Biophysical Chemistry 17 (1983) 35-50
Elsevier Biomedical Press

ELECTRIC DICHROISM OF DNA

35

INFLUENCE OF THE IONIC ENVIRONMENT ON THE ELECTRIC POLARIZABILITY
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In order to test the diffuse ion atmosphere polarization model recently developed by us. the effects of ionic strength. titrating
with Mg2* and Co(NH;)2*. and coion charge on the electric polarizability of short fragments of DNA are investigated. The
resuits are consistent with the predictions of the thecry and show that the diffuse ion atmosphere polarization contributes
sigaificantly to the overall orientation of DNA. At low ionic strengths. we attempt to separate the total dipole moment into two
components: one that agrees well with the Debye-Hiickel ion atmosphere calculations, while the other. presumably due to
condensed counterion polarization, appears to be substantially independent of the ionic strength. At higher salt concentrations,
however, a simple separation into dipole components is not possible, perhaps due to a significar coupling of ion flows between

the diffuse atmosphere and the condensed counterion layer.

i. Introduction

The analysis of structural properties of DNA in
solution by electro-optical methods requires an
accurate description of the dipole mechanism that
generates the orienting torque. Classically, this di-
pole moment arises from the electric polarization
of DNA and its surroundings. Although there is
now in the literature a large amount of experimen-
tal data concerning the properties of the induced
dipole moment of DNA, there is as yet no single
theoretical treatment that can adequately embody
and correlate these observations. The general con-
sensus is now that the dipole moment is due to the
polarization of the surrounding counterions. An
exact description of the steady-state distribution of
ions surrounding a charged rod is a formidable
problem for a polyion as highly charged as DNA.

We have recently calculated the contribution to
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the dipole moment that would be expected from
the polarization of a Debye-Hiickel ion atmo-
sphere [1]. Of particular significance with respect
to DNA was the finding that this polarizability
strongly depends on the charge density of the rod,
Q. In particular, if the ionic strength of the solu-
tion and the charges of counter- and coions are
held constant, then the polarizability along the
rod, a,,. is proportional to Q2. Within the frame-
work of Manning’s counterion condensation the-
ory [2], it is possible to change significantly the
effective charge density of DNA while essentially
leaving the ion atmosphere unchanged by titrating
a -+ 1 counterion solution with relatively small
amounts of +2 or +3 ions. Our approach in
assessing the importance of the ion atmosphere
polarizability is then two-fold: (1) to compare the
magnitude of the observed dipole and its ionic
strength and coion dependence with theory; and
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(2) to examine the dependence of the observed
polarizability on the effective charge deuasity of
DNA while holding the ion atmosphere composi-
tion essentially constant.

At low ionic strength ( < 0.5 mM)}, the observed
dipole moment appears to be separable into two
independent components. cue that is well char-
acterized by the ion atinosphere polarization the-
oty while the ciner is consistent with Manning’s
irextmcin for the polarization of the condensed
counterion layer {3]. At higher ionic strengths.
however. two simple components are not apparent
and the observed orientation is not described ade-
quately by theory. We suggest that in this region
interactions between the polarization of the ion
atmosphere and the condensed counterion layer
fead to the observed behavior.

2. Theory

As stated above. it is generally accepted that the
dipole of DNA is a result of the polarization of the
surrounding counterions with respect to the
charged axially symmetric double helix. The coun-
terion condensation theory of Manning [2] has
proved a very useful tool in dealing with DNA-
counterion interactions. and provides a good basis
to separate counterion polarization into two com-
ponents. In the theory. counterions are divided
into two groups. There is a layer of ions closely
associated with or bound to DNA. If the charge of
the counterions in solution is Z., then the reduced
effective polyion charge density. {,., (the intrinsic
reduced charge density of the polyion minus neu-
tralizing charge density of the bound counterions).
is given by.

S = =17 M
where @ is the effective linear charge density (in
units of numbers of charges/cm). D the bulk
dielectric constant. e the electronic charge. & Boltz-
mann’s constant and 7 the temperature. Surround-
ing this layer of bound ions is the more conven-
tional diffuse ion atmosphere that can be treated
with the familiar Debye-Hiickel approximation.
Before continuing with a discussion of the various
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treatments of the polarizations of the condensed
layer and ciffuse atmosphere, it is first necessary
to revizw the work of Manning on the expected
variation of the net charge density in mixed-charge
counterion systems.

For an all Z= +1 counterion system (e.g.,
Na™). eg. 1 predicts that 76% of the DNA phos-
phate charge is neutralized by bound ions. leaving
a net 0.24 charges/phosphate. In an all Z=2
system {Mg?2%), however, 88% of the DNA charge
should be neutralized, leaving half the net charge
density (0.12 charges/phosphate) of the all Na*
case. In mixed-counterion systems. the effective
charge density will vary between these two ex-
tremes. Within the framework of his theory, Man-
ning [2] has presented a pair of simultaneous equa-
tions that lead to a solution for the effective poly-
ion charge density,

L _ _, _ _ .
I+1n v, = 2 2\ $(1 = Zyop — Fydy )inkb
¢ 9y
Zi+ ZiIng i = 2y + Zyln gy )

where the subscripts 1 and 2 refer to different
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Fig. 1. The iheoretically expected variation of the effective
DNA charge density. Q. with added Mg?* (Z= +2 ions)
relative to an all Z = + 1 charge density is calculated by eq. 2
and shown as a function of log[Mg>"* ] for two ionic strengths.
In ¢ach case. the difference between the Mg2* concentration
and the ionic strength is accounted for by added 1:1 salt. The
upper curve and scale show the calculation for 7 = 5 mM. while
the lower curve represents 7 = 0.2 mM.
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counterion species and b is the linear DNA phos-
phate charge spacing, 1/x the Debye shielding
parameter (=3.0/7'/2, in A. where [ is the ionic
strength of the solution), { = e2/bDkT. ¢, the
number of counterions of species 1 or 2
bound/DNA phosphate, V,, the free volume of
binding for counterion species 1 or 2, and C5, ths
free (unbound) concentration of species 1 or 2.

Fig. 1 shows the variation of charge density,
relative to an all Z=1 system. as a function of
Z =2 (Mg?*) concentration for two ionic strengths
(each composed of a mixture of Mg2* and Na*).
Two features of these curves are worth noting.
First, only very small concentrations of Mg?"* , in
comparison to the ionic strength, are necessary to
change significantly the effective charge density.
The composition of the Debye-Hiickel ion atmo-
sphere remains essentially all Na™. Secondly. as
the ionic strength is increased it takes pro-
portionately more Mg?* to achieve the same
lowered effective charge density.

