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p =p, is approached at constant 7; Also one
could test the present scaling prediction for the
static equation of state in random substitutional
magnetic alloys, in particular the relation 6=1
+ rlP

Thus a simple calculation led to complicated
dynamical behavior, a percolation droplet picture
consistent with Monte Carlo results was devel-
oped, and experiments were suggested as tests
for parts of the present predictions. I thank
K. Binder for suggesting parts of this work, and
him, J. W. Essam, D. P. Landau, H. Muller-
Krumbhaar, D. A. Smith, and G. Toulouse for
discussions and information.
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The magnetic orientation of native and synthetic nucleic acids has been observed for
the first time by measuring the Cotton-Mouton effect in magnetic fields B up to 14 T.
Our data give evidence that a partial alignment of the nucleic acids takes place in the
plane perpendicular to 8 and that the diamagnetically anisotropic bases are responsible
for this orientation. The method reported here represents a new way to determine the
persistence length of flexible polymers.

The magnetically induced orientation of large
biological systems like cells with diamagnetic
anisotropy has been observed' ' in magnetic
fields around 1 T, and the orientation of polymer
aggregates having a size of a few microns has re-
cently been reported' for polystyrene solutions
subjected to 1.7 T. The availability of higher
magnetic fields makes possible the measurable
orientation also of single macromolecules in di-
lute solutions. We report here the first experi-
ments on the orientation of high-molecular-weight

native deoxyribonucleic acid (DNA) and of some
synthetic nucleic acids in aqueous solution in high
magnetic fields up to 14 T. Using these examples
we show that the method described here repre-
sents a new and general way to determine the
persistence length of flexible polymers.

Let us first consider the case of a rigid rod
made up of N diamagnetically anisotropic subunits
with g~~&x&, y~~ and y being the absolute suscept-
ibility values parallel and perpendicular to the
rod axis, respectively. The magnetic energy re-
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quired to turn such a rod from a position paral-
lel to B to a perpendicular orientation is -N(X ii

—X~)B'/2. The probability w„, w„w, to find a
rod oriented in x, y, ~ respectively in Cartesian
coordinates is given for B parallel to z and N(Xii
—X~)B &&kT, by w„=w =wg[1+N(Xii —X~)B /2kT],
and therefore the degree of orientation P is

w„—w, w, -w, (Xii —Xi)B'

In the case of a flexible polymer chain, one can
calculate the mean apparent diamagnetic anisot-
ropy Xii —X& by summing the susceptibility con-
tributions in the directions parallel and perpen-
dicular, respectively, to the direction of a given
nth monomer:

X ii XJ. (XII —Xi) Q coso„p, (2)

where 8„k is the angle between the directions of
the nth and the 0th monomer. The effective radi-
us of curvature or the stiffness of a flexible poly-
mer is usually expressed by its Kratky-Porod
persistence length"

P =pic Q cos()„g, (3)

where l, is the length of one monomer. A combin-
ation of Eels. (1)—(8) gives

nique with an automatically compensating Pockels
cell as described previously. "'" We achieved a
resolution of An/n= 2&&10 '. A Bitter solenoid
with a 5-cm inner diameter was used to produce
the high magnetic fields, and consequently our
temperature-stabilized (+ 0.05 C) sample thick-
ness between the two deflecting mirrors was only
1 cm. For our measurements we used aqueous
solutions of high-molecular-weight native calf
thymus DNA,"of polyadenylic acid (Poly A)" and
of polyadenylic-2-polyuridylic acid [Poly (A
+2U)]." In the following we discuss in detail the
results on DNA. Figure 1 shows the observed
values of ~~ plotted against B'. Even at fields
up to 13 T the magnetically induced birefringence
is strictly linear in B, not reaching saturation,
attaining, for example, at 12 T a value of 4n
=2.31&10 '. In order to determine from 4n~ the
degree of orientation P [Etl. (8)], we measured
for comparison the saturation birefringence 4n„,
of a completely oriented DNA solution: We pro-
duced the alignment by shearing the solution be-
tween two glass plates of 0.6 mm distance and
measured 4n as a function of the relative shear
velocity up to 10 mm/sec. Here, saturation of
~n was almost reached. The extrapolated value
bn„, =1.57&&10 ' for c =10 mg/ml leads to the
small degree of orientation P =0.88% in B =12 T.

P = (2&/I, )(X ii
Xi)B'/kT'. — (4)

The degree of orientation P was determined op-
tically by measuring the magnetically induced
birefringence &n~ =nI; —n&, i.e. , the Cotton-Mou-
ton effect, where n II and n& are the refractive in-
dices parallel or perpendicular to the applied
magnetic field B, respectively. For small de-
grees of orientation the birefringence is propor-
tional to P, to the anisotropy of the molecular op-
tical polarizability (n ii

—n~), and to the polymer
concentra. tion c: 4ns (nii —ai)Pc, or, by intro-
ducing the Cotton-Mouton constant' ' C~,
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O

an =C„XB', (5)

where A. is the wavelength of light. Therefore the
persistence length is determined by comparison
of &n~ with the birefringence &n„, of a fully
aligned polymer sample

or by the ratio of the monomeric and polymeric
Cotton-Mouton constant, Cs(mono)/C„(poly) =2P/
lo.

