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A double-helical model is proposed to calculate solution properties of short fragments (lo4 < M < lo6) of lin- 
ear, double-stranded DNA, The model, which is based on the Watson-Crick structure, replaces the nucleo- 
tides by touching spheres, in order to allow for the calculation of hydrodynamic properties. The radius of the 
helix acts as an adjustable parameter. Using this model, we calculate sedimentation coefficients and x-ray 
scattering intensities. Comparison with experimental x-ray diagrams shows that the model contains enough 
structural details to reproduce the data a t  low and at  high scattering angles. The more idealized models (cyl- 
inder, etc.) fail to reproduce these diagrams. The results for sedimentation are compared with experimental 
data compiled for DNA samples of M < lo6. The external radius of the helix, obtained from this comparison, 
is 15.0 A, somewhat higher than the one predicted by a cylinder model. 

I. Introduction 
Idealized models, such as the freely jointed chain,l the 

wormlike chain: the bead and spring etc., and sev- 
eral modifications of them, have been widely used to interpret 
macromolecular solution properties. These models represent, 
in an approximate way, the longitudinal contour of the mac- 
romolecular chain, but do not take into account its cross- 
sectional thickness. Substitution of the actual chain by an 
infinitely thin model is a particularly poor approximation in 
the case of DNA, because of the very complicated cross-sec- 
tional structure of this macromolecule. To get an improved 
representation of DNA, several finite-thickness models, 
having various geometries, have been proposed. The most 
frequently used geometries are the touching spheres model 
(TSM) and the cylinder model (CM).5 They represent mac- 
romolecular thickness by mean of the cross-sectional radius 
of the model, which is considered as an adjustable parameter. 
However, values obtained for the radius, by comparison with 
experimental data, depend strongly on the theory used. The 
wide range of values summarized by Triebel et a1.F for the 
hydrodynamic diameter of DNA, is evidence of this circum- 
stance. 

In all of these theories, the double helical shape of native 
DNA is substituted by a simpler shape. The values obtained 
for the radius vary with the theory, because, among other 
factors, the cross section is represented in them by different 
idealizations of the actual geometry. Of course, the most 
correct procedure would be to obtain the radius for the actual 
double-helical structure of DNA, without substituting it by 
a more idealized one. This is, precisely, the purpose of this 
work. We represent the DNA molecule by means of a dou- 
ble-helical model (DHM) whose features are detailed in sec- 
tion 11. 

Molecular weights, M, of intact DNA samples are too high 
for the details of the cross section to be relevant, and the 
simpler models are, therefore, adequate to describe the 
properties of the these samples. However, there is an inter- 
mediate region of M (104 < M < lo6) where the usual macro- 
molecular solution properties (hydrodynamic, scattering, etc.) 
are still useful, and, at the same time, where the thickness to 
contour length becomes appreciable in the chain. In the 
present paper, we analyze the influence of the double-helical 

structure on solution properties of DNA's belonging to this 
molecular region. Even in this interval, some properties are 
insensitive to the helical shape. For example, we have shown 
in a previous work7 that a double-helical model with elements 
having three different polarizabilities gives almost the same 
intensity of polarized scattered light as the much simpler 
model of an anisotropic rod with only two polarizabilities. 

However there are, also, solution properties which are 
sensitive to the details of the cross-sectional structure. The 
sedimentation coefficient, S, can be cited as an example. Its 
experimental determination has been used to calculate the 
thickness of the DNA molecule. S is typical in giving different 
values for the radius, depending on the theoretical model used. 
For this reason, we emphasize here the applicability of our 
DHM to the interpretation of this property. 

Because of the high stiffness of the double-stranded chain, 
DNA samples in the region lo4 < M < lo6 exhibit a rigid or 
slightly bending configuration. The flexibility of the DNA 
chain is, thus, not the main problem in our work. For this 
reason, our DHM is rigid and makes use of the double helical 
structure of DNA. 