One aspect of the Na*-Mg=* equilibrium that
is not shown in this figure, but is a consequence of
eq. 2, is that at low ionic strengths, most of the
DNA charge is neutralized by Mg?*, even at
effective charge densities that are only slightly
different from the all Na™ case. We calculate, for
example, that for only 78% charge neutralization
(o, +2¢,) at I=5 mM ([Na]=4.992 mM and
[Mg2*]=2 uM, already 32% (2¢,) is due to con-
densed Mg2*. How accurately these equations
represent the actual change in DNA charge den-
sity, however, is not known with certainty. To the
best of our knowledge, no systematic study has
been done in mixed Na*-Mg2* systems using a
technique that is sensitive to charge density. as, for
example, electrophoretic mobility. One trouble-
some aspect of this equation is that if less than
saturating amounts of Mg>* are added (i.e., < 0.38
Mg?* /DNA phosphate), there should be no
change in the net charge density. Relaxation time
data for T7 DNA [4]. however, show a smooth,
continuous decrease in the longest relaxation time,
at constant ionic strength. up to an added Mg?*
concentration of about 0.5 Mg?* /DNA phos-
phate. The most straightforward explanation for
this is that the repulsive electrostatic excluded
volume is decreasing. or that the net charge den-

sity of DNA is decreasing sigaificantly even at less
than saturating amounts of adde:d Mg?*. With
this brief background, we can now outline the
theoretical work describing the polarization of the
ion atmosphere and the condensed layer, with
particular emphasis on the expected behavior in
mixed counterion systems.

3. Ion atmosphere polarization

The theory developed by us [1] calculates the
contribution to the overall dipole amount due to
the field-induced distortion of the initial charge
symmeiry of a Debye-Hiickel ion atmosphere and
a central, rod-like macroion. In electrophoretic
theory. this distortion gives rise to the relaxation
field. The particular model we considered was that
of a uniformly charged rod of length 2 L immersed
in a medium of dielectric constant D. The support-
ing electrolyte is a simple Z-Z salt with a number
concentration ng. Solving the standard equations
in the Debye-Hiickel approximation for the
steady-state flow of ions in the externally applied
field. the cz!culated polarizability parallel to the
long axis of the rod was found to be.

ayy = 4D( Z8pe )  F(KL) /53 (3)

The dimensionless function F(&L) is given by,

= sin?(B,xL)

F(xL)Y=1/2 —_—
(xLy=1/ ,,Z_:, B2C

><[(l~x~:’./3,;)

0+ 87) —-21n{(1+82)/87) (4}

where it has been assumed that ka < 1 (where a is
the rod radius), 8, = nw/C, and C is large enough
such that F(xL) is independent of the Fourier
expansion interval [— C,+ C}. (Eq. 4 is equivalent
to eq. 37 of ref. 1 in the limit of C— cc.) To a
good approximation, for 1 <kl < 6. the depen-
dence of a on L and « is given by a = L' /k!'5.
There are now a number of studies in the literature
reporting an L? dependence of thie observed dipole
moment for short, rod-like fragments of DNA
[5-71.

In comparing an all Z=1 (Na*) counterion
environment with an all Z =2 (Mg?") system, eq.
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3 would predict that the ion atmosphere contribu-
tion to the dipole moment will not change for a
polyion like DNA. given the inverse dependence
of { .. on Z in eq. 1. This result has been observed
[8]. In order to investigate the expected behavior in
mixed-counterion systems, it is necessary to mod-
ify the Z* term of eq. 3 to include more than one
ion valence. Although lengthy. it is a relatively
straightforward matter to show that {(Z?). the
average. squared charge of ions in the ion atmo-
sphere (not the condensed counterion layer), is

A
Z (z’n,)
(73 = A ——— (5)

> (27n,)

w1
where the sum is over all V species of counter- and
coions with a charge Z, and molar concentration n,
in solution. This equation applies only to simple
electrolytes: for cases in which there is a dynamic
equilibrium between charges (e.g., the phosphate
ion at pH 7. a Z= — 1« —2 equilibrium) we
have no anzlogous expression.

Fig. 2 shows an idealized calculation for the
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Fig. 2. A theoretical calculation for the expected dependence of
the jon atmosphere polarization of DNA relative to an all 1:1
salt svstem on the concentration of added Mg>* (as a 2:2 salt)
is illustrated for two ionic strengths. As in fig. 1. added 1:1 salt
maintains the constant ionic strength. The upper curve refers to
I =5 mM. while the lower is for 7 = 0.2 mM.
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expected dependence of the ion atmosphere dipole
moment on Mg?* concentration for two ionic
strengths, with a 1:1 salt making up the dif-
ference. The factor {,., and (Z?) in eq. 3 were
calculated using eqs. 2 and 3. respectively. There
are two trends worth noting in these curves. Most
importantly. the polarizability goes through a
minimum at very low Mg2* concentrations. This
comes about because up to the minimum {2, is
decreasing at a faster rate than the average squared
charge of an ion in the ion atmosphere, (Z?). is
increasing. Initially, added Mg?>* is preferentially
partitioning into the condensed counterion layer.
leaving the ion atmosphere essentially all 1:1 ions.
As the Mg?* concentration is further increased.
however, the bound counterion layer becomes
saturated with +2 ions, and the excess is displac-
ing 1:1 ions in the diffuse atmosphere, at constant
ionic strength. until all the ionic strength is from
the 2:2 salt. which then has the same polarizabil-
ity as the initial 1: 1 environmen:. Secondly. as the
ionic strength is increased. the minimum becomes
slightly breadly and more shallow and is shifted to
slightly higher Mg?>* concentrations. This reflects
basically the same trend as observed in fig. 1. that
at higher ionic strengths, the preferential displace-
ment of + 1 ion in the condensed layer by +2 ion
is entropically less favorable.

These curves were calculated with the implicit
assumption that the DNA phosphate concentra-
tion is vanishingly small, certainly much less than
the Mg2* concentrations. In real experiments.
however. this condition is not often met for the
lower range of Mg>™ concentrations in fig. 2. In
the set of experiments reported here, for example.
the DNA phosphate concentration is about 40
pM. This and our previous warning that it is not
known for certain how =fitvctive charge densities
vary with less than satirating amount of Mg?~
added prevents a rigorously quantitative compari-
son or theory and experi.ient. The trends, how-
ever, are important.

