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Electric Dichroism of Deoxyribonucleic Acid in Aqueous Solutions: 
Electric Field Dependencet 

Elliot Charney* and Kiwamu Yamaokat 

ABSTRACT: The ionic strength and molecular weight depen- 
dence of the electric field dichroism of DNA, using native and 
sonicated calf thymus DNA, has been examined in .the range 
of 0.09-1 .O mM NaCl solutions for molecular weights ranging 
from 1.24 X 10’ to 44 X lo5. The application of a classical 
theoretical analysis implies that the orientation results from 
an induced moment which appears to saturate at moderate 

S t r u c t u r a l  and conformational studies of DNA have long 
been pursued by various physical methods under vastly dif- 
ferent conditions because of the vital importance of DNA in 
biological activity. Nevertheless, there remain a number of 
serious questions to be resolved with respect to the polyelec- 
trolyte properties and the structure of DNA in low salt con- 
taining aqueous solutions. We report here a series of mea- 
surements made on sonicated fragments and “native” (i.e., 
unsonicated) calf thymus DNA to help resolve some of these 
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fields of several killivolts per centimeter and that the induced 
moment is at least partly characteristic of that expected of a 
polyion whose charge is partially counterion compensated. The 
orientation leads to dichroism values which are in accord with 
other observations and are lower than expected for a B-form 
rod of DNA. These values, however, are not uniquely inter- 
pretable as resulting from base tilting. 

questions. The experimental part of the present work was 
completed before restriction- and endonuclease-digested 
monodispersed fragments of DNA became available. The 
sonicated DNA samples used were very carefully treated and 
characterized. The polydispersity presents some problems of 
data interpretation but is by no means wholly restrictive. Firm 
semiquantitative results and conclusions can be drawn. 

In an early exploration of the electric dichroism and bire- 
fringence of DNA (Yamaoka & Charney, 1973), we dem- 
onstrated that native calf thymus DNA did not appear to obey 
the classical theoretical prescription (Langevin, 1910; Ya- 
maoka & Charney, 1972) that the orientation be quadratic 
in field strength. This anomaly was attributed to the flexibility 
of DNA partly on the basis that an earlier though preliminary 
report (Charney & Yamaoka, 1971) proved that the orien- 
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tation of a sonicated, small molecular weight DNA (sDNA) 
is proportional to E2 in the low field strength region. The 
molecular weight of the native DNA of this early work was 
approximately 5 X lo6 while that of the sonicated DNA was 
approximately 2.4 X lo5. Although it is generally accepted 
that there must be a quadratic component, recent measure- 
ments (Hogan et al., 1978) appear to show that the orientation 
of a moncdispersed sample of low molecular weight DNA (ca. 
1.6 X lo5) is linearly dependent on the field strength, leading 
to further questions regarding the nature of the orientational 
energy and the flexibility of this polyion. 

The objectives of the present paper are to (1) verify that 
a molecular weight dependent quadratic field component exists 
at measurable orientations over a large range of molecular 
weights, (2) to establish the effect of the concentration of 
added salt on the orientation of low molecular weight rodlike 
DNA and to evaluate quantitatively the apparent permanent 
and induced electric moments by comparing the results with 
the classical theory for the field orientation, and (3) to estimate 
the angle between the axis of the orientation of sDNA and 
the direction of the transition moment of the 260-nm ab- 
sorption band of the DNA bases. A discussion of the ionic 
strength dependence (objective 2), based in part on experiments 
reported here, has recently been presented (Charney et al., 
1980). 

Materials and Methods 
Materials. A calf thymus DNA preparation (DNA 3CA 

REFR 18) was purchased from Worthington Biochemical 
Corp. 

Sample Preparation. DNA (0.25 g) was slowly dissolved 
to a gel at 0 OC in 20 mL of distilled cold water. To the 
softened gel containing 0.25 g of DNA was added 0.2 M NaCl 
solution (20 mL) in small portions and then in larger portions 
(total 60 mL), and finally, the 0.4 M NaCl solution (25 mL) 
was added to make a DNA stock solution (ca, 2 mg of 
DNA/mL in ca. 0.2 M NaCl). 

Sonication of Carf Thymus DNA. The sonicator employed 
was a Branson Model SI25 sonifier. A rosette vessel for the 
sonication was cleansed with a 0.2 M NaCl solution for 2 rnin 
at the no. 8 setting (ca. 9 A). The sonicator probe was im- 
mersed 0.5 in. below the liquid level. The DNA stock solution 
was transferred into the vessel in an ice bath, and helium gas 
was introduced for 15 rnin to remove the dissolved air. A total 
of 20 rnin of sonication in 40 bursts (30 s for each burst) was 
applied to the solution for 5 min at each intermission. The 
power setting of the sonifier, to which a large solid horn was 
attached, was at no. 6 (ca. 7.5 A). This sonicated DNA sample 
was designated as sDNA(T). Another DNA stock solution 
(60 mL)e was sonicated in the same manner as above at a 
power setting of no. 2 (ca. 2.3 A). In this case, the initial 
deaeration by helium gas was done for 30 min). This sonicated 
DNA sample was designated as sDNA(X). A third DNA 
stock solution containing 1.5 mg of DNA/mL in 0.2 M NaCl 
(36 mL) was sonicated in a plastic centrifugation tube at a 
power setting of no. 4 (4 A). A total of 3 rnin of sonication 
by 13 bursts (10 s for each burst) was applied to the solution. 
Helium gas was bubbled through this solution for 1 min at 
each intermission. This sonicated DNA sample was designated 
as sDNA(L). 

