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The relationship between polyelectrolyte theories based on linear charge density models and the electric-field induced
orientation of the polyelectrolytes, poly(A), poly(C) and DNA is examined by varving their ionic environment with respect
to ionic strength and acidity. The degree of counterion condensation on the polyelectrolytes predicted by the theories of
Manning and Record is shown to be related linearly to the orientation as measured by their dichroism in the field. Micro-
structural differences between poly(A) and poly(C) account for the differences in their dependence on the pH of the medium
which affects the counterion condensation and thus the polarization in the orienting electric fields. The results consequently
support recent treatments of linear polyelectrolytes having a high charge density which model them as smoothly charged
linear polyions, but indicate that these models are insufficient io account for some of the effects of microstructural varia-

tions.

1. Theoretical

From the results of electro-optic measurements on
ceriain poiynucleotides and DNA over the past several
years, it has become increasingly clear that the orienta-
tion of these molecules in electric fields up to 20 or 30
kV/cm cannot be explained by the presence of a per-
manent dipole moment, nor by any mechanism which
does not account for the very strong infiuence of the
high charge density of the polyelectrolytes. While at-
tention has been called to the effect of the charges [1.2],
the specific relationship of the moments induced by the
fields, or of the orienting torques, to the molecular
parameters have remained obscure and confusing, in
part because the many reported measurements have been
made under widely different conditions of molecular
size, solution ionic strength, temperature and pH, and
in part, because of fundamenial differences in experi-
mental and theoretical approaches. During this same
period, substantial progress has been made in polyelec-
trolyte theory. We report here some results of our at-
tempt to determine the extent to which the electric field
orientation behavior is consistent with predictions which
can be drawn from these theories. Our approach has

been to perturb the ionic environment by varying the
ionic strength or acidity in order to produce predictable
changes (from other experimental observations and
models of polyelectrolyte behavior) in the counterion
density on the macromolecules and to observe the re-
sulting changes in the dichroism produced by the appli-
caticn of pulsed electric fields to solutions containing
them [3—5]. In particular, for the experiments reported
here, we looked at the dichroism of DNA [6—8], poly-
riboadenylic acid [9], and polyribocytidylic acid [10]
under conditions of ionic strength or H* ion concentra-
tion designed to determine the relation of the responses
to the predictions of the polyelectrolyte models of
Manning {11}, Record [12], Mandel [13,14], and
McTague and Gibbs {15] and their respective colleagues;
all of which are based on an extension of Debye-Hiickel-
Bjerrum theory of simple electrolytes. We have previous-
ly reporied resulis [9] of one such perturbation in a
more extensive paper on the electric dichroism of poly-
riboadenylic acid. While the results reported here are
quantitative, we hold in abeyance proposing a quanti-
tative relationship to orientation theory for reasons which
will be discussed below. The results will demonstrate,
however, that the perturbations produce effects on the
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orientation which are consistent with some aspects of
polyelectrolyte theory.