In order to calculate S, we have to introduce some arbitrary 
assumption about the frictional elements constituting the 
chain, because present-day hydrodynamic theories do not 
allow for an atomic scale description of this property. Ac- 
cording to these theories, each one of the frictional elements 
has to be regarded as an equivalent unit that encloses several 
atoms of the molecule and which interacts with a solvent 
continuum. In view of this limitation, we choose the nucleo- 
tides of the DNA molecule as frictional units and assume that 
they behave, hydrodynamically, like spheres. The DHM is, 
then, a double helix of touching spheres having as many 
spheres as there are nucleotides in the molecule. 

In this model we leave only one adjustable parameter to be 
determined by comparison with sedimentation data: the ra- 
dius of the helix. Some other dimensions of the double- 
stranded helix could be used as adjustable parameters if re- 
quired (for example, the pitch). However, in the nonhelical 
models (TSM, CM)5 only the radius can be defined as a 
measure of the cross section. Therefore, this same quantity 
has to be used as parameter in our DHM, in order to arrive at  
a clear-cut comparison between the different models. 

The Journal of Physical Chemistry, Vol. 80, No. 18, 1976 



Models of DNA 2029 

Substitution of nucleotides by spheres makes our model 
somewhat idealized. Before using it to analyze sedimentation 
data, we have to find out what degree of arbitrariness is in- 
troduced by it in the description of the DNA structure. To this 
end, in section I11 we use our model to interpret the results of 
a solution property which is much more sensitive to the 
structural details of the molecular cross section than S:  the 
intensity of x-ray scattering (XS) for DNA in water. 

Several authors have reported low angle x-ray scattering 
(LAXS) of DNA solutions.8-l2 This technique gives the 
cross-sectional radius of gyration of the molecule, but it yields 
no information about other structural details. Kirste and 
OberthiW and Bram and Beeman,12 using Cu Ka radiation 
of 1.54 A have recorded wide angle x-ray scattering diagrams 
(WAXS) of DNA solutions. For angles above 50 mradian, 
these diagrams show a region of maxima and minima which, 
as pointed out by these authors, originate in the periodicities 
of the helical structure. By comparing the theoretical XS 
behavior of our model with the experimental diagrams, in 
section 111 we prove that the structural details detected in XS 
are adequately described by the DHM. Hence, no arbitrariness 
is expected to vitiate its use to determine the cross-sectional 
hydrodynamic radius of the DNA molecule. 

After this confirmation, we proceed, in section IV, to cal- 
culate the sedimentation coefficient of the DHM and to 
compare it with existing experimental results corresponding 
to DNA fragments. Kirkwood’s formula14J5 is followed in the 
calculation of S.  Although this formula has been criticized by 
several authors,l6 Yamakawa et al.17-19 have shown that it is 
sufficiently correct when the molecules are rigid and highly 
symmetrical, such that they can be modeled as an array of 
beads. This should be the case with the DNA fragments. 

11. Models for DNA 
The DHM proposed in this work is represented in Figure 

1. It has 20 spherical units per turn of double helix, and the 
pitch in each strand is taken as 34 A. These are the values 
characterizing the B form of DNA, which is the one existing 
in aqueous solutions. The radius of the helix is A ,  and is taken 
as an adjustable parameter. Deviations with respect to the 
axially symmetric double helix arise from minute structural 
details, such as the different nature of the bases paired. These 
deviations are taken into account in the model by means of 
a phase-shift between strands, I), defined as shown in Figure 
1. 

Properties depending on inter-unit distances can be cal- 
culated from a knowledge of the Cartesian coordinates of the 
units. For the i th one, these are: 

x ,  = A cos ( t ,  + w) 

y L  = A sin ( t ,  + w )  (1) 
z, = (34/2a)t, 

t, being 

t, = *O.%T int [(i - 1)/2] i = I, 2, . . . , N (2) 
where int ( ) means the integer part function and N is the 
total number of elements constituting the macromolecular 
chain. w = 0 in the odd-numbered helix and w = T - $in the 
even-numbered one. The units are tangent spheres, with di- 
ameter d,. The external or effective radius, r ,  of the DHM is, 
then, given by 

r = A + d,/2 ( 3 4  
with 

,ic: I 

Figure 1. Double helical model (DHM) for DNA. The black circles (0)  
show the centers of the units. The numbering corresponds to the sub- 
scripts of eq 1 and 2 in the text. The position of the spherical units is 
shown on the upper part only. 