Dialysis of DNA Preparations. Dialysis tubes, purchased 
from Union Carbide Corp. (20 mm in diameter), were thor- 
oughly rinsed both inside and outside in a warm 1% NaHCO, 
solution (1.4 L) for 20 min, washed with warm distilled water 
(total of 6 L) for 2 h, and then treated in anhydrous ethanol 
(1 L) at rmm temperature for 5 min. Finally, the tubes were 
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washed with distilled water both inside and outside. These 
dialysis tubes were soaked in a 0.01 M Na2EDTA solution 
(P-H Tamm Laboratories AB) just prior to dialysis. We 
described this preparation because tubing treated rigorously 
was found to elute, upon agitation, measurable quantities of 
a UV-absorbing contaminant. The 0.1 M NazEDTA solution 
(3 mL) was added to each preparation (60 mL) just before 
dialysis. Each DNA preparation (35 mL) was dialyzed against 
0.01 M NaCl(1 L) for 9 h at ca. 0 'C and then against seven 
batches of 1 mM NaCl solution (total of 7 L) for about 72 
h. The dialyzed stock DNA in 1 mM NaCl solution was kept 
frozen. 

Hyperchromicity of Dialyzed DNA Solutions. The hy- 
perchromicity of the four solutions in millimolar NaCl was 
determined conventionally (Yamaoka & Resnik, 1966). The 
hyperchromicity is 35.0 f 1.5% which indicates that all three 
sDNA preparations are native, albeit the sonication, as com- 
pared with the native DNA. 

Molecular Weight of DNA Samples. The weight-average 
molecular weight of four DNA samples was determined by 
ultracentrifugation in a 1 M NaCl solution buffered with the 
0.01 M Na2HPO4-NaH2PO4 solution. The relation between 
the sedimentation coefficient, s2*, and the molecular weight, 
M,, given by log sm = log 0.0882 + 0.346 log M ,  was utilized 
(Studier, 1965). The mean values (X105) are 1.24, 1.74, 5.0, 
and 44.0, respectively, for samples labeled T, X, and L and 
the native DNA. The polydispersity as measured by the 
half-width of the distribution is fractionally about the same 
for all the samples. 

Preparation of DNA Solution in Different Ionic Strengths. 
Each of the dialyzed stock DNA solutions (ca. 17 mL) was 
diluted and/or dialyzed to final NaCl concentrations at low 
temperature. Samples were retained at 1 mM NaCl for the 
determination of hyperchromicity. 

Methods and Measurements of Electric Dichroism. 
Methods of measuring and processing the electric dichroism 
signal have been described together with the instrumentation 
(Fredericq & Houssier, 1973; Yamaoka & Charney, 1973; 
Charney et al., 1980). At a fixed optical wavelength in an 
applied electric field, the dichroisms parallel, U,, and per- 
pendicular, AA,, to the field of an assembly of like ionized, 
prolate macroions in aqueous solution are related to the 
product of the optical term and the orientation function, 
@,(O,YP), as 

and 

( 2 )  
AA, A 1 - A  1 - -(1 - 3 cos* 0 ) 9  - -  --- 

A A 2 

where A is the isotropic absorbance of the sample solution in 
the absence of an electric field and 0 is the angle between the 
direction of the transition moment vector of a particular ab- 
sorption band and the orientation axis of the molecule to which 
the chromophoric group is tightly attached. represents the 
average degree of orientation of the molecule at a given ex- 
term1 electric field strength, E (volts per centimeter), and is 
generally a complicated function of the dielectric properties 
of the molecule; the permanent dipole moment p, the polar- 
izability anisotropy ha, and the induced dipole moment due 
to the ionic atmosphere polarization respectively determine 
8, Y, and g. 

When the molecule is represented by an uncharged long 
cylinder (a = 0) whose axis of symmetry (the 3 axis) coincides 
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with the orientation axis, the orientation function, @(P,y) 
(O'Konski et al., 1959), has its orientation energy parameters 
in the field given by 

where p3 is the apparent permanent dipole moment along the 
o axis, and al l  (=a2*) are the atomic and electronic (co- 
valent) polarizabilities, and k is the Boltzmann constant. For 
a charged polyelectrolyte, moments may be induced by the 
polarization of its ionic atmosphere. The interaction term 
between the electric field and the counterions of the macroion, 
the CT term, has lately been under investigation [see Discussion 
and Kikuchi & Yoshioka (1976), Sokorov & Weill (1979), 
Charney et al. (1980), Charney (1980), and Rau & Charney 
(198 l)]. Two approaches are possible in describing the ori- 
entation energy: one is to treat the ionic atmosphere polari- 
zation separately, and the other is to sum the covalent and ionic 
atmosphere polarizations so that y becomes the orientational 
energy arising from all sources of field-induced moments; i.e., 
y and u are incorporated in a single term. The latter approach 
will be strictly valid only if all the induced moments have the 
same dependcne on E. At low field strengths, all the published 
theoretical treatments agree that this is a good approximation. 
While these parameters may vary with the nature of the 
molecular moiety, eq 2 remains valid in all circumstances 
where the structure, and therefore the angle, is independent 
of the field. If no distortion of the molecular structure by the 
electric field occurs, the isotropic absorption, AE, calculated 
from measurements of the parallel and perpendicular di- 
chroism, is given by 

AE = %(All + 2A,) (4) 

Under these conditions, AE should be identical with the ab- 
sorbance A measured isotropically in an ordinary zero-field 
unpolarized absorption measurement; i.e., no hyper-or hypo- 
chromsim arises from an electric field induced distortion. The 
absence of such effects on native DNA in 1 mM NaCl up to 
fields of 4.75 kV/cm has been shown previously (Yamaoka 
& Charney, 1973). The dichroism can be affected in one of 
several ways which would result in an inequality between Mil 
and -2AA,: first, a distortion of the unaxial property of the 
system by the field; second, electrochromism (Yamaoka & 
Charney, 1972), a field-induced wavelength shift in the di- 
chroic spectrum, may appear; third, the value of the dichroism 
reached at high fields can be different (higher in the case of 
the straightening discussed above) than expected from the 
orientation of the molecules without any field-induced dis- 
tortion. In the present measurements, no electrochroism was 
observed. Equation 4 was observed to hold within experimental 
error for all the sonicated DNA samples. 