These models and theoretical treatments have much
in common and, in general, are based on the picture of
a linear polyelectrolyte with a uniform distribution of
charge which condenses counterions to a greater or lesser
extent, depending on the polyion charge density. For
monovalent charges this density is given parametrically
by £ = €2/ekTh. In this expression, € is the bulk dielec-
tric constant of the solvent, e is the elecironic charge in
absolute esu, k£ and T are, respectively, the Boltzmann
constant and the temperature in degrees Kelvin, and &
is the average spacing in Angstroms of the projection of
the charged groups on the axis of the fully extended
polyion. For DNA, the value of b in solution near neutral
pHis 1.7 A (half of the 3.4 A axial translation between
adjacent phosphates of the assumed B structure because
these are two intertwined strands) and the resulting
value of £ is 4.2. Manning [11] and others [16,17] have
shown that for values of £ > 1, counterions should con-
dense on the linear array to reduce & to 1. The fraction
i=(1 — £ 1)=0.76 of the N phosphate groups are
neutralized by associated or ““condensed’ counterions.
The theory requires that these counterions form a (par-
tially hydrated) sheath which has been calculated at
14 A in radius [18] and since the radius of the DNA
helix without the counterions is approximately 10 A,
the associated counterions cannot be more than about
4 A from the negatively charged phosphate groups, es-
sentially in the range of van der Waal’s contact. The
field of an isolated negative charge at 4 A is approxi-
mately 168 V/cm. The condensed positive counterions
are also in the field of the negative and positive free
ions in solution, which form the Debye atmosphere,
as well as those of the adjacent phosphates, but the
mean distance between the free ions and the polyelec-
trr.lyte in the most concentrated solution (1 mM) used
.. these experiments is 55 A calculated on the basis of
the volume concentration of ions. Thus in the absence
of an applied field, the condensed counterions are at-
tracted to the polyelectrolyte by a force resulting from
a field of the order of 108 V/cm or more, and attracted
away with fields of the order of 5 X 105 V/jcm. These
are, of course, also repulsive forces between neighboring
condensed counterions of the same sign but these are
at least partially compensated by neighboring phosphate
charges of the polyion of opposite sign. The foregoing
considerations are a great over-simplification as any
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perusal of the cited papers will show. The “condensed”
ion atmosphere for example, cannot be a precise sheath
with a discrete boundary but at the very least must go
over smoothly into a Poisson-Bolizmann distributior

as the distance from the polyion increases. Nevertheless,
the effective attractive force on the positive countzrions
is orders of magnitude greater than the ionic forces
trying to remove them and provides a mechanisn. for
their polarization in an electric field. [Note tiat i this
discussion and throughout this communication ve zvoid
any discussion of free energy and therefore of the real
activity coefficients of the ionic substituents. Obviously,
quantitative relations would be modified by their in-
clusion.] The applied field in these experiments, which
may range up to 2.5 X 10% V/cm is far too low com-
pared to the attracting field of 108 V/cm to substantial-
ly redistribute the counterions along the polyelectro-
lyte, in the sense of causing large variations in the chargs
density, until a high degree of orientation is achieved.
Instead the polyion and its closely associated or ““con-
densed” counterions are polarized in the applied field

in much the same way that the bound valence electrons
and nuclei are polarized by the field [19]. There is some
difference between the polarization of the valence elec-
trons and of the counterions with respect to the polyion.
The induced moment at low fields, nazeE, (for the same
number, 11, of charges involved) may be somewhat larger
for the counterions than for valence elecirons because
the dielectric constants, €, are larger in the aqueous en-
vironment of the counterions. Models which predict that
the polyion-counterion polarization will saturate at very
low fields to produce a large equivalent dipole moment
require that the number of counterions and therefore
the molecular length be very large and are based on a
continuous line charge, not a discrete array [11,20,21].
For a true line charge there should be no component of
the field of the polyion parallel to the axis. However,
because the charge array actually consists of a non-linear
(helical) array of discrete charges, 6.5 A apart in B-DNA,
components of the field will exerts strong attractive forces
on the counterions axially as well as radiaily. If the ap-
plied field strength is sufficient to cause substantially
complete orientation of the macromolecules, translation
of the positive counterions along the polyion may occur
but replacement by free ions from the solution should
keep the charge density stationary. At all moderate values
of the field strength greater than zero, however, a dis-
tortion of the counterion-polyicn configuration is pro-
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duced which results in an induced moment proportional
to ‘he field strength. [Ii is possible to argue that the
axial attraction is not very large on the basis of the lin-
ear continuous charge array of the theoretical models,
and this must be approximately true for the exact axial
direction. However, our results on poly(C) (vide infra)
imply that while the linear approximation is qualitatively
a good one, there are properties which demonstratably
reflect the microscopic charge distribution of the po-
lymers. Note, for example, that Manning [22] even
while developing the linear model, has concluded from
the data of Skerjavic and Strauss [23] that the charged
sites in DNA are too far from each other to cooperate
appreciably in providing effectively multivalent sites
for cations.] Recent treatments by Soumpasis [24] and
by Schellman and Stigter [25] have a bearing on this
problem. Soumpasis concludes that a helical charge
distribution such as that of the DNA backbone can be
treated by the continuous straight line charge on which
the considerations of the present paper are based, at
least as far as thermodynamic properties are concerned,
in the limit of infinite dilution. He points out, however,
that in processes where the polyion potential enters
directly, as it does in the electric-field orientation
phenomena described here, the specific structure of the
polyion must be considered.

