saturation) reveals in this case a much broader 
distribution for ACY~ than for ri_ 

Houssier, without discussing this latter point, 
qualitatively invokes the model of a kinked chain of 

Fig. 6. E* field dependence of 0 and A normalized to the ini- 
tial slope AE*/lS for the three samples (2’ sonicated l 0,4’ 

rigid rods, developed by Van der Touw and Mandel sonicated AA, 6’ son&ted mc. 
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tribution of rotational correlation times. But such an 
heterogeneity should be largely averaged out if one 
takes in account the time dependence of the kinking 
at the time scale of an electrooptical measurement 
(-0.6 ms). Moreover it should be remembered that: 

i) there is no indication for a large flexibility of 
our DNA fragments at low ionic strengths [ 181. 

ii) other interpretations of the dielectric dispersion 
of polyelectrolytes have been proposed [283 _ 

Another indication for the lack of a large poly- 
dispersity in our samples come from the plot of all our 
results in a single representation as shown in frg. 6. Q 
and A are plotted for each sample against AE2, where 
A/l5 is the initial slope of Q for the considered sample. 
It is seen &that all our points define a unique master 
curve for Q and A. It implies that the strong downward 
curvature must reflect a true and new mechanism of 
orientation. 

5.3. Saturation of rhe induced moment 

Faced with similar findings in his study of the elec- 
trical birefringence of polystyrene sulfonate (where 
chain flexibility may be higher and the birefringence 
at saturation is unknown, so that absolute values of 
Q cannot be obtained) Yoshioka [29] has suggested 
that the curvature should be attributed to the pro- 
gressive saturation of the ionic polarization. Indeed 
the full development of the original Mandel’s model by 
Neuman and Katchalsky [30] leads to an expression 
of the induced moment 

?lZzeL 
&nd=~ (34) 

with a limiting value p, = nzeL/2. Here L is the 
polyelectrolyte len,oth, IV the number of its ionic sites, 
n the number of mobile counterions of valency z in 
the ionic atmosphere. A non linear dependence of 
clhd is expected for ,utid > y-/2. This corresponds, 
for DNA fragments with L = 1200 A and iV = 700, to 
E = 25 GGS i.e. 7500 V/cm. 

Yoshioka [ZO] has given the expression of the 
field dependence of @ for such a model 

where u = cos 6 and K = zeLE/UiT and carried out 

numerical calculations for different values of )z. We 
have done the same for A but we shall not insist on 
that, since the following examination of @ alone shows 
the inadequacy of these expressions. 

In the limit of low K, one recovers the classical 
expression 

Q= &n z2e2L2/12k2T2 (16) 

corresponding to an anisotropy of polarizability 

ACY = II z2e2L2/1 2X-T 

orfonnuiiy to a permanent dipole moment 

p = (n/l 2)1J2zeL - 

If r2L is large the saturation of orientation wiil take 
place before the saturation of the polarization_ For 
the reverse to hold one must have very small values 
OfiZ - I _ Then the field dependence of Q resembles 
very much that for a permanent dipole moment p = I-I,. 

From the values of A(Y given in table 1, one cal- 
culates values of II between 3.5 and 5 for the three 
samples, as compared to values-of ti between 650 and 
860. This two order of magnitudes difference has 
already been stressed and interpreted as resulting 
from counterion-counterion repulsion [3,3 I J _ 

With such values of IZ, the variation of Q would 
roughly correspond to that due to a permanent dipole 
moment, the value of which increases with the field 
from (n/l 2)u2zeL to (n/2)zeL. It can never be lower 
than that calculated for a permanent dipole moment 
(nf 1 2)lj2zeL. 

Shirai 1321 has developed another model for the 
saturation of the induced moment _ It suffers the same 
weakness not to take in account counterion-counter- 
ion repulsion, leads to results very similar to those of 
Yoshioka in the extreme cases, but contain a very in- 
teresting remark. Shirai points out the fact that in 
the calculation of the average from relation (3) one 
should very carefully distinguish between a permanent 
dipole moment or a saturated induced dipole moment_ 
Indeed in the latter case the electrostatic energy for 
the two orientations 0 and T - 0 is equal and the in- 
tegration should therefore be performed between 0 
and 5~12. Therefore 

42 

(cos"fiJ>= J c0s"e exp{@,E/kT)cos e}sine de 
0 

C 

z/2 X s exp&E/kT)cos e)sin e de 1 
-1 

_ (17) 
0 
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Fig. 7. Theoretical field dependence of Q and A for the model 
with a saturated dipole moment Pi_ 

If the saturation of polarization is reached at values 
of E sufficiently low so thar p,E < kT we can develop 
the exponential and realize that the term linear in E 
does not vanish. 

One finds easil;l the integrals involved in relation 

(17) 

J_Peati = (enx/P1)[ax” - ~*(Gc~-~ 

++2 - l)(Qxy-2 + (-l)n-1n!(Qx)+(-l)n72!]. 