Results 
As the analysis of the experimental results obtained under 

different conditions has some bearing on each of the objectives, 
this section is organized according to the range of experimental 
parameters studied. First, both the low-field orientation of 
DNA fragments of different molecular weights and the effect 
of the ionic strength are considered. Next the range of field 
strengths is extended, and then these results are used to discuss 
the polyelectrolyte properties of DNA. The dividing line 
between low and high field strengths is essentially the region 
where the dichroism begins to deviate from a quadratic de- 
pendence on the field. Finally, we consider how these results 
affect the expectation values of the optical factors which should 
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FIGURE 1: Parallel dichroism, MI l /A ,  at 270 nm of four DNA samples 
in four different NaC1-containing solutions at 7 O C  without buffer 
salts. The concentration of added NaCl is ( 0 )  0.09, (0) 0.52, (0) 
0.6, and (A) 1 mM. The field strength is expressed in kilovolts per 
centimeter. 

be observed if the molecules could be fully oriented. 
Low Electric Fields and the Ionic Environment. Figure 1 

shows the electric field dependence of the reduced parallel 
dichroism, AAII/A, at 270 nm of four samples, three sonicated 
sDNAs (T, X, and L) and one native DNA, each in four 
different NaCl solutions in a (low) field strength range of 0-3.5 
kV/cm. Note that since the system is well-behaved (bill = 
-2AA,), either AA, Ull, or AA, may be used to monitor the 
parametric variations. Four significant results are apparent 
from Figure 1. First, the AA, , /A  values are proportional to 
the square of field strengths at low field strengths as the dashed 
lines indicate; thus, at  low enough fields, the Kerr law holds 
for all sDNA samples in spite of a wide difference in the 
molecular weights. This result is a clear confirmation of our 
early report (Charney & Yamaoka, 1971) and suggests the 
failure to observe the region of quadratic dependence cannot 
be interpreted in terms of the inapplicability of the Kerr law 
to semiflexible molecules. Neither is the DNA source a factor. 
We note, for example, the recent reports by Rau & Bloomfield 
(1 979) and by Marion & Roux (1 980) on T7 DNA and rat 
liver nucleosomal DNA, respectively, in which an E2 depen- 
dence is observed at low fields. Undoubtedly, as the molecular 
weight increases, the backbone flexibility must become a 
factor; the mean molecular size of the sDNA(T) sample is only 
about 630 8,, while that of the sDNA(L) sample is over 2500 
A. Recent investigations by Stellwagon (1980), Hagerman 
(1981), Elias & Eden (1981), and Charney & Milstien (1978), 
using the electric field of orientation and the light scattering 
studies of Borochov et al. (1981), clearly show that DNA 
molecules larger than 1500 8, are not rigid rods even at these 
low salt concentrations. Recent theoretical treatments give 
similar results for the onset of flexibility (Olson, 1979; 
Schellman, 1980; Hagerman & Zimm, 1981). On the basis 
of these investigations, our lowest molecular weight sample, 
DNA(T), must be nearly rodlike as the persistent lengths are 
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FIGURE 2: Dependence of the parallel dichroism at 270 nm and at 
7 OC of four DNA samples on the concentration of added NaCI. The 
electric field strength is 1.5 kV/cm in the upper figure, while it is 
3.0 kV/cm in the lower figure. The DNA samples are (A) T, and 
(a) X, and (0) L. 

now generally assumed to be larger than 600 A at a Na+ 
concentration of 1 mM except in the recent work of Borochov 
et al. (1 98 1) where the application of an excluded volume 
correction to the data reduced the value to about 600 A. 
Second, and at least partially related to this factor, the smaller 
the molecular weight of the sDNA, the wider is the range of 
field strengths for which the Kerr law persists; e.g., the AAI,/A 
values of sDNA(T) (in a 1 mM NaCl solution) whose mo- 
lecular weight is 1.24 X lo5 vary linearly with E2 up to 3 
kV/cm and greater. The magnitude of this factor is affected 
by the polydispersity of the sample. At the relatively low 
polydispersities of these samples (as will be shown in a 
forthcoming paper by Yamaoka and Fukudome), this effect 
is small at low field strengths but increases in the region above 
deviationfrom Kerr behavior. Third, with a decrease in ionic 
strength, the dichroism increases but tends to deviate from the 
Kerr law at much lower electric fields in each sDNA solution. 
Fourth, although the dichroism behavior of the high molecular 
weight DNA(H) is not observably quadratic in E even at the 
lowest field strengths at which these measurements were made, 
the Kerr law is undoubtedly followed in the limit of very low 
fields. Since the molecular weight of DNA(H) is about 35 
times higher than that of sDNA(T), with a mean end-to-end 
distance much shorter than its contour length, the field strength 
dependence of its dichroism must be much more complex. A 
quadratic dependence at very low field has been reported for 
the electric birefringence of nucleosomal DNA molecular 
weights in the range of (4-40) X lo5 (Elias & Eden, 1981) 
for which the field dependence should be the same as that of 
the electric dichroism. Plots of the ionic strength dependence 
at fured values of the field strength are shown in Figure 2. The 
AAll/A values of sDNA decrease linearly with the logarithm 
of the reciprocal of Na' concentration. Other recent exper- 
iments on the ionic strength dependence of the reduced di- 
chroism AAII/A have confirmed and extended the ionic 
strength dependence observed here (Charney, 1980; Hogan 
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FIGURE 3: Electric field dependence of the parallel dichroism at 270 
nm of sDNA and native DNA in four solutions of different NaCl 
concentrations. The NaCl concentrations are (A) 1, (0) 0.6, and (0) 
0.2 mM. The data are plotted against the square of field strength. 