Schellman and Stigter [25] have also concluded that
corrections for the periodicity and the discreteness and
size of the ionic charge should enter in first order in the
electrical free energy associated with the polyion. The
fact that the electrical free energy enters directly into
the orientation function (thep E/kT parameter where
nt is the total moment in the field E) indicates, more-
over, thai the sensitivity of electric-field orientation to
the charge density may have components of the real
helical periodicity as well as components based on the
smoothed axial projection of the charges. Finally, we
report here experiments on samples low enough in mo-
lecular weight so that the additional contribution of the
polarization of valence electrons is not negligible [9].

In the foregoing discussion, the basic assumption
has been that the ““condensation’ model is a physical
reality. While a substantial amount of evidence is ac-
cuemulating to support this, there are theoretical pro-
posals for the orientation mechanism which do not
depend on counterion “‘condensation’ and which, in
fact, imply that the entire charge distribution can be
described by a continuous Debye atmosphere obtained
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by a careful application of the Poisson-Boltzmann equa-
tion and variants thereof [26]. It is clear that at this
point the “condensation® models cannot be said to have
been proven. In this paper, we examine aspects of the
behaviour of the nucleic acids in orienting electric fields
which have some bearing on their validity.

In the experiments to be described, the solutions of
the nucleic acids are subjected to electric field pulses
just long enough to allow the molecules to reach a sta-
tionary state. The magnitude of the resulting dichroism
is the ratio of the difference in the measured absorbance
of the solution for plane polarized light in two perpen-
dicular directions, in this case, parallel and perpendicular
to the electric field directions, to the isotropic absorbance
of the same solution:

AG/G = (6” - _L)/E' (1)

It is related to molecular parameters through an optical
factor, G(8), which is dependent on the polarization
direction of an optical transition moment at the wave-
length of measurements with respect to fixed axes in the
molecule and, to the orientation factor, ®(£); the orien-
tation factor is, as indicated, dependent on the field
strength, F, and on the dielectric properties of the ma-
cromolecules:

Aefe = B(E) - G(O). 2

Unfortunately these factors appear as the product, so
that the direct determination of either requires that the
other be unity or be a known function calculable from
known molecular parameters. The optical factor at any
given wavelength in an absorption band can only be
unity by an accident of nature. For a stiff cylindrical
rod or prolate elipsoid of revolution, G(@) is given by
(3/2) (3cos2 8 -- 1), where 0 is the angle which the op-
tical transition moment makes with the rod axis. This
factor is unity only for the special circumstance that

6 =41.81°. For the optical transitions of the nucleic
acid bases in the 2600 A region of the ultraviolet spec-
trum, the principal transition moment is expected to be
almost in the plane of the nucleic acid bases which make
angles close to perpendicular to the helix axis; in this
case, the value of G(#) should be close to —1.5. In fact,
values from about —0.6 to —1 .4 have been measured by
applying sufficiently s*-ong fields to achieve substantial-
ly complete orientation for which ®(E) = 1, or obtained
by extrapolation from measurements at lower field
strength [8]. Unfortunately, nearly complete orienta-
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tion can only be achieved for molecules with a high
enough moiecular weight to be flexible. Because the
field dependence of the optical factor of flexible chains
has not been definitively treated, the interpretation of
thes= values is open to some question. Ideally, there-
fore, the measurementis are made on short stiff rod-