de = [ 2(1 - cos f) A2 + 3 ~ 2 1 ~ ’ ~  (3b) 

Besides the DHM, we are going to study, in detail, the two 
simpler models, which are of wider use for DNA the TSM and 
the CM. The TSM is defined as a linear array of tangent 
spheres, and the CM as a continuous distribution of elements 
covering the surface (or the full volume) of a cylinder. In those 
models, the thickness parameter is the radius of the spheres 
(TSM) or the radius of the cylinder (CM), respectively. The 
equivalent counterpart of these radii, in our DHM, is r (eq 
3). 

The number of spherical units (in DHM and TSM), or the 
contour length, L (in CM), can be related to the molecular 
weight of the DNA fragments by means of ML, the mass per 
unit length of the chain. X-ray scattering,8J2 light-scatter- 
ing?0P2l and hydrodynamic studies22 give ML = 195 dalton/A 
for B-DNA. To represent the slight flexibility of the higher 
molecular weight fragments we are going to use, in section IV, 
the wormlike chain.2 We assume that its corresponding 
stiffness parameter, the statistical segment length A-1, is close 
to A-l  = 1300 A for DNA.21-26 

111. X-Ray Scattering 
The scattering form factor, P, expresses the intensity of 

radiation scattered by a molecular entity, as a function of 
angle, 0. It depends on the distances, rij, between pairs of 
scattering elements in the molecule through 

Equation 4 applies to polyatomic molecules and to molecular 
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models as well. 4 (0) are the scattering amplitudes of the atoms, 
or of the scattering elements, at angle 8, and h is 

h = (4dX‘) sin (0/2) (5) 

with A’ denoting wavelength. For a macromolecular chain, 
composed of identical elements, eq 4 may be rewritten as 

P(8) = Pe(0)Pc(O) (6) 
where P,(B) = P(@, is the form factor of the elements, and 
Pc(0) is the contribution of the chain configuration: 

J. Garcia de  la Torre and Arturo Horta 

In the case of the DHM, P, can be obtained from eq 1 and 2, 
and P, is the form factor of a sphere, given by 

Pe(8) = [3(sin u - u COS u)/u3I2 @a) 

with 

u = hd$2 (8b) 

In the case of DNA, substitution of the actual P,, corre- 
sponding to a nucleotide, by eq 8, valid for spheres, could be 
an oversimplification. For this reason, in XS we have devel- 
oped two versions of the DHM: in the first one, we have used 
eq 8 for P,, while, in the second one, we have calculated P, in 
detail by using the atomic coordinates reported by Arnott et 
al.,27,28 for B-DNA, and the atomic scattering factors, f, (8) of 
Hanson et al.29 The results are plotted in Figure 2; the inser- 
tion in this figure corresponds to the Guinier plot,30 from 
which we obtain Rge2 = 14.4 A2, for the squared radius of 
gyration of the nucleotide. Throughout this calculation we 
have supposed the same probability for base pairs A-T and 
G-C. Deviations from equimolar composition affect the results 
very little.31 

Equation 6 is also valid for the TSM. In such a model, P, 
is given by 

PJ0)  = N,-l+ 2 NE1 (Ne - k )  sin (2rhh)/(2rkh) (9) 

and P,, again by eq 8. Ne is the number of elements (spheres) 
constituting the chain. 

Mittelbach and P o r ~ d ~ ~  have studied XS by straight hollow 
cylinders in which the radial electronic density vanishes up 
to rinn and is constant between rinn and the external radius of 
the cylinder, r .  Their equations are (u = rinn/r): 

k = l  

[Jl(hr sin a)  P(8) = Ida 1 [-- 2 
o 1 - u 2 h r s i n a  

sin (hL cos a/2) 2 sin a da 1 - u J1W-u  sin [ hL cos a/2 

foru z 1,and 

P(8) 
sin (hL cos a/2) 2 ] s i n a d a  (11) 

hL cos a/2 
= J“’2 Jo2(hr sin a )  [ 

for u = 1. L is the contour length and Jo, J1, the Bessel func- 
tions of order 0 and 1, respectively. 