The magnetic birefringence &n~ was measured
continuously using a photoelastic modulation tech-
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FIG. 1. Cotton-Mouton effect on aqueous solutions of
calf thymus DNA (concentration c~ 10 mg/ml, T 20.6
'C; the degree of orientation is determined as described
below), of Poly A (c~ 19 mg/ml, T =19.7'C, and of
Poly(A+2U) (c~20 mg/ml, T=19.7'C). Time of field
sweep up and down, 2&3 min; ~=6328 A.
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From signs of 4n„t found by shearing parallel
and perpendicular to the solenoid axis respective-
ly, w'e conclude that DNA tends to orient magneti-
cally with the filament axis in tIIe plane perpendi-
cular to B.

Figure 2 show's the concentration dependence of
C~. The linear increase of C~ with concentration
up to around 5 mg/ml indicates, in agreement
with Etl. (5), that in this range p does not depend
on the DNA concentration; consequently, the ori-
entation of one double helix is independent of the
neighboring double helices. This lack of interac-
tion leads one—following Etl. (4)—to expect a, T '
dependence of C„, because P is proportional to
T ',' compatible with our observations below 60
C (see Fig. 3). The orientation behavior becomes
of particular interest above 60 C, in the well-
known' "denaturation region of the DNA. Here
the relatively rigid' DNA double helix with the
base pairs" stacked coplanar to each other and
perpendicular to the long filament axis splits into
two' statistical, flexible, random coils, where the
bases are quasifree to rotate. In this phase-
transition region (width 25 C around the melting
temperature T„=87 C according to Marmur and
Doty" for calf thymus DNA under our solvent
conditions) the magnetic orientation or Cs de-
creases dramatically to zero. Following the ar-
gument above, that the magnetic orientability of
a semirigid polymer decreases strongly if its
monomers become free to rotate, our observed
decrease of C& leads us to assume that the base
pairs are responsible for the magnetic alignment

of DNA. These base pairs in part consist of aro-
matic, i.e. diamagnetically anisotropic, ' rings
and consequently tend to orient their planes paral-
lel to B. The DNA filament axis therefore tends
to orient itself perpendicular to I3, which is also
in agreement with our observation.

With use of the obtained value for P it is possi-
ble—following Etl. (4) to determine the persis-
tence length of DNA, since the diamagnetic an-
isotropy of the base pairs is known: X It -X~ ha, s
been calculated" to exceed that of benzene (9.48
x 10 "erg/T')" by a factor of 1.098 and 0.827
for adenine-thymine (A-T) and guanine-cytosine
(G-C), respectively. With the known base com-
position of calf thymus DNA (42% G-C and 58%
A- T)" and taking f, = 3.4 A P' we find that N = 262
and P =445 A. The accuracy of this absolute val-
ue is only limited by the uncertainty of &n„, [of
Eil. (6)] corresponding to full alignment and there-
fore is of the order of 10%. By comparison, in-
direct measurements of the persistence length
by light-scattering"" and hydrodynamic" ~
techniques give values ranging between 250 and
1700 A. Light-scattering results depend on the
knowledge of molecular weight and its distribu-
tion" and also on theoretical assumptions about
the excluded-volume effect on the chain-folding
statistics. " For evaluation from viscosity and
sedimentation measurements, on the other hand,
assumptions about the effective hydrodynamic di,-
ameter are rec(uired (ranging for DNA between
18 and 80 A)." The method of magnetic orienta-
tion described here (dpi/n ~ 10 ', 8 ~15 T) en-
ables us to measure persistence lengths for all
polymer samples fulfilling the condition c(II. II
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FIG. 2. Concentration dependence of the Cotton-Mou-
ton constant C& for ca1f thymus DNA. T =21.7 C, other
parameters as in Fig. 1.

FIG. 3. Temperature dependence of the specific Cot-
ton-Mouton constant C&/c for (c1osed circles) calf thy-
mus DNA [c ~ 4 mg/m1; the dotted line is proportional
to &' ~ (K); Ts =87'C according to Ref. 14], for Poly(A
+2U) (open circles) (c~ 20 mg/ml, &&=62 C according
to Ref. 13), and for Poly A (triangles) (c ~ 19 mg/ml) .
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—n&)()(~~ —){~)P/&,~ l &&10 "erg/T'. The main
advantage of this method is the possibility to de-
tect small changes of the persistence length with
external parameters like ionic strength, pH, and
temperature independently from evaluation of
4n „t. We illustrate this high resolution showing
the Cotton-Mouton signals and their variation
with temperature in Fig. 1 and Fig. 3, respective-
ly, for triple-helicaP '~ Poly(A+2U) and single-
helical"'" Poly A. A more detailed presentation
of the results on various polynucleotides and
their interpretation is in preparation. Further-
more, corresponding studies on DNA-protein
complexes and on polymer melts will be published
elsemhere.