et al., 1978). The slope for the linear low-field portion of the 
AAII/A vs. E2 curve of each DNA sample solution of different 
ionic strength may be obtained from Figure 1. The magnitude 
of the slope, (-AAII/A)E-2, is generally larger for the higher 
molecular weight sDNA at a given ionic strength and also 
larger for the lower ionic strength in a given sDNA sample. 
However, the classical expression for the dichroism of elec- 
trically neutral molecules (Yamaoka & Charney, 1972) 

 cos^ e - l)[  ( $2 + 4 a33 - a11 ( 5 )  
15'3 

contains no parameter explicitly dependent on the ionic 
strength of the solvent because neither the classical polariza- 
bility, a, nor the dipole moment, p, is dependent on the solvent 
ionicity. The data in Figures 1 and 2, therefore, require a more 
detailed examination of the orientation mechanism for DNA 
than is suggested by the classical approach. Two analytical 
approaches are possible. One is to attempt to fit the data over 
the entire range of field strengths to the classical orientation 
function and thus to obtain apparent values of 1.1, and Aa. The 
other is to examine only the low-field results and make use 
of the reasonable assumption that DNA has no significant 
permanent dipole moment. In this case, DNA is considered 
as a polyelectrolyte whose orientational energy at low-field 
strengths is entirely dependent on an induced moment that may 
have both ionic strength dependent and independent compo- 
nents. The latter approach has been initiated in some of our 
recent work [see, e.g., Charney & Milstien (1978) and 
Charney et al. (1980)l while an earlier development has been 
discussed by Sokorov & Weill (1979). We consider first the 
former approach and examine the electric field strength de- 
pendence over the entire range of available data. 

Electric Field Dependence. The experimental data for the 
sonicated samples (T and L) and the native sample are shown 
in Figure 3. A similar result was also obtained for sDNA(X). 
For both sDNA(L) and sDNA(T) in low salt concentrations 



838 B I O C H E M I S T R Y  C H A R N E Y  A N D  Y A M A O K A  

P 2 + 2 Y  
FIGURE 4: Example of the matching procedure. The M i l / A  values of sDNA(X) in 0.2 mM NaCl solution (circles) were plotted against E’ 
on full logarithmic graph paper which was matched to one of the master curves, the parameter of which was p2/(27) = 8 (solid curve). Note 
that AAl,/A = -0.64 at = 1 and E? = 158 (kV/cm)2 at 8’ + 2 y  = 100. 

(0.2-0.09 mM), values of AAIl/A appear to approach a lim- 
iting value asymptotically at high field strengths. At higher 
salt concentrations, the ability of the field pulser to deliver 
sufficient charge limited the range of E .  Because no exper- 
imentally verified complete form of the orientation function 
CP has been developed for polyelectrolytes as yet (Charney et 
al., 1980; Kikuchi & Yoshioka, 1976), a physically meaningful 
quantitative description of the electric dichroism of DNA in 
still beyond reach. It is informative, nevertheless, to examine 
the data by using the function CP(p,y) developed for the 
nonionic cylindrical model (O’Konski et al., 1959). When this 
is done, the assumption is made (vide supra) that contributions 
of the distortion of condensed counterions and the diffuse ion 
atmosphere to the induced moment have the same field de- 
pendence as that of the covalent polarizability, at least until 
the strong ionic effects become independent of further increases 
of the field strength. Under these conditions, the orientation 
may continue to be dependent on the field strength, with the 
“saturated” induced moment acting like a permanent dipole 
momen t . 

Simple Graphical Method. A set of “master curves” is 
drawn on translucent 2 X 3 cycle double-logarithmic graph 
paper by plotting the values of @(p) (Yamaoka & Charney, 
1972; Matsumoto et al., 1967), on the ordinate, against p2 + 
2, on the abscissa, with B2/2 as the parameter. The experi- 
mentally obtained & , , / A  values are plotted against E* on 
another piece of translucent graph paper of the same scale, 
which is then placed on the master curves sheet and moved 
both laterally and vertically until the experimental curve co- 
incides with one of the master curves. By use of this matching 
procedure, illustrated in Figure 4, three critically important 
quantities, p2, 27, and the asymptototic value at high fields, 
(&l,/A)s and (&/A), ,  can be determined. Values of p3 and 
Acu obtained from ,6 and y by this procedure are given in Table 
I .  