3. Condensed counterion polarizatio.:

There are several theories in the .l ‘*erature
[3.9-12] for calculating the induced dipole mo-
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ment of polyion-bound counterions, differing
mainly in the treatment of the electrostatic repul-
sive energy associated with an induced, asymmet-
ric charge distribution. All are equilibrium calcula-
tions as opposed to a steady-state flow model. This
assumption would be approximately correct if the
flow of counterions between the condensed layer
and the ion atmosphere, due to the perturbation of
that equilibrium. i> negligible compared with the
flow of counterions along the rod. Although the
problem has been recognized [10], most theories
also have ignored the influence of the ion atmo-
sphere on the repulsive energies. For this reason,
the theory developed by Manning [3] is attractive
as a basis for condensed counterion polarization,
since the stabilizing influence of the ion atmo-
sphere is included. The treatment is entirely within
his condensed counteiron framework and, there-
fore. compliments the Debye-Hiickel ion atmo-
sphere theory. Since the maximal amount of charge
shielding by the ion atmosphere is assumed. the
final equation represents a maximal equilibrium
estimate for the contribution of the bound coun-
terion polarization,

B ze*(1—(z5)~ Y?
U 2k7e(1-228(1—(28) " )iexs)

(6)

where the various symbols have all been defined
elsewhere. At low salt concentrations. the de-
nominator of the term in parentheses is dominated
by the 2Z¢(1 — (Z¢) ™ HInkb term, which leads to
polarizabilities that: (a) are not dependent on the
charge Z ol the counterion, which has been ob-
served [8]; and (b) increase slightly with increasing
ionic strengths, which is contrary to experimental
observations [5-8]. At equilibrium, the polari-
zation of the condensed counterion layer is com-
pletely compensated Zor by the polarization of the
ion atmosphere in the opposite direction. since it is
implicitly assumed that there is no interaction of
the ion atmosphere with the external field, but
only with the asymmetric field set up by the
polarization of the bound counterions. For this
model, then, the system as a whole (DNA. con-
densed counterions, and ion atmosphere) has no
net electrostatic dipole energy. As has been dis-
cussed by Fixman [13], in such a case it is more

appropriate to consider orienting torques in terms
of ‘hydrodynamic stress’, or differential electro-
phoresis. In this case. the induced dipole moment
will depend on the surface potential gradient. not
on the surface charge gradient. For a rod. this will
eliminate the slight ionic strength dependence that
is in eq. 6.

Although Manning’s treatment is for only one
charge valence of counterin in solution, it is not
difficult to extend qualitztively the analysis to
mixed-counterion systems. First. it does not matter
that the charges of counter- and coions are in the
ion atmosphere, only the overall iomc strength is
important. The total energy of interaction of a
polarized condensed layer with the field is depen-
dent on the counterion charge and the number
bound /DNA phosphate (giving rise to the leading
Z(1 —(Z¢)™ ') factor in eq. 6), whereas the shield-
ing term is dependent only on the effective charge
density of DNA. If. as predicted by eq. 2 for the
titration of a Z = 41 system by + 2 ions. initially
the fraction of bound +2 ions is increasing at a
faster rate than the net charge density is increas-
ing. then the poiarizability would be expected to
rise to a maximum, decreasing as the rates of
change of ¢, and {,, reverse.

It is also necessary to discuss qualitatively the
interactions between the polarization of the con-
densed layer and ion atmosphere. Disregarding for
the moment the transverse flow of ions between
the two. the establishment of any siteady-state di-
pole requires the balancing of ion interactions with
the applied electric field, with the relaxation elec-
tric field set up by an asymmetric distribution of
charges, and the entropic force working against an
ion concentration gradient. Since both egs. 3 and 6
are derived for polarizations that are linear with E.
the relaxation fields of each will also be linear with
E. The interaction of the ion atmosphere with the
relaxation field of the condensed counterions is
taken into account in eq. 6, leading to dipole
moments that are stabilized by increasing salt con-
centration. There will also be, however. an interac-
tion between the relaxation field from the ion
atmosphere polarization and the unperturbed con-
densed ion distribution, leading to a back-flow of
condensed ions linear with E. Although it is possi-
ble to include numerically this effect and calculate
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hydrodynamic stresses, it is beyond the scope of
this paper which deals with testing the ion atmo-
sphere polarization model. A more serious barrier
to simply adding polarization components arises if
there is a flow of ions between ion atmosphere and
condensed layer that is significant compared with
the flow of ions along the rod axis. In such a case.
the polarization of neitner the condensed layer nor
the ion atmosphere can be considered indepen-
dently but must be treated as a coupied system. It
is expected that the transverse flow of ions would
increase with increasing bulk ion concentration.
We bring this point up since we will show experi-
mentally that the overall dipole does appear to be
a simple sum of independent components at low
ionic strengths. but if the two components remain
at higher ionic strengths then they appear to be
coupled.

4. Experimental methods

Two DNA samples are used in the present
study. [45 base-pair nucleosomal DNA. isolated
from chicken erythrocytes (a gift from Dr. J. Mc-
Ghee) and sonicated calf thymus DNA. with an
average size (as determined by sedimentation
velocity) of 240 base-pairs. Both samples were
twice phenol extracted at 0.5 M Na™ and exten-
sively dialyzed against 0.2 M NaCl. 50 mM phos-
phate buffer (pH = 7.0), 2 mM EDTA. initally.
and the final diaiyses were with 1 mM phosphate
buffer (1.5 mM Na~. pH 7.0). We found for
nucleosomal DNA in narticular that without the
intial high salt-EDTA aialy:is the orientation was
much less at low ionic strengths (0.5 mM) than
with this step. The nucleosomal DNA was de-
termined to be reasonably monodisperse by gel
electrophoresis. Samples for dichroism experi-
ments were prepared by diluting the DNA stocks
(in the 1.5 mM Na™ buffer) into the appropriate
salt conditions. All dichroism experiments were
performed at 2°C. well below the melting tempera-
ture for all the ionic strengths studied. Hexam-
minecobal((III. Co(NH;);* . was a gift from Dr.
J.A. Schellman. The absorbance at 473 nm was
used to determine the concentration of the stock
solution [13]. DNA concentrations were calculated

using a molar extinction coefficient. at 260 nm, of
6600 M~ ! cm™!.

4.1. Electric dichroism

The basis apparatus we employ for measuring
electric dichroism has been described elsewhere
[14]. The two major changes that have been made
are: (a) the photomultiplier signal is now processed
by a Nicolet 1090AR digital osciloscope interfaced
with a Hewlett-Packard 9825A minicomputer for
direct data reduction and (b) the square-wave pulse
across the Kerr cell is supplied by a Cober (model
606) high power-pulse genera ~r. The polarity of
the applied field across is zlternated in order to
avoid net electrophoresis of the salt and sample.
Basically, two different sets of parameters can be
obtained in the course of a dichroism caperiment.
Most important in this study is the linear dichro-
ism, 1.e.. the change in absorbance. at 260 nm. for
light polarized either parallel or perpendicular
(AA, and AA | respectively) to the applied field,
due to the orientation of the DNA. Since our
samples are well behaved at all ionic strength. i.e..
A4, ,= —2A4, . we report oniy the reduced paral-
lel dichroisms. —AA4, /4., where 4 is the isotropic
absorbance of the sample at 260 nm. The decay of
the dichroism signal after the field is off is also
analyzed as part of the experiment. The relaxation
kinetics contain important information about the
hydrodynamics of DNA. For our purposes. how-
ever, decay times are only important in determin-
ing whether the changes in electric polarizabilities
we observe as the ionic environment is changed
are due to changes in DNA dimensions. The re-
sults indicate that the changes in decay times are
too small to account for the observed dependence
of dipole moments on the ionic strength and ad-
ded Mg?* or Co(NH;)} ™.