Light scattering and x-ray scattering intensities have been 
calculated by Burchard and Kajiwara33 for the TSM and by 
Koyama34 for the CM. In both of these studies, attention was 
mainly focused on the characterization of chain stiffness, 
however, and not on molecular thickness. 

(a) Low Angle X-Ray Scattering. Porod and 

I I I I 
0.1 0.8 1.2 1.6 

h I A-’ 

Figure 2. Form factor of a nucleotide, averaged over base composition. 
The insert is the low-angle Guinier plot, which gives 14.4 A2 for the 
squared radius of gyration. 

have shown that the cross-sectional radius of gyration, Rgt, 
of a long rodlike structure can be obtained from scattering 
data. R,t is defined with respect to the macromolecular axis. 
In the range Rgt-l > h >> L-l, P(0)  can be approximated 
by 

(12) 
where IO is a constant, independent of chain configuration. 
Equation 12 has been applied by Kratky8 and by Luzzati et 
al.9-I1 to interpret LAXS of DNA. The results obtained by 
these authors, for Rgt, are close to the mean value Rgt = 8.3 
A. 

For the theoretical models, R e  can be written as a function 
of the adjustable parameter. In the case of a DHM composed 
of pointlike scattering units, R,t would be equal to A. If the 
scattering units are represented as finite structures (spheres 
or actual nucleotides), then R,t2 = A2 + 3Rge2/2, with R,, 
being the radius of gyration of a unit. For nucleotides, Rge2 = 
14.4 A2, as already stated. For spheres, Rge2 = 3de2/20. R,, does 
not depend on the phase shift, $, of the DHM. 

In IhP(8)] = In IO - h2Rgt2/2 

For the hollow CM, R,t is given by 

For the TSM, R,t depends on the radius of the spheres, r ,  
through Rgt2 = 2r2/5. 

By comparison between these theoretical results of Rgt and 
the experimental value, we determine, for each model, the 
parameters used to characterize the thickness of the DNA 
molecule. The results thus obtained are shown in Table I. 
They will be discussed later on. 

The experimental determination of Rgt, from P ( 0 ) ,  relies 
on the validity of the Porod and Kratky approximation,35~~~ 
contained in eq 12. For the models here discussed, we have 
checked its range of validity by comparing eq 12 with the exact 
P(8). Our results show that, for these rodlike models, when L 

and r N 10 A, In [hP(0)] is practically linear with h2, 
in the range 0.005 < h2 (A-2) < 0.04. This is, approximately, 
the range defined by the values determined experimentally 
for Rgt in the case of DNA.8-l1 

1500 
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TABLE I: Parameters Obtained for the Different DNA 
Models by Comparison with X-Ray Scattering Data 

Model 

Wide angle 
Low angle 

r ,  A r ,  A * 
TSM 13.1 7.9 
CM 

u = o  11.7 10.0 
0.3 11.2 9.2 
0.5 10.5 8.3 
1.0 8.3 6.4 

DHM 
Spherical elements 10.6 (A = 7.7) 10.4 (A = 7.5) 60' 
Nucleotides 10.6 (A = 7.7) 11.0 ( A  = 8.0) 58O 

(b) Wide Angle X-Ray Scattering. Kirste and OberthUrl3 
and Bram and Beemanl2 found that the XS diagrams of DNA 
show a series of maxima and minima for h > 0.30 They 
are due to the periodicities of the double helix. The first 
minimum of intensity occurs at h = 0.38 A-1 and is attributed 
to interference within a given trasversal plane of the molecule. 
The following maxima and minima, occurring at  higher h,  
correspond to interference between different planes. Bram 
and Beeman found four minima and three maxima (Figure 
3 in ref 12). Their diagram is more detailed than the one re- 
ported by Kirste and Oberthur. In both papers the h values 
of the first maxima and minima are very similar. 

By comparison of these maxima and minima with the the- 
oretical P(0)  of the models we determine the values of the 
adjustable parameters in this region of WAXS. 