It should be emphasized that the values of the dielectric 
parameters p and y (and p3 and Aor) so obtained must be 
considered only “apparent” values, because of the classical 

Table I :  Apparent Dipole Moment p ,  and Polarizability 
Anisotropy Aa 
Different Added Salt Concentrations 

- oil ,) of DNA Samples in Solutions of 

[NaCI] (mM) 

DNA 0.09 0.2 

T p3‘ 8170 7050 
Aaa  2.16 2.04 

X f i3  11100 8700 
ACY 4.03 2.45 

L. p3 11300 9900--9100 
ACY 5.46 2.43 

A@ 1.31 
native p3 10100 

0.6 

5100 
1.92 
6500 
1.38 
7400 
1.67 
7500 
1.22 

1 

4200 
0.89 
5100 
0.85 
6 900-- 6 7 00 
0.12 
10100 
1.31 

a pa is in D and ACK is in 1 0l6 ~ m - ~ .  - 

nature of the theoretical orientation functions. The result of 
matching between the experimental points and the master 
curves can be summarized as follows: The best fits were 
obtained for the shorter sDNA sample at the lower salt con- 
centrations. When both the salt concentration and the mo- 
lecular weight are higher, the data points show a tendency to 
fit to the master curve for which only y is finite (0 = 0) in 
very low fields, and then at higher fields to transfer to one of 
the lower orientation curves [p2/(27) # 01. The results are 
summarized in Table I. Using this procedure, it appears that 
an initially induced moment does indeed saturate at some value 
of the field strength and then contributes to the orientation 
at higher fields as if it were a permanent moment k3. We note 
that the Kikuchi & Yoshioka model (1976) of the orientation 
of a polyelectrolyte, although quantitatively at variance with 
the observations (Charney & Milstien, 1978; Sokorov & Weill, 
1979), predicted just such a behavior. 

DNA as a Polyelectrolyte. The foregoing results may be 
compared with an analysis of the data based on the fact that 
at or near neutral pH, where these experiments are performed, 
DNA is a highly charged molecule carying one negatively 
charged phosphate group every 1.7 8, (in projection on the 
helix axis) compensated in part by condensed positive coun- 



D N A  D I C H R O I S M  V O L .  2 1 ,  N O .  5 ,  1 9 8 2  839 

Table 11: Number of Bound Na’ Counterions ( n )  in Solutions of 
Different Added NaCl Concentrations 

[NaCI] (mM) 

DNA 0.09 0.2 0.6 1.0 

T n a  86(4.4)b 64(5.9) 34(11) 23(17) 
X n 82(6.4) 50 (11) 28 (19) 17 (31) 
L n lO(151) 7.8--6.6 4.3 (348) 3.8--3.6 

(195--230) (400--425) 

a n was calculated from eq 7. The values in parentheses are 
the number of bases per bound counterion. 

terions. The question is how the polarization of this moiety 
in an electric field results in an orientational torque. There 
are good reasons for the assumption that DNA does not possess 
a classical permanent dipole in unbuffered aqueous solutions. 
First is the stereoregular antiparallel structure of the double 
helix, the essential features of which are probaby retained in 
solutions. Second, the rise curve of the transient dichroism 
signal, ull, is always much faster than the decay curve at 
higher fields, but both rise and decay curves approach a 
symmetric pattern at low fields, which can be taken as proof 
that the orientation at low fields results entirely from polar- 
izability anisotropy of the orientating molecule (Benoit, 1951; 
Tinoco & Yamaoka, 1959). The initial slope of the rise curve 
is neither zero nor nearly zero, which otherwise would be 
indicative of a major permanent dipole contribution to ori- 
entation (Nishinari & Yoshioka, 1969). Hence, although the 
“classical” analysis shows that at intermediate field strengths 
a field-induced moment appears to saturate and then behave 
like a permanent moment, the intrinsic permanent dipole 
moment parameter, p, is null and should be deleted from eq 
1 and 2. 

We are thus confronted with a major problem of explaining 
the observed salt-dependent high orientability of sDNA on the 
one hand and a lack of a permanent dipole on the other. The 
salt-dependent orientation of sDNA requires that the field- 
induced polarization depend at least in part on the polyionic 
charge and its interaction with the ionic atmosphere of the 
solvent. Based in part on the results of these experiments, an 
expression for the orientation has recently been proposed for 
rigid rodlike sDNA in the low-field range (Charney et al., 
1980): 

Here n P / 3  is the polyelectrolyte orientation energy parameter, 
where K is given by ZeLE/(2KT), and n is the number of 
counterions of charge 2 (Na+ ions in this case) bound to the 
DNA [Mandel, 1961; see also Weill & Hornick (1974); Ki- 
kuchi & Yoshioka, 19761. With this formulation, the total 
orientation energy at low or moderate fields is given by 

(7) 

where the subscript m is used to emphasize that the moment 
deduced from K becomes independent of further increases in 
the field strength at some intermediate value of the field 
strength and thus mimicks a permanent dipole moment. On 
this basis, it is possible to calculate the number of bound or 
“condensed” counterions from the dichroism, provided that 
the length L of each sDNA is assumed to be equal to the 
contour length of a B-form DNA. Needless to say, this as- 
sumption is reasonably good only for low molecular weight 
fragments and will require critical review because the length 
should depend on the conformation of DNA. The results with 

Table 111: Parallel Dichroism at Infinite 1:ield Strength at  270 nm 
(aAl ; /A) ,  and the Apparent Angle Bz7a of DNA Samples in 
Solutions of Different Added Salt Concentrations 

[NaCIJ (mM) 