like segments of the polymeric molecules, but then
complete orientation is not usually achieved because
the electrical polarization which varies approximately
as the square of the molecular length of the polyelec-
trolvte rod is insufficient. [For double-standed poly(A),
it has been: shown that orientation saturation may just
barely be achieved with a sample low enough in mo-
iecular weight to be rigid and that the dichroism (and
this the optical factor) is the same at high field strength
as that of higher molecular weight poly(A), [9].] One
of the objects of these investigations then is to deduce
the functionsl dependence of ®(F) on the field sirength
and on the molecular charge distribution. For electrical-
ly neutral molecules, these functions are well known
[4,27,28]. At moderately low field sirengtns they re-
duce to a linear dependence on the differential electric
polarizability parallel and perpendicular to the rod axis,
and to a quadratic dependence on the field strength and
on the projection of the permanent dipole moment
along the rod axis. Because of the quadratic dependence
on E, this region of field strengths is sometimes known
as the Kerr region. [Note that in reference [9], the no-
tation for the anisotropy of the electric polarizability
parameter was 8. We revert here to our earlier notation,
v, [4] and regret any inconvenience this may cause.]

In the Kerr region

@(3,5,E) = (B* + 27) (E?/15),

B=u/3kT; 1= (a" — J_)/.’lkT. 3)

DNA, poly(A), and pely(C) are not neutral molecules
however, except under special conditions of H* ion con-
ceniration. Various attempts to explain the field-in-
duced orientation of charged polyelectrolytes have been
made, the most recent for DNA by Hogan, Dattagupta
and Crothers [29], but we shall be principally compar-
ing our results to the theory of Kikychi and Yoshioka
[30] , who have developed a model of the orientation
which at low field sirengths is based solely on a param-
eter nK 2, related to the charge density parameter of
Mangning, Mandel and othess:

&(n,L . E)= nK2E2 /45 + smaller terms when 2,
K or both are not large,

K=ZeL[2KkT, n=iN. @

The parameter 7 is the number of condensed counter-
jons on the polymer of length L having /V charged grouj
in a uniform linear array along the polymer and KX is
defined by K = KE.

On the basis of a comparison of the orientation of
DNA and poly(A), we have recently concluded that the
orientation, and therefore, the dichroisin when the
orientation is not complete, is, in fact, determined by
the additive effects of the neutral dielectric properties
and of the polyion-counterion polarization [9] :

Aele
EZ

=15 [B? +27+ (iK2)/31GE), )

an expression obviained by adding the ionic polarization
result of Kikuchi and Yoshioka [3G] to the expression
for the orientation arising from the neutral valence stru
ture [4]. Because DNA and the polynucleotides have
substantially no dipole moment, § = O for these mole-
cules, but we see no reascn to conclude that neutral
valence dielectroc anisotropy, 7. disappears when the
molecule carries a charge. There are questions of the
relative importance of these effects a charge. There are
questions of the reletive importance of these effects
and, of the extent to which the Kikuchi and Yoshioka
model is a good representation of the polyelecirolyte
charge contribution.

The results presented here do not yet give quantita-
tive answers to these questions, but they do accord witl
the expected behavior of the electric dichroism. For
example, the model requires that the orientation be
lincarly dependent on i, the effective concentration of
condensed counterions on the polyion [see eq. (4)].
The titration of the basic nitroger: atoms on a nucleic
acid base in a charged polynucleotide tends to reduce
the number of condensed alkali metal counterions as-
sociated with the negatively charged phosphate groups.
The exact way in which the condensed counterion con-
centration varies with the H* concentration is calculabl
from the polyelectrolyie theories of Manning [31] and
of Record [12], and fro:n acid-base tritration data [32]
Combining this with the model of Kikuchi and Yoshiok
we predici that the dichroism of an acid titratable poly-
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nucleotide will increase (in absolute value) with an in-
crease in pH in a way which is linearly dependent on
the resulting increase in the concentration of condensed
alkali counterions, presumably because the counterions
are polarizable with respect to the axial direction of
the polyion: Record [12] has concluded that the frac-
tional counterion charge on these polyelectrolytes is
given by:

i=1 -1 -w), (6)

where ¢ is the degree of protonation of the polyelec-
trolyte. For a given polyelectrolyte, let

a-ghH=y Q
then from n = iN [eq. ()],
n=_( — w)N. ®)