We have shown that in magnetic fields the small
but steady orientation of maeromolecules like
DNA depends only on the relative position of mell-
defined diamagnetic parts inside the macromole-
cule. Furthermore, the macromolecule is al-
ways in thermal equilibrium with its ionic sol-
vent. In contrast, the orientation behavior of
polydisperse polyelectrolytic solutions in electric
fields normally depends on contributions of con-
stant and induced electric dipole moments" "
and of the hyperpolarizability" of the macromole-
cule. Therefore, in order to avoid heating ef-
fects caused by electrolytic currents, transient,
nonequilibrium orientation techniques are in use
and a spectrum of relaxation times has to be in-
terpreted.

We are very grateful to Professor M. Daune,
Institut de Bio1.ogie Moleculaire et Cellulaire,
Strasbourg, for the determination of the molecu-
lar weight and the hyperchrornicity of DNA sa,m-
ples. The experiment was performed in the Ser-
vice National des Champs Intenses, Grenoble,
and we acknowledge the support of its technical
staff.

N. E. Geacintov, F. v. Nostrand, J. F. Becker, and
J. B.Tinkel, Biochim. Biophys. Acta 267, 65 (1972),

J. F. Becker, N. E. Geacintov, F. v. Nostrand, and
R. v. Metter, Biochem. Biophys. Res. Commun. 51,
597 (1973).

¹ ChaIazonitis, B. Chagneux, and A. Arvanitaki,
C. B. Acad. Sci., Ser. D 271, 130 (1970).

G. H. Meeten, Polymer 15, 187 (1974).
5Original references in P. Flory, S'tatisticaE Mechan-

ics of Chain Molecules (Interscience, New York, 1969).
68ee, for example, J. A. Schellman, Biopolymers 13,

217 (X974) .
7M. Born, Ann. Phys. (Leipzig) 55, 177 (1918).
BP, Langevin, Radium (Paris) 7, 249 (1910).
R. Gans, Ann. Phys. (Leipzig) 64, 481 {1921).
A. F. Pollard and H. House, Electron. Lett. 4, 166

(1968) .
H. B.Serreze and B.B. Goldner, Rev. Sci. Instrum.

45, 1613 (1974).
DNA (Worthington Biochem. Corp.): Molecular

sleight 4.1&&1& determined LD. M. Crothers and B.H.
Zimm, J. Mol. Biol. 12, 525 (1965)) by the measured
sedimentation coefficient S20~, hyperchromicity =42.6@.
Solutions 0.15~ NaCI and 0.015&~ Na-citrate buffer, PII
=7.0. Poly A (Miles Biochem. ): S&() =8.1; Poly(A+2Q)
prepared from Poly A and polyuridylic acid (Miles Bio-
chem. , 8,0 =8.2) by stoichiometrically mixing as de-
scribed in R. D. Blake, J. Massoulie, and J. B. Fresco,
J. Mol. Biol. 30, 291 {1967). Solutions for both sam-
ples: 0.15~ NaCI and 0.025~i PO4 buffer, pH=6. 9.

Blake, Massoulie, and Fresco, Bef. 12.
J. Marmur and P. Doty, Nature {London) 183, 1427

(1959).
J. D. Watson, Molecular Biology of the Gene (W. A.

Benjamin, New York, 1965).
6A. Veillard, B. Pullman, and G. Berthier, C. R.

Acad. Sci. 252, 2321 (1961).
B.J. W. Le Fevre, Adv. Phys. Org. Chem. 3, 1

(1965).
"H. Eisenberg, Biopolymers 8, 545 {1969).
J.B.Hays, M. E. Magar, and B. H. Zimm, Biopoly-

mers 8, 531 (1969}.
H. Triebel, K. Beinert, and J. Strassburger, Bio-

polymers 10, 2619 (1971).
R. E. Harrington, Biopolymers 9, 159 (1970).
C. W. Schmid, F. P. Binehart, and J. E. Hearst,

Biopolymers 10, 883 (1971).
P. Sharp and V. A. BloomfieM, Biopolymers 6, 1201

(1968).
S. Z. Jakabhazy and S. W. Fleming, Biopolymers 4,

793 (1966).
M. Lang and G. Felsenfeld, J. Mol. Biol. 15, 455

(1966) .
S. J. Miller and J. G. Wetmur, Biopolymers 13, 115

(1974) .
G. Hornick and G. Weill, Biopolymers 10, 2345

(1971).
8M. Hanss and J. C. Bernengo, Biopolymers 12, 2151

(1973}.
~~S. Takashima, Biopolymers 12, 145 {1973).

400