DNA 0.09 0.2 0.6 1 

T (aAII/A), -0.58 -0.60 -0.60 -0.60 
enme 68 69 69 69 

X (21;/,4), -0.58 -0.64 -0.64 -0.60 
‘270 68 7 0  70 69 

e270 7 1  72 7 1  69 
L ( A A I I / A ) ,  -0.67 -0.70 -0.67 -0.60 

this assumption are given in Table 11. Two major observations 
may be made about these results: First, the number of bound 
counterions, n, is smaller than the number of bases in each 
sDNA, a fact which is consistent with counterion condensation 
theories (Manning, 1978a,b, 1979). This means that the 
charged DNA phosphate groups are not completely neutralized 
by the condensed or bound counterions. Second, the number 
of bound counterions appears to decrease with the increase 
of ionic strengths; this result is in contrast with a simple 
chemical equilibrium law but is qualitatively consistent with 
theoretical developments (Manning, 1978b). The quantitative 
relationship given in Table I1 results from the application of 
the Kikuchi-Yoshioka model. Unfortunately, the model does 
not account for counterion-counterion repulsion and thus 
cannot be expected to be an accurate description. However, 
qualitatively, the results do support an orientation model de- 
pendent on the polarization of the polyion with its condensed 
counterions. Finally, the result that the value of n for 
sDNA(L) differs absurdly from that of the lower molecular 
weight samples means that the use of these equations to de- 
scribe even qualitatively the field orientation of high charge- 
density polyions much longer than the persistence length is 
open to serious question. 

Dichroism at the Limiting High Field Strength. Because 
CP approaches unity at infinitely high fields regardless of the 
orientation mechanism, the intrinsic (specific) parallel di- 
chroism of a cylindrical molecule with axial symmetry is de- 
fined 

(:) s(:) = 3 c o s 2 0 - l  (8) 
E-- S 

The values of ( U l l / A ) s  at 270 nm and the corresponding 
apparent orientation angles of the transitions obtained by the 
matching procedure are given in Table 111. It is interesting 
to note that the ( M , l / A ) s  values of sDNA are independent 
of ionic strengths and nearly but not quite independent of 
molecular weights in the range of (1.24-5) X lo5 and that they 
are all smaller than -1. The two following conclusions may 
be drawn: (1) the limiting secondary and/or tertiary structures 
of linear DNA at infinite orientation are independent of the 
solvent ionicity in the range from 0.09 to 1.0 mM NaCl; (2) 
the structure appears to be one in which the optical transition 
moment of the 260-nm band is not perpendicular to the 
principal axis of orientation. The corresponding angles range 
from 69’ to 72’ (Yamaoka & Charney, 1973). Under the 
assumption of a rigid cylindrical structure for B-form DNA, 
they would imply that the transition moment direction at 270 
nm is not exactly perpendicular to, but rather inclined to the 
orientation axis of the short sonicated DNA in an orientating 
electric field, and it has been so interpreted (Hogan et al., 
1978). This result, obtained by extrapolation from the 
matched curves, does not demonstrate unequivocally, however, 
that the DNA base pairs are tilted from the helix axis by 70’ 
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FIGURE 5 :  Illustration of the extrapolation method for obtaining the 
intrinsic parallel dichroism (hAII/A,. The hAII/A values of sDNA(X) 
of Figure 4 are plotted against E* in the upper curve and against 
E’ in the lower curve. A value of -0.64 was obtained by the matching 
procedure and is indicated with a horizontal arrow. 

rather than the classical 84 f lo.  Only if the molecule is a 
straight rod in the electric field and the principal axis of the 
orientation ellipsoid coincides with the structural axis of the 
double helix can the dichroism result be attributed to a tilt 
of the nucleoside bases in the double helix. It is just, if not 
more likely, that the orientation axis and double helix axis are 
not precisely coincident because of a bent or superhelical static 
structure, or because of a dynamic equilibrium between such 
structures (C. H. Lee and E. Charney, unpublished experi- 
ments). Furthermore, the angle 8 is a composite angle unless 
the absorption band near 270 nm consists of a single transition 
free from the effect of other neighboring transitions thay may 
be directed at different angles. These are open questions yet 
to be verified in the double helix of DNA. Still another 
reasonable but as yet unproved explanation may be proffered 
for the smaller-than-expected value of the angle 8: a significant 
amount of the intensity of the band may be polarized parallel 
to the DNA double helix axis as a result of intensity borrowing 
from higher energy transitions. This explanation has been 
tentatively advanced by us earlier (Charney & Yamaoka, 
1971) and is further discussed in a paper on the electric di- 
chroism of poly(rA) (Charney & Milstien, 1978) and in an- 
other context by Rizzo and Schellman (personal communi- 
cation). We are unable to definitively discriminate between 
these various structural and optical possibilities on the basis 
of the data reported here. 

An alternative method of obtaining the value of {AA, , /A) ,  
is based on the extrapolation of the experimental dichroism 
against 1 / E  or 1/E2 to infinite field strength (Ding et al., 
1972). A comparison between the (AAII/A), values obtained 
by these techniques for one set of data on a sonicated DNA 
sample is shown in Figure 5. While the difference between 
the extrapolated values is structurally significant (the ex- 
trapolated value for the E extrapolation in Figure 5 corre- 
sponds to an angle of 74O as compared to 69’ obtained by the 

matching procedure for the same DNA sample), the relative 
insensitivity of cos2 0 to the values of (AA, , /A) ,  is this region 
makes it difficult to use this as a criterion for choosing between 
the methods. Still another extrapolation procedure has recently 
been suggested by Sokorov & Weill (1979). It requires that 
an estimate be made of the value of the nominally 
“permanent” moment produced when the ion-induced moment 
saturates at  some value of the field strength. Further ex- 
trapolation of the data to higher field strengths, as a function 
of l /@ = kT/(pE), where p is the value of the saturated 
induced moment, would lead to values of (&, , /A) ,  for the 
lowest molecular weight DNA higher than those obtained by 
either of the first two methods. It is difficult to assess the 
validity of the last procedure, as the saturated moment ob- 
tained is so highly dependent on the ionic strength (see Table 