For a monodispersed sample of fixed N (or a polydis-
persed sample with a mean value V), the substitution
of eq. (8) in eq. (5) yeilds,

Aefe _

2 ®
E-

flg 182 + 29 + (¥ — WINK>/3] - G(6).

Thus under conditions where G(8) is independent of E,
the dichroism is predicted to be linearly proportional
to (¥ — w) and therefore to the fractional concentra-
tion of condensed alkali counterion of a (partially)
titrated polvion, as calculated from eq. (6). The degree
of protonation, «w, may be obtained from acid-base ti-
tration data. While the optical factor G(6) may be de-
pendent on E for long flexible polyelectrolytes, for the
relatively low molecular weight, relatively rigid samples
used in these experiments, no detectable dependence of
the optical factor G(@) on the field strength is expected

[o1.

2. Experimental

Samples of DNA were calf-thymus from Worthington
Biochemical Corp., carefully sonicated in the cold under
helium in 0.1 or 0.2 M NaCl. Samples of poly(A) and
poly(C) were from P.L. Biochemicals. The sedimentation
coefficient of the single-stranded poly(C) sample was
{S50,w? = 7.2 corresponding to a mean molecular weight
for the double-stranded species of 4.4 X 105. We wish
to thank Georgianna Sandeen for this measurement.

161

Table 1
Electric dichroism 2} dependence on pH

Aele
pH poly(A) P} poly(C) ©
4.66 —0.4296 -0.2279
5.65 —04774 -0.2777
6.50 —-0.5590 —0.2773

2) The noise level in these experimentis is + 0.005 in the value
of Ae/e. Each value is the average of at least twenty separate
measurements.

b) £ = 9300 V/em. © E = 7600 V/cm.

The sedimentation coefficient of the poly(A) sample
used to obtain the results of table 1 and fig. 1 was
reported by the supplier to have the same coefficient
16y 20,w) = 7.2 All solutions were prepared for use by
exhaustive dialysis in the cold to the final solvent con-
centrations reported in the figure captions. The concen-
trations of poly(A), poly(C) and DNA were generally
0.25 to 0.5 of the lowest Nat ion or buffer concentra-
tions reported in the figure captions. The electric di-
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Fig. 1. The electric dichroism of double-stranided poly(A) as a
function of the fractional charge density neutralized by con-
densed counterions in solutions of different pH. The calculation
of i proceeds from the expression = (1 — £ ! — w) where w is
the degree of protonation of the polyelectrolyte. Values of w
were obtained from the data of Holcomb and Timasheff [31],
extrapolated to an ionic strength of 0.8 X 16794 M K* from data
at 0.15, 0.01, and 0.001 M KCI. The data are for poly(A) in

2 X 10% M buffers of 2-(N-Morpholino)ethanesulfonic acid;
¥=2520A,FE=9280kV/cm.
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chroism method and prccedures are descrzbed in sef.
-2
[6] . All measurements were made at or below 5°C.

3. Resulis and éiscussion
3.1. The pH dependence of the orientation of pelyfA)

At salt concentrations beiow 0.001 M in the region
between pH = 6.5 nad pH = 4.5 poly(A) maintains a
double helical structure which is half-protonated at
the higher pH znd is subject to additional protonation
as the concentration of H¥ is increased with little or no
structural change. An increase in protonation reduces
the fractional charge 7 in accordance with the prediction
of eq. (6) and consequently should decrease the di-
chroism [eq. (9)] . The obscrvations recorded in table
i and fig. 1 demonstrate the predicted linear depen-
dence cn i.