Although Hogan et al. [S] have reported observ-
ing abrupt changes in the electric dichroism prop-
erties of short DNA fragments at ionic strengths
less than about 1 mM. we see no evidence from
our own experiments that any significant change
in DNA structure occurs in the iomic strength
range 0.12-5 mM Na™ , other than changes in the
magnitude of the induced dipole moment. We
additionally observe nc significant dependence of



D.C. Rauy,
the orientation on DNA concentration in the range
15-60 M in nucleotides, nor is there any evi-
dence for any irreversible change in either dichro-

QT aln mArr~ad e v M o
ism or relaxation time induced oY the ayplned field

in the course of an experiment.
In the Kerr region, i.e., for field strengths. E.
low enough such the reduced paraliel dichroism,
AA /A, is linearly proportional to EZ, the ob-
served dichroism and the electric pumnuauuuy.
can be related by the standard expression for

wholly induced dipole moments [15].
— AAd, JAE?* = a /15kT 7

This makes the reasonable assumption that the
polarization along the helix axis is much greater

than the polarizations pernendicular to DNA . In

w2anl poaliZadions porponiicizal 10 YA 2D

calculating theoretical curves for the ion atmo-
sphere polarization, we assume for simplicity that
the limiting dichroism of DNA at 260 nm.
(AA"/A)de, is — 1.0. It should be mentioned.
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that this value :nay be as low as —0.75.

5. Results

Fig. 3 shows a typical experimental set of data
for the dependence of the dichroism, A4, /A. on
the applied field strength. E, for the sonicated calf
thymus DNA at 0.25 mM Na™* . As can be easily
noted, there is a well defined Kerr region. in which
the dichroism is linearly proportional to £ In
general, the slope of the line in this region can be
determined to within 5% error. Within the Kerr
region, however. average relaxation times. without
more extensive signal averaging. can be de-
termined less precisely. only to about 20% error.
For neither the sonicated calf thymus DNA nor
the nucleosomal DNA, however, did we observe
any qualitative change in the shape of the dichro-
ism vs. E? curves at higher field strengths than
those shown in fig. 3 that are brought about by the
salt environment. For either DNA, the curves for

anv two ionic strenoths can hp hrnnoh

any lwo 10nIC siren Sis can rough

dence by simply scalmg the ficld strengths by the
ratio of the observed polarizabilities. This argues
against any major change in DNA structure in-
duced by very low ionic strenOths. and acamst any

to coinci-

lectric dichroisn V 41
01s f DN,

\
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Fig. 3. The results of a typical electric dichroism experiment for
the dependence of the parallel reduced dichroism on £* are
shown. The open and closed circles (O. ®) represent separate
experiments on fresh samples of sonicated calf thymus DNA.
Each data point is the average dichroism from 4-8 pulses. The
experimental conditions are: [Na* ] = 0.25 mM (1/x =160 A).
[DNA phosphate]= 30 pM. at 2°C. The best-fitting straight
line to the *Kerr® region is given by the dashed line. The slope
of this line (—AAd, /AE?) is proportional to the electric
polarizability from eq. 7.

5.1. Ionic strength dependence of the dipole moment

In fig. 4, the dependence of the Kerr slopes on
the Debye shielding length, 1/x, is shown for the
nucleosomal DNA sample. This approximately
linear dependence has been observed by others

sStiill others [6.8]. however. have reporied a
[4.2]. Ol OWINCrs ju.o0}, NOWCVCI, Hlavc itpornica a

10° temiv)”

AA,
- X
AE”
N w
- t
L)
L]
I WS VLI U——" U

0 30 60 80 120 50
1K A
Fig. 4. The dependence of the “Kerr’ slopes (lincarly propor-
ticonal 16 o) on the Nebyve chioaldine lonoth /s chawres for

tional to a) on the Debye shielding length. | /x, is shown for
the nucleosomal DNA sample. The solid line is the expected
contribution from ion atmosphere polarization calculated from

cgs. 3. 4 and 7.
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somewhat milder dependence of the polarizability
on ionic strength. with an approximate -In(x)
variation. Nonetheless, there is observed a signifi-
cant inverse dependence of the dipole moment on
the jonic strength. In contrast to the resulis of
Hogan et al. [3]. as stated previously. we see no
sudden and dramatic changes in either the Kerr
slope or relaxation times over the endre range of
salt concentrations. Further, in contrast to the

results of Elias and Eden [6]. there is no apparent
plateauing of the dipole at very low ionic strengths

In this range of salt concemrsz:)ns~ the average
decay time of the dichroism, measured by the area
under the decay curve ufter the end of the pulse,
changes by only 20% at the most. with {r) =40
#s. at 2 mM Na*

us. mM Na
hydrodynamic length of the DNA are not respon-
sible for the cbserved variation of the dipole mo-
ment with ionic strength.

The solid iine in fig. 4 shows the expected Kerr
siopes from the polarization of the ion atmosphere
alone. calculated from eq. 3 and using a DNA
length of 480 A. As is apparent. this component
alone can account for a substantial portion of the
overall orientation, from about 24% at 5 mM Na™
to 64% at 0.27 mM Na¥ . Additionally. the slopes
of the experimental and theoretical curves are

rounchiv narallel \hn\_tnn.g that the theory is cor-
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Fig. 5. The ratio of the elecinic polanizabilitn. observed with

added Mg™* to that of the all-Na™ case is shown as a function

of the Mzg?* to DNA phosphate concentration ratio. The

different symbo™ coreespond to different jonic strengths: (O)

7 =037 mM. (&) I =074 mM.(0) ] =148 mM. (#) 7 =295
M. (a) F =359 mM.
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Fig. 6. The ratio of the polarizability with added Mg** to that
observed with an all-Na™ sait is shown as a function of the
relative contribution of Mg>™* 1o the total ionic strength. The
symbols. corresponding to different ionic strengths, are the
same as in fig. 5.

should be emphasized that once a charge density
for DNA is determined by eq. 1. there are no
adjustable parameters left in the calculation of the

polarizability.

5.2. Mg”™ titration

Fig. 5 shows the dependence of the induced
dipole moment on the amount of Mg** /DNA
phosphate added, at constant ionic strength. Only
at the lowest ionic strength, 7= (.37 mM, is there

LIIC MOWESL IO SIS, FREIA 1R

observed a definite minimum, corresponding to an
approx. 30% decrease in the polarizability. The
four higher salt concentrations show no significant
change at all as the condensed layer is titrated
with ?v§g2+ R in contrast with all pr’c‘uiCtiGi‘xS.