The behavior predicted by the TSM shows the poorest 
agreement with experiment, as expected. In this model, P,(O) 
(eq 8) overshadows Pc(0) (eq 9) and the behavior is almost 
entirely that of a sphere. The CM allows for a better repre- 
sentation of the diagrams. In this model, the minimum a t  h 
= 0.38 A-1 can be reproduced using several pairs of values of 
the two parameters r and u. In Figure 3 we show several P(0)'s 
having a minimum a t  0.38 A-1 and corresponding to different 
values of u.  It  can be seen that the other maxima and minima 
are better reproduced when u = 0 (thick cylinder) than when 
u # 0. 

In the case of the DHM, the intensity of XS at  wide angles 
depends on N, A, and $. For given A and $, we have calculated 
P(0)  at various N between 20 and 1000. From the results ob- 
tained we may conclude that thq location of the maxima and 
minima is independent of N (this also occurs in the CM when 
L is varied). This confirms that the short distances of the 
cross-sectional structure are the ones determining these 
maxima and minima. 

The scattering units of the DHM cannot be considered as 
pointlike centers because the P(0)  calculated under this as- 
sumption is in conflict with the experimental diagram. With 
pointlike scatterers the only aontribution to P(0)  comes from 
the helical structure (eq 7 )  and this tends asymptotically to 
1/N, for sufficiently high h. The experimental intensity, on 
the other hand, decreases monotonously as h grows. This 
problem is resolved introducing the form factor of the units, 
P,. The location of some maxima and minima depends, very 
slightly, on the units being represented by spheres or by the 
actual nucleotides, because Pe(0) has a different gradient in 
each case. The first minimum a t  0.38 is not changed, 
however. 

The results obtained with the DHM, using spheres as 
scattering units, are shown in Figure 4. P(0) is plotted for 

1 2 3 4  
r .  A 6.4 8.3 9.2 m.0 
v 1.0 0.5 0.3 0. 

- - - -  4 

-" 
12 - 

JL u \  

4 

1 

I 1 f!, i ,it ,li 1 :I, 
0.3 0.5 0.7 0.9 1.1 1.3 

31 t A *  

Figure 3. Form factor for cylinders with L = 1500 A. The vertical axis 
is -In f ie) .  The parameters for each curve are indicated. Arrows 
pointing up and down show the location of the experimental maxima 
and minima, respectively; continuous arrows are for the Bram and 
Beeman's data,12 and discontinuous ones, for Kirste and Oberthur's 
data. l3 

several values of A and $ producing the first minimum at 0.38 
A-l. The results obtained using the actual nucleotides as 
scattering units, are very similar to the ones shown in the 
figure. 

A summary of the model-fitting results obtained in the two 
angular regions studied (LAXS and WAXS) is given in Table 
I. I t  can be seen that the two versions of the DHM (spheres or 
actual nucleotides) yield very similar results for the radius in 
both angular regions. In WAXS, the values of the adjustable 
parameters of the CM and of the DHM are chosen to repro- 
duce the position of the first minimum and of the first maxi- 
mum. The relative intensities of these two extrema agree well 
with the experimental ones only in the case of the DHM. 

IV. Sedimentation Coefficient 
(a) Calculation. The sedimentation coefficient of a mac- 

romolecule can be calculated according to the well-known 
Kirkwood15 equation: 

1 # I  

where L' is the macromolecular partial specific volume, p the 
solution density, 90 the solvent viscosity, Mo the molecular 
weight of the frictional units, and 6 their Stokes diameter. rij 
denotes the distance between frictional units i and j ,  and the 
angular brackets denote configurational average. For a rigid 
structure only one configuration exists. 

Equation 14 applied to the TSM gives, when L >> r 
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L 1 3 C 6 2 - L  

A . A  6.0 6.5 7.0 7.5 8.0 9.0 
I 0' u)' 50- 58' 60' 57. 

P 
gt4  

gt 

1 tt 1 jB 1; t t i  
0.3 0.5 0.7 0.9 1.1 1.3 

h I A '  

Figure 4. Form factor of the DHM with spherical units. The curves 
correspond to the values indicated for the parameters. The meaning 
of the vertical axis and of the arrows is the same as in Figure 3. 