Discussion 
In addition to these results from our own laboratories and 

earlier related work summarized in the monograph by Fre- 
dericq & Houssier (1973) and in a review by Stellwagon 
(1976), several recent investigations of the electric field ori- 
entation of DNA, already referred to above, have addressed 
themselves in whole or in part to the same questions posed in 
this work, principally those of Sokorov & Weill (1979) and 
of Hogan et al. (1978). We consider first the results of 
Sokorov and Weill, noting that their experiments were done 
in the absence of added salt and at concentrations of DNA 
(on a nucleotide basis) from about 30% up to 5 times higher 
than ours and that the magnitude of the dichroism has been 
shown (Yamaoka & Charney, 1973) to be depressed by over 
30% at concentrations twice the highest concentration used 
by those authors. This may account for quantitative difference 
between their work and ours. For example, their result for 
the apparent dipole moments of DNA with a contour length 
of about 1500 A is 5 X lo3 D whereas ours in the same range 
measured in 0.09 mM NaCl solution is about 11 X lo3 D. In 
contrast, the moment calculated by Hogan et al. on the basis 
of an entirely different (ion-flow) ad hoc mechanism is about 
1 3  X lo3 D for a DNA nuclear digestion fragment only 900 
A long measured in 2.8 mM sodium phosphate buffer in 
contrast to ours of 1 1  X lo3 D in 0.09 mM Naf and 5 X lo3 
D in 1 .O mM NaCl (nTable I). The ion-flow mechanism thus 
results in still larger calculated apparent moments, but as it 
does not distinguish between the polarization produced by an 
induced moment, which can saturate at modest field strength, 
and a nonsaturable polarization, it is not surprising that the 
total apparent moment will be larger than that calculated for 
a mechanism that does. Hogan et al. indeed argue that sat- 
uration would have to occur at very low field strengths in order 
to satisfy a saturable induced dipole moment and thus dismiss 
any such mechanism. On the other hand, they also argue that 
a pure induced nonsaturable moment should produce cubic 
dependence of the moment on the molecular length while they 
measure a quadratic dependence. A more recent work (Rau 
& Charney, 1981) has shown that the ionic atmosphere po- 
larization ut lowfields is a variable function of both the ionic 
strength (in the form of the Debye shielding parameter) and 
the molecular length but that in the range of these experi- 
mental conditions an approximate quadratic dependence on 
the length is expected. The polydispersity of the sonicated 
samples makes it difficult to make a quantitative comparison 
of the length dependence. The results are nevertheless in- 
teresting; for this purpose, we consider only the two smallest 
sonicated samples whose mean molecular contour lengths, 630 
and 880 A, are smaller than the persistence length in 1 mM 

1). 
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Another objective of this work was to estimate the angle 
between the principal molecular axis of DNA (assumed to be 
rodlike) and the direction of the 260-nm transition moment. 
It is clear that neither our measurements nor those of other 
investigators can do this unequivocally. The data are in 
reasonable agreement with extrapolated values by various 
methods, indicating in this molecular weight range that a 
transition moment exists which is about 70' more or less to 
the axis of the orienting moiety, but the interpretation of this 
result in terms of DNA structure is still an unresolved question 
addressed in more detail in recent work from this laboratory 
(C. H.  Lee and E. Charney, unpublished experiments). 
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Table IV: Dependence of the Orientation on  the 
Molecular Contour Lengtha 

' part A nart B 

1.40 1.96 2.1s 2.39 0.09 
2.10 0.20 
1.71 0.60 
1.45 1.00 

a Ex and LT are for sDNA(X) and sDNA(T), respectively, the 
mean contour lengths calculated on the basis of the sedimentation 
data and an assumed base pair repeat distance of 3.38 A. 

Na+ (Borochov et al., 1981). In Table IV, we compare the 
ratio of the first, second, and third powers of their lengths (part 
A) with the ratio of the initial slope of the dichroism orien- 
tation curves (part B), the latter of which is proportional to 
the total orientation energy and thus to the moments in the 
sense of Hogan et al. We see first of all a strong dependence 
on ionic strength which can only in part be due to polydis- 
persity as the half-width of the molecular weight distribution 
of these samples was substantially the same. In 0.6 mM Na+ 
and more closely in 0.2 mM Na+, the length dependence is 
nearly quadratic, but in 1 mM Na, it is linear within the 
accuracy of the measurement. Hogan has suggested reserve 
in interpreting dichroism measurements made below 2 mM 
Na+ concentration. We are more inclined to believe that 
considerable structural and behavioral information is available 
in the low Na+ concentration range. Moreover, although there 
is a dependence of the field-free relaxation time of polydis- 
persed samples on ionic strength (K. Yamaoka, Fukudome, 
and E. Charney, unpublished experiments), there is no dra- 
matic anomaly in this region as observed by Hogan in the 
rapidly rising field of the pulses produced in their temperature 
jump apparatus. Further exploration of the length dependence 
is under way in our laboratories, and a number of investigations 
of the relaxation phenomena have recently been published 
(Hagerman, 1981; Elias & Eden, 1981). 