A longer range view of the dependence of the
dipole on Mg?* concentration, at constant ionic
strength. is illustrated in fig. 6, with the relative
Kerr slopes ploned as a function of the contribu-
to the total ionic strength. The three
highest ionic strengths follow, within experimental
error. the same monotonic decrease in relative
polarizability, extrapolating to a limiting value
about 40% lower for the all-Mg>™ system than for
the ali-Na™ case. For Iyy,:- /1, > 0.4, the rela-
tive changes in the dipole moment appear to be
coincident for all five ionic strengths. The initial,
more rapid decrease in the /=0.75 mM data
could possibly represent a shallow minimum su-
perimposed on a decreasing baseline.
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Fig. 7. The change in the electric polarizability of nucleosomal
DNA as Co(NH;);* is added, relative to the all-Na™ case. is
shown as a fur.ction of the Co®>* to DNA phosphate concentra-
tion ratio. The symbols, representing different ionic strengths,
are: (O) I =0.37 mM, (a) 1 =0.74 mM. (O) I =1.483 mM. (@)
1=295 mM. (a) I=5.9 mM. For all these ionic strengths.
DNA condensation occurs between 0.4 and 0.5 Co’*/DNA
phosphate.

5.3. Co*™ titration

The decrease in charge density that accompa-
nies the addition of +2 jons can be further ex-
tended with +3 jons, e.g., with Co(NH;)3*. As a
consequence of further lowering the DNA charge
density (cf. eq. 1), however, a barrier is encoun-
tered in obtaining a range of Co’* concentrations
analogous to that for Mg?* in figs. 5 and 6.
Within the Manning condensed counterion frame-
work, it has been shown for +3 spermidine and
+ 3 hexaamminecobalt [13,18] that once approx.
89-90% of the DNA charge has been neutralized.
DNA will “‘collapse’ or precipitate. This critical
charge density cannot be obtained with —2 ions in
aqueous solution, but is possible with +3 ions.
DNA collapse is readily observed with electric
dichroism, resulting in large increases in both the
polarizability and the relaxation time. The onset of
collapse additionally provides an indication that
charge densities are changing significantly.

The dependence of the dipole moment, relative
to the all-Na* case, on the amount of
Co(NH,);~ /DNA phosphate added. at constant
ionic strength, is illustrated in fig. 7. In general,
the same trends observed in fig. 5 for the Mg?*
titration are also apparent in this case, but are
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Fig. 8. The dependence of the ‘Kerr slopes on the Debye
shielding length, 1 /x. is shown for three cases: (@) all Na ™. (&)
approx. 0.5 Mg>~ /DNA phosphate added. (O) approx. 0.35
Co'* /DNA phosphate added.

more proncunced. Cnly at the two highest ionic
strengths does the dipole moment remain rela-
tively coastant as the proportion of +3 ions is
increased. Before DNA collapse (which at these
salt concentrations cccurs between about 0.4 and
0.5 Co’* /DNA phosphate), the =037 mM
polarizability falls approx. 43%: at 7 =0.75 mM.
the decrease is 30%:; and finally, at 7 = 1.48 mM,
the drop is about 15%. Due to DNA coliapse. it is
not possible to determine if these curves will reach
a minimum, as do the 7=0.37 mM data for the
Mg?2* titration. It is clear, however. that the effect
is certainly beginning to saturate at about 0.3
Co’* /DNA phosphate.

A different view of the effect of titrating the
condensed layer with +2 or +3 ions is shown in
fig. 8. Here the Kerr slopes are plotted as a func-
tion of the Debye shielding length for three cases:
(a) the all-Na™ environment, (b) with about 0.5
Mg2* /DNA phosphate added, and (c) wiih about
0.35 Co"/DNA phosphate added. Viewed in this
manner, it is more apparent that for those ionic
strengths that do show a significant dependence of
the dipole moment on the charge of the counterion
in the condens=d layer, the ionic strength depen-
dence of the polarizability is greatly reduced. It is
important to note that with tne small amounts of
Mg2* and Co** added, the ion atmosphere re-
mains predominately Na™*.



44 D.C. Rau, E. Charney/ Electric dichroism of DNA

o

©

- B
08

o
——— ]

e
4
s
.
hd o
(o]
o
i
1 i i L [N QS S B S -Jz
0z 03 o 03 04 a5 06 07 o8 09
Cory2e/Cpm p

Fig. 9. The ratio of the polarizability with added Mg2™ to that
of an all-Na™ system is shown as a function of the Mg?~ 1o
DNA phosphate concentration ratio at two ionic strengths. for
the sonicated calf thymus DNA sample. The open circles (O)
are for 1 /x = 230 A (0.125 mM Na™ ): while the closed circles
(@) are for 1 /k =160 A (0.25 mM Na™).

5.4. Mg~ " titration ar very low ionic strengths

In view of the minimuin in the dipole moment
observed for the Mg>" titration at 7 = 0.37 mM in
fig. 5. it is of interest to examine this region more
carefully. To this end. we have looked at the effect
of Mg?" titration at very low ionic strengths with

100 150 200 380 T 300
/K (A)

Fig. 10. The dependence of the *Kerr® slope for the sonicated
calf thymus DNA sample on the Debye shielding length, 1/,
is shown for two cases. The open circles (O) show the results
for an all-Na * counterion environment: while the closed circles
(@) are with 0.5 Mg2* /DNA phosphate added. The solid line
shows the expected contribution from the ion atmosphere
polarization. calculated with egs. 3. 4 and 7.

a sonicated calf thymus DNA sample (average
length = 800 A) Fig. 9 shows the dependence of
the dipole moment, relative to the all-Na™ case, on
the Mg?* /DNA phosphate ratio, at two ionic
strengths. It is readily apparent that the observed
polarizability does go through a minimum at about
0.5 Mg?* /DNA phosphate. in qualitative agree-
ment with the 7= 037 mM data in fig. 5. For
ionic strengths less than 0.5 mM, the position of
the minimum remains constant, but the depth of
the well is ionic strength dependent. As was the
case with the nucleosomal DNA. as the 1onic
strength is increased the minimum becomes more
shallow.

In a plot analogous to fig. 8. fig. 10 illustrates
the dependence of the Kerr slopes on the Debye
shielding length for two cases. The open circles
give the observed dipole moment with no added
Mg>"* . the all-Na™* system; while the solid circles
show the change in the Kerr slope when 0.5
Mg>* /DNA phosphate are added, corresponding
to the ~’ ved minima. In spite of the difference
in length petween this sample and the nucleosomal
DNA and the polydispersity of the sonicated sam-
ple. the data in this figure are quantitatively in
good agreement with the 145 base-pair sample. At
I=0.37 mM, for example, the decrease in the
dipole moment from the all-Na* case is about
33% when 0.5 Mg?* /DNA phosphate are added
for the sonicated sample. while it was about 30%
for the nucieosomal DNNA. The results of this
figure confirm the previous conclusions: that the
effect on the polarizability of titrating the con-
densed layer with +2 ions is strongly dependent
on the ionic strength. and that for those ionic
strengths that are affected by the addition of
Mg*~. the apparent dependence of the dipole
moment on the Debye shielding length is greatly
reduced.