We have used them to calculate the field dependence of 
r$ and A as given in fig. 7. The linear field dependence 
corresponding to the low field expansion 

pEpcT-e 1 (18) 
is in fact valid up to pE/kT - 3. At larger field, one 
finds as expected, the same expansion as for a true 
permanent moment 

2 

&/kT-+ -_ (19) 

We have therefore replotted in fig. 8 the data of 
fig_ 6 as a function of (AE)1/2_ There is obviously a 

0. 2’ 
P. 4’ 
q . 6’ 

Fig. 8_ Data of fig. 6 plotted as a function A IRE. 

transition from an upward curvature representative 
of a low field E2 dependence to a linear dependence 
at intermediate field. The slopes of the linear part of 
+ and A are in a ratio of 0.8 as compared to the value 
of 0.66 expected from relation (18). This could be 
due to the fact that the induced moment is still 
slowly varying in that field range. Replotting separate- 
ly the results of figs. 2,3 and 4 we can calculate fr.>m 
the slope of Q versus E, the values of ,u, given in 
table 1 _ We can also evaluate from the transition 
between the E2 and the E dependence a value of the 
field required to saturate the ionic polarization E - 6 
kV/cm. 

Sinde our results are limited to values of @ < 0.3, ’ 
where no high field deviation from a linear E depen- 
dence is expected, as seen in fig. 7, we have looked for 
further support to the model by reconsidering the re- 
sults of other authors, on the high field electric di- 
chroism of DNA fragments. 

5.4. Reinteqwetation of previously published high 
fieZd dichroism data 

We shall fust consider the most recent work bjr 
Hogan, Dattagupta and Crothers [7] _ They have 
studied short monodisperse fragments of DNA from 
nuclease digested chromatine with 230 base pairs and 
a length -780 A. They report a linear 5 dependence 
of the electric dichroism in the low field region up to 
6 kV/cm. In order to interpret their data, they: 
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Fig_ 9. Theoretical field dependence of Q and A for the model 
with a saturated dipole moment 0,. Plot as a function of 
&C/kT)-1 for @&field data. Experimental points are from 
ref. [6] *and [73 0. 

i) develop a rather artificial model with an orien- 
tation ener,T of the type U= -AE cos26, an “ad 
hoc” assumption to get a linear term in E from the 
iow field expansion of relation (3) with the “normal” 
limits of integration, 

ii) calculate their fit using a value of the dichroism 
at saturation, obtained from a linear 1 /E extrapolation, 

which corresponds to a base tilting with x = 75” 
(1 - 3 cos’x = 0.80). 

Their results can be most satisfactorily accounted 
with the field dependence of fig. 7, assuming a 
negligible base tilting (I - 3 cos2x = 0.965, x = 84O) 

adpca = 6800 D, as clearly shown in fig_ 9, where 
the theoretical dependence of @ as a function of 
w/X-T)-’ has been plotted together with their re- 
interpreted values. It is instructive to see the error on 
the limiting dichroism which can arise when using 
a linear Em1 extrapolation from values of Q < 0.70. 

For that reason we have also replotted in fig. 9 the 
data of Ding, FGll and Van Holde [6] for their 7.2 s 
son&ted sample, L - 1600 A. We used the same 
limiting dichroism in place of the value they chose to 
get a best fit for a classical permanent dipole moment 
mechanism of orientation (1 - 3 co& = 0.90, x - 
SO”). The agreement is now very good with p, = 
6000 Debyes. The low field deviation, similar to that 
in our experiments, indicates that saturation takes 
place around E = 6 kV/cm. 

Fig_ 10. A plot of the electric dichroism data of ref. [33] as 
a function of E2 and E. The curve is calculated for a saturated 
induced moment. 

The intermediate field data of Charney and 
Yamaoka 1333, who from an E2 plot of the dichroism 
of a sonicated DNA, L - 1200 A, suggested a limiting 
dichroism as low as 0.6, have been replotted in fig. 
IO as a function of E. Once again, it is seen that our 
interpretation gives a much more reasonable fitting 
of the experimental data with ~_r_ - 5200 D. 

Considering the values of p, obtained for different 
short DNA there still seems to be rather large dis- 
crepancies which could very well arise from differences 
in concentration and ionic strength. Indeed, our di- 
chroic experiments in the visible with an intercalated 
dye require concentrations -10 times larger than 
those used when studying the intrinsic dichroism of 

the bases in the UV region. Also important is the 
problem of field homogeneity when using directly the 
electrodes of a T-jump cell [7]. This point deserves 
further clarification considering the highest value de- 
rived for the shortest DNA. 

Since electric birefringence might be the easiest 
and most accurate way for further investigation in a 
large range of experimental conditions, a precise 
knowledge of the optical anisotropy factor (gl - g2) 
is of great interest_ The consistance of the dichroic 
data in the base or intercalated dye absorption bands, 
with x - 90” gives confidence into the value that we 
have derived when comparing birefringence and di- 
chroic data g1 - g2 = 21.5 X 10A3_ This value is in 
good agreement with that found by Houssier [243 _ 
It differs however very much from the value precedent- 
ly given by one of us [IS] where it was calculated 
from a comparison of flow and electric birefringence. 
In this case the calculation makes use of the value of 
the rotatory diffusion constant D obtained by ilow 
birefi-ingence which is very sensitive to polydispersity. 



6. Conclusion 

The development of correct expressions, based on 
a remark of Shirai, for the orientation due to a 
saturated induced dipole moment, leads to a very 
satisfactory interpretation of our results as well as 
previously published data. This gives a strong support 
to the idea of a low field (-6 kV/cm) saturation of 
the ionic polarization in DNA. New experiments, 
using birefringence, dichroism and fluorescence on 
monodisperse fragments are now required for a quan- 
titative discussion of the relation between the saturated 
moment, the onset of saturation, and the polymer 
length, charge, and concentration at different ionic 
strengths and with different counterions. 
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