3.2. Ionic strength dependence

A further prediction of the theory, which arises from
the concept of the thermodynamic stability of a linear
charge distribution, is an exiraordinary stability of the
polyion charge distribution in solutions of varying
ionic strength [18,31]. For these electro-optic measure-
ments, this means that at least at low field strength, if
no structural change affecting the optical factor G(6)
occurs as a result of the variation of ionic strength, the
dichroism should be independent of ionic sirength of
the soivent. This independence of ionic strengih has been
observed in buffered solution of double-stranded poly(A)
buffered with 2-(morpholino)-ethanecsulphonmnic acid
(MES) at field strengths up to about 13 kXV/cm [9].1In
vnbuffered solutions, however, and in solutions buf-
fered with phosphate buffers, the electric dichroism fo
DNA even at low fieid strength has a logarithunic (base
€) dependence on ionic strength. Both cur measurements
of the dichroism at ionic strength from 0.09 mM to
1.0 mM NaCl with and without phosphate buffer and
data derived from the recent publication of Hogan,
Dattagupta and Crothers [29] from 1.4 mM to 10 mM
salt in phosphate buffered solutions are shown in fig. 2.
Deviation from the linear response to ln [Nat] begins
to appear in the latter only at the highest ionic strength.
We may ask, in view of the very high stability attributed
to the charge distribution of polyelectrolytes with

hos aev/Electriz field orientation of polynucieic acids

10—

o
]

A/10' DEBYE
T
kN
L
[
o
/) -

03

N
l T
N

i

1 1 i !
40 £0 6.0 rAS 80 90

-in[Na*]

.o

Fig. 2. Dependence of the crientation of DNA orn the In [Na']
over the range from 9 X 10 to 10 2 molar, as measured by
[a] ihe calculaied induced divole moment (left ordinate) from
electric dichroism measurementis [28], [b] and [=], directly
from the electric dichroism (right ordinate) {41]. The data for
[a] are adapted from fig. 6 of 1ef. {261. The data for [b] were
obtained in solutions buffercd wiiii phosphate at pH = 7.2. The
data for [c] are in unbuffered solutions containing NaCl.

£ < 1, why the charge density of DNA and with it the
dichroism should vary with ionic strength. There appea
to be a relatively simple explanation. The high stability
of the counterion condensation and therefore of the
charge fraction of a polyelecirolyte is dependent not
only on the high density o7 charge but also ca the ab-
sence of new sources of electrostatic charge on the
polyion when the ionic environment is perturbed. This
is simply not the case for the polynucleotides and DNA
The presence of basic nitrogens and possibly also other
sites whose pK is strongly dependent on the ionic stren
of the environment, resuits in the introduction (or
removal) of charged sites in addition to those of the
phosphate backbone. The pK of these sites increases
with decreasing ionic strength resulting in increase in
the degree of protonation {33]. Eq. (8) predicts that
in this situation, 7 increases with decreasing ioric stren
The data plotied in fig. 2 demonstrates that the dichroi
increases with decreasing ionic strength as expected fro
the fonic strength on the pK’s of the basic sites. The ef-
fect of buffer is, to some extieni, to offset the tendency
of the basic sites to protonate and so a small difference
exists between the ionic strength dependence in phos-
phate buffered and in unbuffered solution. This situa-
tion is further complicated by the effect of the ionic
strength on the buffer dissociation and on the fact that
each of the four nucleotides of DNA behave differently
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The relative independence from ionic strength effects
in poly(A) [91, and also in DNA in MES buffers [34]
appears to be related to the fact that MES exists asa
zwitterion at the pE of the experimenis although the
evidence that these zwiiterions saiisfy the ““protona-
tion™ requirements arising from the variations in pK is
not conclusive.