The solid line in fig. 10 represents the expected
contribution to the total dipole moment from the
ion atmosphere polarization. calculated from eq. 3
for a 1:1 salt. Once again. the relative results for
this sample are in good quantitative agreement
with the nucleosomal DNA. At 7 =0.37 mM. for
example. the ratio of the calculated ion atmo-
sphere dipole moment to the observed is about
0.75 for the calf thymus DNA sample, while it was
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about 0.64 from fig. 4. Additionally, except for the
two lowest ionic strengths, which appear to be
plateauing, the ion atmosphere theory is correcily
predicting the slope of the dependence of the
dipole moment on the Debye shielding length, to
within about 20%. Most importantly. the theoret-
ical calculation shows that ion atmosphere polari-
zation is of the right magnitude to contribute
significantly to the observed orientation.

5.5. The effect of coion charge

Eq. 5, derived earlier for the average (Z?) in a
mixed-charge salt solution, underscores the fact
that for a Debye-Hiickel ion atmosphere a deficit
of coions is as important as an excess of counter-
ions in determining the distribution of charge
around a central rod. Fig. 11 illustrates the effect
of changing the coion charge on the observed
dipole moment at three ionic strengths with the
calf thymus DNA. In all three cases the coion is
also the buffer in solution (pH = 7) and is, there-
fore, not characterized by a fixed valence, but
rather is in a dynamic equilibrium between charges.
The three coion systems are: (a) cacodylate (a
0= —1 charge equilibrium), (b) phosphate (—1
= —2), and (c) citrate (—2 == — 2). Even though a
quantitative comparison of theory and experiment
is not possible because of the charge equilibrium,
qualitatively the results are in accord with the
predictions of egs. 3 and 5. As the charge of the
coion is increased, at constant ionic strength, the
magnitude of the dipole moment also increases.
These data also mesh nicely with the results of the
Mg?2* titration of fig. 10. The relative effect of the
coion charge is significantly greater the lower the
ionic strength. At I = 0.65 mM, the effect of coion
charge is almost negligible (on average about 10%).
It is about at this ionic strength that the effsct of
added Mg>* on the dipole also becomes slight.

An analogous coion dependence has been re-
ported by Charney et al. [8], in comparing the
orientation of rod-like fragments in an NaCl solu-
tion and in a Mes (2-(N-morpholinojethane-
sulfonate) buffering system (a 0= —1 charge
equilibrium coion). At very low ionic strengths, the
Mes system showed substantially smaller polariza-
bilities than the NaCl sample, at constant ionic
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Fig. 11. The influence of coion charge on the *Kerr’ slope at
three ionic strengths is iilustrated. The symbols. representing
different coion buffering systems. are as follows: (M) citrate
(Z= —2. —3). (a) phosphate (Z= —1. —2). (®) cacodylate
(Z=0. -1).

strength, and almost no dependence on the Debye
shielding length, whereas with NaCl the ionic
strength dependence was about the same as that
observed here.

6. Discussion

The decrease in the polarizability in comparing
an all-Na* system with an all-Mg?* solution in
fig. 6 is similar to the results reported by others
[5.6.8]. Over the range of ionic strengths examined
with nucleosomal DNA (:).37-5.9 mM). the all-
Mg2* dipole moments fall to about a fraction 0.60
of the all-Na* data, at the same ionic strength.
Although the relative changes in comparing Na*
and Mg?* polarizabilities that have been reported
are apparently independent of ionic strength, the
magnitude of the fractional decrease at a constant
ionic strength does appear to vary with solution
conditions. Charney et al. [8], for example, report
observing no difference at all in the induced dipole
in comparing Na* and Mg?* systems. The data of
Hogan et al. [5] show an approx. 10-15% decrease
in going from Na™ to Mg?*. Closer to our own
observations are the results of Elias and Eden [6].
who observe a uniform 50% decrease in the dipole
moment in comparing magnesium aicetate salt
solutions with sodium phosphate buffers, at con-
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stant ionic strengths. These differences may repre-
sent the coion charge contributions, predicted for
the ion atmosphere polarization in eq. 3 and 5 and
observed experimentally in fig. 11. On the basis of
eq. 1. 3 and 5. no change in the ion atmosphere
polarization would be expected in comparing a
1:1 salt with a 2: 2 salt. at constant ionic strength.
The theoretically expected ratio of polarizabilities.
at constant ionic strength. is 0.75 for comparing a
2:1 salt with a 1:1 salt. and 0.25 for a 2:1 salt
relative to a 1:2 salt. assuming that the fraction of
the DNA charge neutralized by condensation is
dependent only on the charge of the counterion.
Unfortunately. we cannot quantitatively treat
charge effects for buffering coions that are in
dynamic charge equilibrium.

In contrast to the monotonic decrease in the
dipole moments at high Mg?* /Na™* ratios. at low
ionic strengths (< 0.5 mM) a well defined mini-
murm: is observed at about 0.5 Mg?* /DNA phos-
phate (figs. 5 and 9). The depth of the well is
inversely dependent on the ionic strength of the
solution. As a consequence, if the polarizability at
about the minimum is plotted as a function of the
Debye shielding length (figs. 8 and 10) it appears
that the dipole moment is almost independent of
salt concentration. As discussed in section 2. a
minimum is expected for the polarization of the
ion atmosphere when the condensed layer is par-
tially saturated with +2 jons. while the diffuse
atmosphere is composed of predominately + 1 ions.
Iatially, +2 ions will preferentially go into the
condensed layer, decreasing the effective DNA
charge density more rapidly than the average (Z2?)
charge in the atmosphere will increase. As the
condensed layer becomes saturated with + 2 ions,
the relative rates of change of the charge density
and average (Z7) will reverse. resulting in a
minimum (cf. fig. 2). Large decreases in the ob-
served polarizability as DNA is titrated with small
amounts of Mg>" have also been reported by Rau
and Bloomfield [4] for very large T7 DNA. The
most straightforward way to interpret the data in
fig. 10 is to aswume that there are two separate
conmponents to the dipole moment. ion atmosphere
and condensed counterion polarizations. with dif-
ferent ionic strength dependences. If we assume,
for example. that the polarization of the con-
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Fig. 12. A separation of the dipole moment for the calf thymus
DNA sample at low ionic strengths into two components is
shown. It is assumed that the data in fig. 10 can be represented
by a simple sum of polarizabilities with a= a¢¢ + a4, for the
all-Na™ case, and by acc+1/4 a4, for an added 0.5
Mg?™ /DNA phosphate, at the same ionic strengths. where CC
stands for condensed counterion and IA for the ion atmo-
sphere. It has also been assumed that the maximal decrease in
the effective DNA  charge density is observed with 0.5
Mg?* /DNA phosphate i.e.. Qi+ /Qna+ = 0.5. The open
circles (O) show the results for the ion atmosphere contribu-
tion. while the closed circles (@) give the remaining. presumably
condensed counterion component.