One of the principal objectives of this work was to establish 
the field strength dependence (at low fields) of the orientation 
of linear polyelectrolyte DNA. The result as expected is 
unequivocal in that the dependence is classically quadratic. 
Both the Sokorov and Hogan reports address this question with 
somewhat different results. Sokorov and Weill observe the 
quadratic dependence in their own measurement but place 
emphasis in their theoretical analysis on the nearly linear 
dependence at intermediate field strengths. Their plot of our 
earlier data (Figure 10 of their paper) on a linear E scale shows 
a marked deviation (it is in fact quadratic) for fields less than 
6000 V/cm. Hogan et al. utilize the apparent lack of a 
quadratic dependence in their data to justify the ad hoc ion- 
flow model. However, a replot of their data on a quadratic 
scale shows that, within the precision of their measurements 
at low fields, a quadratic fit is entirely possible although the 
reported data are insufficient to uniquely demonstrate it. The 
polarization energy on which the degree of orientation of a 
molecular dipole is dependent has been known to be quadratic 
in E since 1910 (Langevin, 1910). It is difficult to conceive 
of an orientation mechanism which does not depend on the 
second power of E at low fields and which is not due to some 
hydrodynamic perculiarity. It is, of course, this latter pos- 
sibility which led us to emphasize this point. The variation 
of the range of field strengths at which the quadratic depen- 
dence vanishes undoubtedly contains hydrodynamic informa- 
tion in the case of the longer flexible molecules. 
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Proton Magnetic Resonance Investigation of the Influence of Quaternary 
Structure on Iron-Histidine Bonding in Deoxyhemoglobinst 

Kiyoshi Nagai,* Gerd N. La Mar,* Thomas Jue, and H.  Franklin Bunn 

ABSTRACT: The proton nuclear magnetic resonance (NMR) 
spectra of the separated deoxy chains of normal adult hemo- 
globin (Hb A), the deoxy form of chemically modified hem- 
oglobins, and Hb Kempsey [Asp-G1(99)@-Asn] have been 
investigated in H 2 0  solution with emphasis on the hyper- 
fine-shifted proximal histidyl imidazole exchangeable N6H as 
indicators of the iron-histidine interaction. While the N6H 
hyperfine shift was found to be sensitive to chain origin and 
subunit assembly, the likelihood of change in both electronic 
effects and various steric strains precludes interpretation of 
the NMR data for different proteins at this time. However, 
upon introduction of conformational perturbations for any 
given protein, correlations between changes in NMR spectral 
parameters and altered function are interpretable in terms of 
changes in iron-imidazole bonding. For the individual chains, 
the a N6H shift, as well as the oxygen affinity, is insensitive 
to forming the p-(hydroxymercuri)benzoate (pMB) adduct, 
while the &chain N6H shift decreases by 10 ppm and its 
oxygen affinity is reduced 6-fold by the same reaction. Since 
the pMB binding site is much closer to the proximal histidine 
of the @ chain than the a chain, the p N6H upfield shift reflects 
some strain in the iron-histidine interaction. In the R qua- 

C e n t r a l  to the various hypotheses for the control of the iron 
reactivity in oxygen-binding hemoproteins in general, and 
hemoglobins in particular, is the state of the ubiquitous 
trans-proximal histidyl imidazole (I) .  Although the two 
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ternary structure, the deoxy subunits of NES-des-Arg- 
(14la)-Hb, des-His(l46P)-des-Arg( 141a)-Hb, and des-Arg- 
(14la)-Hb exhibit N6H resonances at approximately 77 ppm 
for both a and @ subunits. The R - T conversion is accom- 
panied by a 10-14-ppm decrease in the hyperfine shift of the 
a subunit; the subunit is essentially unaffected. The de- 
creased N H  hyperfine shift is consistent with the introduction 
of some strain into the iron-histidine bond of the a subunit 
during the R - T transition. The observed N6H shift change 
for the a subunit is comparable to that observed upon binding 
p-(hydroxymercuri)benzoate to the isolated p chain and hence 
can account for only a small change in the oxygen affinity. 
In light of the resonance Raman data on v(Fe-N,), this study 
supports a dominant steric influence on iron-histidine bonding 
when Hb undergoes an R - T transition and argues against 
a major contribution of any electronic effect created by altered 
hydrogen bonding of N8H to a backbone carbonyl [Stein, P., 
Mitchell, M., & Spiro, T. G. (1980) J.  Am. Chem. SOC. 102, 
7795-77971, In agreement also with the resonance Raman 
data [Nagai, K., Kitagawa, T., & Morimoto, H. (1980) J .  
Mol. Biol. 136, 271-2891, the strain we observe is localized 
in the a subunit. 

quaternary structures of hemoglobin (Hb)' (Monod et al., 
1965; Perutz, 1970) have been characterized in some detail 
by X-ray crystallography, resolution is still insufficient to 
pinpoint the specific structural differences at the heme which 
characterize the contrasting 0, affinities (Perutz, 1976; 
Baldwin & Chothia, 1979). A difference in steric effects has 
been postulated by Perutz, where the protein produces strain 
in the Fe-N, bonds in the low-affinity T structure which is 
relaxed in the high-affinity R structure (Perutz, 1979, 1980). 
Some support for weaker iron-imidazole bonding in the T 
rather than the R state has been provided by resonance Raman 
studies (Nagai et al., 1980; Nagai & Kitagawa, 1980). A 
prominent electronic influence on iron reactivity has been 
proposed on the basis of variable hydrogen bonding of the 
proximal histidyl imidazole N6H to a backbone carbonyl 
(Valentine et al., 1979) which would modulate the imidazole 

Abbreviations: NMR, nuclear magnetic resonance; Hb, hemoglobin; 
Hb A, normal adult hemoglobin; DSS, 4,4-dimethyI-4-silapentane-l- 
sulfonate; Bis-Tris, [bis(2-hydroxyethyl)amino]tris(hydroxymethyl)- 
methane; Tris, tris(hydroxymethy1)aminomethane; pMB, p-(hydroxy- 
mercuri)benzoate; IHP, inositol hexaphosphate; NES, S-(N-ethyl- 
succinamido)cysteinyl; ppm, parts per million; EXAFS, extended X-ray 
absorption fine structure. 
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