3.3. Microstructural differences

The foregoing results are consistent with the basic
concept of the linear charge density models which take
no account of microstructural differences between
polyelectrolytes with the same linear charge density,
and are in accord with the hypothesis that counterion
polarization is a significant but not exclusive factor in
electric-field orientation of these polyelectrolytes. From
an examination of the electric dichroism of poly(C) we
can demonstrate similar polyelectrolyte behavior, but
in addition by comparison with the poly(A) results, we
can show that microstructural differences occur; in this
case, because of the difference between the poiariza-
tion of protons used to make hydrogen bonds which
are located approximately at the position of the helix
axis, and of protons which displace or interact with the
surface alkali counterions.

Referring to table 1, the results show that unlike
poly(A), in this pH region, the dichroism of poly(C) is
not monotonic, linear or otherwise, with respect to pH.
Instead, there is no change at all in the dichroism be-
tween pH 5.5 and 6.5. This appears to be related to the
structural differences of poly(A) and poly(C) and is
consistent with their expected polyelectrolyte propes-
ties. In fig. 3, the data of Chou and Thomas [35] for
the acid titration of poly(C) using a Raman spectral
band near 1390 cm—1, are plotted. These authors con-
clude that there is no structural change over a pH range,
which when extrapolaied to the solution jonic strength
of our measurements, includes the measurements at
pH 5.65 and 6.50. The pronounced structural change
revealed by the Raman spectrum just below pH 5 has
been reasonably interpreted as the disruption of the
doublie-stranded structure. Despite the fact that is is
questionable [36] whether the structure originally
proposed for double-siranded poly(C) was in fact pre-
sent in the fibres used in the X-ray study [37], a con-
siderable amount of other data indicates that it is highly
likely to be the correct double-stranded structure (fig. 4).
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Fig. 3. The Raman titration of the 1390 cm ! band of poly(C)-
The dashead line is an extrapolation of the observations of Chou
and Thomas [33] to an ionic strength of less than 0.0005 M
based on acid titration data. The solid line is drawn through
their experimental points taken at 0.15 M.

poly(C)

Fig. 4. The hydrogen bonding schemes of the double helical
forms of poly(A) and poly(C). See text.
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In this poly(C) structure, a proton is required to make
a third hydrogen bond between the two strands. This
proton, which is the one provided between pH 7 and 5,
lies virtually along the helix axis more than 6 A from
the nearest phosphate groups, out of range of providing
significant electrostatic shielding of the negative phos-
phates, and largely shielded from the solvent. Comnse-
quently, it exerts little or no influence on the counter-
ion condensation. This reveals itself in the electric di-
chroisin by its independence of pH. In poly(A) on the
other hand, the proton binds to the N1 niirogen, with-
in the van der Wall’s radius of the phosphate groups,
and the surrounding solvent. The polyelectrolyte models
cited here do not take into account the effect of these
microstructural differences in the polyelectrolyte. For
example, the protons of poly(C) and poly(A) are not
distinguishable in a theory which projects all counter-
ion charges on the linear axis; in this respect the theo-
retical treatments are deficient, as the data on the de-
pendence of the electric dichroism of these two poly-
nucleotides on the pH demonstrates. The fact is that
the protons in double helical poly(C) are in an environ-
ment of low dielectric constant compared to the pro-
tons of poly(A), the latter of which are in a largely
aqueous environment having a dielectric constant of
about 80. The effective fields which induce an orienting
moment by the polarization of the poly(C) protons
may be smaller in magnitude by a ratio of 20 to 40
than those acting on the poly(A) protons. The effect
of the microstructure thus manifests itself both in degree
of alkali counterion condensation and in the relative
importance of the contributions of the protons to the
induced polarization and to the orienting torque. We
should find that at low and moderate fields, the degree
of orientation of poly(C) under the same environmental
conditions will be smaller than that of the same molec-
ular weight poly(A), a fact which is born out experi-
mentally [10]. These microstructural differences do
not in any way vitiate the general conclusion of the
present observations, that the orientation behavior of
the polynucleotide is consistent with current theories
of the counterion condensation effects of high charge
densities of rod-like polyelectrolytes.