densed layer is independent of the net DNA charge
density and the charge of the counterion and that
the decrease in the Kerr slope when 0.5
Mg3* /DNA phosphate is addad is entirely due to
the decrease in the ion atmosphere contribution
with an idealized decrease in the effective DNA
charge density to 0.50,- (the maximal expected
change in going from a +1 to a +2 ion). then fig.
12 can be generated for the contributions of the
two components. The open circles represent the
dipole moment due to the assumed ion atmosphere
polarization (proportional to @>) and show a
strong ionic strength dependence. The remaining
contribution to the total dipole is given by the
solid circles. This component appears to be inde-
pendent of ionic strength in this range of salt
concentration, as would be expected on the basis
of Manning’s treatment for the polarization of the
condensed counterion layer. In any treatment of
the condensed counterion dipole moment that is
coupled with the ion atmosphere, the bulk salt
concentration will have two. mutually antagonistic
effects to a first approximation. First. with higher
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ionic strengths, the net flow of counterions be-
tween the condensed layer and the solution will be
greater, which decreases the steady-state dipole
moment relative to what it would be in the ab-
sence of such a flow. Higher ionic strengths, how-
ever, will also increase the shielding of the eiectro-
static energy associated with an induced asymmet-
ric charge distribution. It would not be surprising,
therefore, if there was some range of salt con-
centrations in which these two effects more or less
cancelled, leaving the condensed counterion
polarization independent of ionic strength.

Alternatively, if we assume that there are once
again two components in fig. 10, one that is inde-
pendent of 1 /k, while the other is described by the
ion atmosphere polarization equation, then we can
turn the problem around and calculate a ratio of
charge densities (Qy,2+/Qn,+) for the two cases
from the relative slopes of the polarizabilities vs.
1/&. With the observed ratio of 0.30, we calculate
that at the minimum Q.2- /O, = 0.55, close to
the maximal ratio of 0.50.

This view of the simple separation of dipole
components is also consistent with the low ionic
strength coion results of fig. 11. If the orientation
was due entirely to the ion atmosphere polari-
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Fig. 13. The data for the dependerce of DMA orientation on
coion charge in fig. 11 is separated into two components at low
ionic strengths, ac and a;,. It is assumed that ac is indepen-
dent of the ionic strengths and of the coion charge, and that
a; 4 is linearly proportional to 1/x. The ratio of the slopes of
— A4, JAE? vs. 1,7k in comparing phosphate with cacodylate
coions also then gives the ratio of the magnitudes for the ion
atmosphere dipole moment. at the same ionic strength, for the
two cases. As in fig. ‘12, the open circles (O) show the contribu-
tion from the presumed ion atmosphere dipole. while the closed
circles (@) represent the condensed counterion component.

zation, then both the slope of the polarizability vs.
1/k and the magnitude of the dipole moment at
constant ionic strength would decrease by the same
factor, as the charge of the coion is reduced. This
is certainly not the case as observed in fig. 11,
where, for example, the slope with phosphate as
the coion is about a factor of 3.0 times larger than
the slope with cacodylate; but the ratios of polariz-
abilities at constant 1 /k are significantly less than
this value and dependent on the ionic strength. If
we assume, however, that there are two compo-
nents contributing to the orientation. the ion
atmosphere polarization and also a condensed
counterion dipole moment that is independent of
the coion charge, then the results can be explained.
Within the framework of the ion atmosphere
polarization, a comparison of the relative de-
creases in the experimentally observec slopes and
magnitudes is meaningful only if the coion
charge-independent component is subtracted from
the data. If, for example, we use the observed
factor of 3 difference in the slopes of the dipole
moment vs. 1/k between the phosphate and
cacodylate -oion data in fig. 11, then for each
ionic strength a ‘baseline’ component can be de-
termined that brings the ratio of the remaining
contribution also to 3. These results are illustrated
in fig. 13. Within experimental error, the separa-
tion of dipole components is in excellent agree-
menc with the results of fig. 12 for the Mg?2*
titration data. To arr‘ve at the same result with
two such divergent approaches (Mg?2* titration
and coion charge) is a good indication that the
simple separation of the orientation into two inde-
pendent components. one of which is well de-
scribed by the 1on atmosphere dipole model, is an
approximation that can well describe the data at
low ionic strengths.

It is not the purpose of this paper to prove one
way or another that the second ionic strength-in-
dependent component of the dipole moment is to
identify strictly with the condensed counterion
polarization model of Manning (eq. 6). We have
already pointed out that the ionic strength depen-
dence predicted by eq. 6 is in good accord with
that observed for the second component. The Kerr
slope calculated from eq. 6 for the sonicated DNA
sample is approx. 7 X 107° (kV/cm) ™2 in good
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agreement with the experimental value of about
8 x 1077 (Vcm) ™2 obtained from figs. 12 and 13.
Given our qualitative discussion concerning addi-
tional factors that we feel should be included in
the model. we are not prepared to conclude un-
equivocally that the salt-independent component
of the dipole is correctly given by eq. 6.

Although the data at low ionic strengths can be
explained fairly well by the two independent com-
ponent model. the results are not easily extended
to higher ionic strengths or to the Co(NH,)2*
titration data. From figs. 12 and 13, the reason
why the effect of Mg or coion charge is decreas-
ing as the ionic strength is increasing is that the
contribution from the ion atmosphere dipole mo-
ment. which decreases with increasing salt. is de-
creasing with respect to the ionic strength-inde-
pendent component. Extending this reasoning to
the nucleosomal DINA data in fig. 4. which over-
lap quite well with the calf thymus DNA data at
low ionic strengths. then it would be expected that
for jonic strengths greater than about 0.65 mM the
observed dipole moment would be independent of
the Debye Iength. It is certainly clear from fig. 4.
however, that this is not the case.

Additionally. the Co** iitration data {fig. 7y
provide further evidence that the problem is more
complicated that a simple sum of two independent
dipole moments would indicate. Given the ob-
servation that titrating the condensed layer with
Mg~ " hus negligible effect at ionic strengths greater
than about 0.6 mM. due 1o this calculated small
contribution from the jon aimosphere component
(figs. 12 and 13). it would be expected that the
Co(NI1;);* titration would also show a negligible
effect for 7>0.6 mM. Fig. 7. however. clearly
demonstrates that small amounts of Co** are ef-
fective in decreasing the observed polarizability up
to ionic strengths of 1.3 mM. Only at the two
highest ionic strengths studied are the observed
decreases very small and independent of salt con-
centration. An analysis of these data in a manner
analogous that for fig. 12 would lead to much
higher estimates of the ion atmosphere contribu-
tion.