Recently, Hogan et al. [29] have concluded that the
orientation of DNA resulis from the torque exerted by
an anisotropic field created by the field induced counter-
ion flow past the polyelectrolyte. We have no criteria
with which to assess that model but do wish to comment
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briefly that the flow of uncondensed ions past the po-
lyion as a result of the normal conduction process is
bidirectional and must result in very small anisotropies
in the field on the polyion. It is not clear whether ther
is any appreciable flow of condensed positive counter-
ions except perhaps at the highest fields. Expressions
have been proposed for the magnitude of the counter-
ion polarizability by Mandel and by Manning [13,38].
It is significant that this polarizability can only result
if there is a distinct distortion of the counterion atmo-
sphere from an equilibrium distribution. Manning’s
[38] equation:

_ _(Z2€2]12kT)nL?
*T1 2@E — Dinwb)

partially accounts for counterion repulsion through the
use of the Debye screening constant,x , for monovalem
ions (Z = 1); x should be about 10-2/A to 10-3/A4 in
these solutions, and the calculated counterion polariza-
bility anisotropy (a;; — ¢;) =~ & for molecules in the
100 000 to 200 000 Dalton range has values in the rang
of 0.5 X 10716 to 5 X 10716 c¢m3; this is just the order
of magnitude calculated to result in the observed orien
tation of poly(A) and DNA [9]. We have noted that in
the earlier paper [9], the difference between the elec-
tric-field orientation of poly(A) and DNA was analyze«
in terms of the additive induced polarizations of the
counterions and the valence elecirons of these molecul
The results presented here lend additional support to
the orientation of the counierion polarization and are
consistent with that interpretation. In the previous
paper, the effective number of condensed counterions
calculated on the basis of the assumed anisotropic po-
larizability of the valence electrons and dichroism data
was shown to be smaller than that predicted by the
Kikuchi and Yoshioka model, but it was pointed out
that these authors recognized that this would occur be-
cause of their failure to include the effects of counter-
ion-to-counterion repulsion. Further work on this as-
pect is required. However, even without the inclusion
of the counterion repulsion, if the dichroism expected
from the classical dielectric polarization of the neutral
molecule is substracied from the observed dichroism
[fig. 3 of ref. [9]), then the ratio of the slopes of the
lines for DNA to poly(A) is 2.7. This ratio should be
proportional to the ratio of the fractional concentra-
tions of condensed counterions and this compares very
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favorably with the theoretical ratio of 3.5 within the
timits imposed by the experimental uncertainties and
the assumptions. The value 3.5 is obtained from the
ratio of the values of i = (1 — §~1 — w). For neutral
DNA, ¢ = 0 and the value of 7is 0.76 as noted above.
For double-stranded poly(A), £~! = 0.27 and for pH =
6.2 extrapolation o7 the data of Holcomb and Timasheff
[31] to the conditions of the experiment yields ¢ =
0.54. The resultant value of 7 is 0.19 from which
[{(DNA)/i(poly(A))] = 3.5.

It is no surprise that nucleic acids and polynucleo-
tides should exhibit polyelectrolyie behavior [2,39,40].
However, the orientation mechanism of these macro-
molecules in moderately strong electric fields is still a
subject of much uncertainty. Because of microstruc-
tural effects which are not described by any current
theory, it is still not possible to provide generalized
analytical orientation functions from theoretical con-
siderations, but the resvlts of this investigation demon-
strate that predictable relationships exist between the
polyelectrolyie properties and the orientation.

1 would like to thank Che-Hung Lee for his help in
some of the experimental preparations; Michel Mandel,
Philip Ross and Michio Shirai, for useful comments on
an early verion of this manuscript; and Gerald S. Man-
ning for a discussion of the expression for the effect of
counterion repulsion on the polyelectrolyte polariza-
bility.

Note added in proof: A recent paper by Sokorov and
Weill [42], which appeared after this paper was sub-
mitted for publication contains an extensive discussion
of the origin of the orienting moment in linear poly-
electrolytes.
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