The inconsistency of the high ionic strength
dependence of the polarizability and the Co**
titration data with the predictions based on the

low jonic strength, sum of two independent dipole
moments model underscores the discussion in sec-
tion 2. To consider the ion flows in the diffuse
atmosphere and the condensed counterion layer to
be totally noninteracting is unrealistic. In our view,
the major shortcoming in present theories is that
there is no wholly adequate treatment for the
condensed counterion dipole moment that incor-
porates the flow of ions between the condensed
layer and the diffuse atmosphere (i.e., a steady-
state flow calculation) and the role of the ion
atmosphere in shielding the induced asymmetric
distribution of condensed counterions. Without
such a treatment, for example, since the sum of the
charges in the ion atmosphere and condensed layer
must be constant (what charge is lost in the ion
atmosphere with -+2 or +3 ion titration is neces-
sarily gained in the condensed layer), it is not clear
whether or not the absence of an observed mini-
mum for the Mg?* titration at > 0.6 mM is due
to a cancelling of the expected decrease in the
polarization of the ion atmosphere with an in-
crease in the condensed counterion dipole mo-
ment. If a steady-state flow theory for the polari-
zation of the condensed layer were available, then
the coupling of the dipole moments could be
accomplished by simply inciuding linear perturba-
tions terms.

A current view in the literature {19-22] is that
the counterion condensation theory of Manning is
just a two-state approximation to the real charge
distribution that can be adequately described by
solving the full (nonlinearized) Poisson-Boltzmann
equation. Numerical solutions of the full Poisscn-
Boltzmann equation for rods as highly charged as
DNA do indicate that there is a layer of counter~
ions in a sheath surrounding the rod, the con-
centration of which is approximately independent
of the bulk salt concentration and that the relative
net charge density of the rod and sheath varies
with the counterion charge in approximately the
same manner as predicted by condensation theory
(ie.. O .= l/Z). Additionally, the displacement
of +1 ions by +2 ions in the sheath for mixed-
counterion calculations qualitatively agrees with
the results of Manning’s theory [22]. With this
view. the separation of the small jon charge into
diffuse atmosphere and condensed layer seems
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very artificial. It would also suggest that a descrip-
tion of dipole moment would be better obtained
by solving the complete Poisson-Boltzmann equa-
tion with the steady-state flow assumption. This
approach will have its own set of problem. Full
Poisson-Boltzmann treatments, for example, will
tend to underestimate the number of ions close to
DNA, since a uniform surface charge density on
the rod is generally assumed. whereas DNA phos-
phate charges are, of course, discrete. As far as we
are aware, there is no estimate as to how im-
portant an effect this is. It could, however, account
for the differences in the concentration of counter-
ions close to DNA as calculated by the full Pois-
son-Bolizmann treatment and Manning’s theory.
The problem is also made significantly more dif-
ficult than most Poisson-Boltzmann problems be-
cause the rod is finite. Finally, to incorporate
mixed-counterion charges into the equation will
complicate further an already difficult problem. In
spite of these potential problems, however, we
understand that very promising results have been
obtained [23]. We still believe, in any event, that
the two-state model of Manning provides a physi-
cally simple and appealing basis on which to
calculate dipole properties, especially in view of its
success in dealing with other problems of DNA
electrostatics.

Of primary importance to this work, however, is
the demonstration that. at low ionic strengths,
experimental observations are consistent with the
predictions of the ion atmosphere polarization the-
ory. A comparison of the calculated polarizabili-
ties with observed dipole moments (data in figs. 4
and 10} shows that this component can account
for a significant portion of the orientation. It
should be emphasized that once the effective charge
density of DNA is fixed by counterion condensa-
tion theory, then, for a given ionic strength and
DNA length, there are no adjustable parameters
left in eq. 3. Additionally, the expected decrease in
the dipole moment as (a) the condensed layer is
titrated with Mg** or Co’*, while leaving the ion
atmosphere predominantly Na*, and (b) the coion
charge is decreased are experimentally observed.
These successful tests of the theory support the
contention that icn atmosphere polarization is an
important component of the overall dipole mo-

ment of rod-like fragments of DNA.

The data of Rau and Bloomfield [4] on the
electric birefringence of unsheared T7 DNA are
even more consistent with the ion atmosphere
polarization theory than our own results. Even
though eq. 3 was developed specifically for a rod,
the induced ion atmosphere dipole of a random
coil will show similar behavior with cne major
difference. In contrast to a rigid rod for which the
dipole moment is effectively an end effect (if the
charge density is uniform), the charge density of a
random coil, in the direction of the field, is Gaus-
sian, and therefore, the field-induced asymmetry
of the ion atmosphere will extend throughout the
polymer domain. In particular. the dipole force
will clearly be global (i.e., the force on any given
segment will depend on its distance from the center
of mass) and not segmental (the force on a given
segment is a function of its orientation in the field.
not on its distance from the polymer center). It is
not clear if the polarization of the condensed layer
would lead io global or segmental orientation
forces. The T7 DNA data clearly indicate that the
force is global. More importantly, the decrease in
the polarizability is very close to the maximal
factor of 4 when titrated with Mg?*. Titration
with +3 ions (spermidine) results in even greater
decreases (Rau, unpublished observations) before
DNA condensation occurs. For very large (coil-
like) DNA, therefore, it seems probable that al-
most all the dipole is due to ion atmosphere
polarization.

7. Concluding remarks

The changes in the observed dipole moment of
DNA as a predominately Z = + 1 counterion solu-
tion is titrated with small amounts of +2 or +3
fons provide a good test in assessing the merits of
polarization theories. In particular, it should prove
useful in separating the contributions of the dif-
fuse ion atmosphere polarization and the ‘con-
densed counterion’ dipole moment, since +2 and
+ 3 ions are preferentially taken up into the con-
densed layer. There are four experimental results
of this work that are consistent with the predic-
tions of our ion atmosphere polarization theory.
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First the calculisted magnitudes ¢f dipole mo-
ments. with no adjustable parameters once the
effective DN A charge density is fixed by Manning’s
theory, are comparable with the observed values
for the two DNA lengths siudied. Secondly, the
ionic strength dependence is correctly predicted.
TlLirdly. at very low ionic strengths. the polariza-
bility does go through a minimum as the con-
densed layer is titrated with Mg2* or Co®* . while
the ion atmosphere remains predominately Na™*.
Finally. also at very low ionic strengths, the theo-
retically expected dependence of the dipole mo-
ment on coion charge was observed.

For ionic strengths less than about 0.5 mM. it
apoears that the overall polarizability. a. can be
represented by a simple sum of independent con-
tributions from the diffuse ion atmosphere, «a;,.
and the condensed layer. acc. i.e.. a=ay, + acc-
At higher salt concentrations., however, either the
ion atmosphere polarization becomes negligible or
the simplistic assumption that the two components
are independent breaks down. In light of the dif-
ferences beiween Mg>* and Co®™ titrations. it is
or opinion that ion atmosphere polarization re-
mains important. but that a complete theory must
include the coupling of the two components.
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