CE being Euler's constant. In this equation and in the fol- 
lowing ones, the subscript r denotes that S corresponds to a 
rigid model. 

For B-DNA in 0.2 M NaCl solution, d p  = 0.556 and 70 = 0.01 
P, so that M L ( ~  - bp) /3aqo = 1.525 S. Replacing L by M ,  in 
eq 15 (M = LML),  we finally obtain 

S ,  = 1.525 In M - a (16) 

a = 1.525 In r + Q (17) 

Q being a constant. If the double sum of eq 14 is approximated 
by a continuous integral, following Riseman and Kirk- 
wood's37J8 procedure, then CE vanishes in eq 15. The value 
of Q varies from one version of the TSM to the other. 

In the CM, a continuous distribution of frictional elements 
covers uniformly the surface of the cylinder. When t >> r, eq 
16 and 17 are also valid for this model. There are several ver- 
sions of it. The first one, due to was refined by 
Broersma40 who treated end effects more rigorously. Bloorn- 
field et  al.41 have applied their shell model to the cylindrical 
shape. The most recent version of the CM is that of Yamakawa 
and Fujii.26 Also, the model of Tchen4* is included here be- 
cause the cylinder can be considered as a limiting case of a 
prolate ellipsoid. The values of Q, corresponding to each of 
these theories, are collected in Table 11. 

In our DHM, each nucleotide constitutes a frictional unit. 
Its Stokes diameter is taken equal to the sphere diameter of 
eq 3 ( p  = de). The increase in contour length per unit is 1.7 A 
in DNA. Applying eq 14 to the DHM of DNA reads: 

b # i  

where the rLj's are easily calculated from eq 1 and 2.  
We have computed eq 18, extending the sums up to N = 

1000, for various A ,  from 6 to 16 %., and various +, from 0 to 
90". Some of the values thus obtained for S ,  are plotted, US. 
In M ,  in Figure 5.  All the curves show the same trend, reaching 

TABLE 11: Values of the Constant Q (Eq 16) and of the 
Cross-Sectional Parameters Fi t ted for  the Models 

Theory Ref Model Q,S  r ,  8, 

Tchen 42 Ellipsoid 8.046 16.3 
Burgers 39 CM 8.214 14.6 
Kirkwood a 15 TSM 8.218 14.5 
Bloomfield et al. 41 CM 8.501 12.1 
Yamakawa-Fujii 26 CM 8.509 12.0 
Broersma 40 CM 8.519 11.9 
Riseman-Kirk- 37,38 TSM 9.098 8.2 

This work DHM 15.0 ( A  = 11.2) 

formula. 

wood 

a Values Calculated by exact summation (eq 14) of Kirkwood's 

In M 

Flgure 5. Sedimentation coefficient of the DHM, computed according 
to eq 1, 2, and 18. 

a region where S ,  varies linearly with In M, at  high enough M .  
The slope and intercept of this asymptotically valid linear law 
can be obtained by extrapolation to 1/M 4 0. The values ex- 
trapolated for the slope lie in the range 1.525-1.529. The 
fluctuations are very likely due to numerical inaccuracy. The 
slope of S, vs. In M has, then, the same value in the DHM as 
in the TSM and the CM. In other words, eq 16 holds also for 
the DHM. 

Some of the extrapolations (1/M - 0) which lead to the 
intercept, -a, of eq 16, are plotted in Figure 6. A least-squares 
fi t  with a second degree polynomial has been used to help in 
this extrapolation. Its accuracy has been checked by super- 
imposing on the extrapolation curves the values calculated for 
N = 2000 (full circles of Figure 6). The resulting asymptotic 
values of a are collected in Table 111. They show a much slower 
variation with +than with A .  In view of this circumstance, we 
have discarded $ as variable, in computing S, and have fixed 
its value a t  + = 0", corresponding to the axially symmetric 
double helix. 

Figure 7 shows the variation of a with the cross-sectional 
radius (In r )  for all the theories described above. In the case 
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TABLE 111: Values of a, the Asymptotic Intercept of 
Eq 16, for the DHM 

A , A  $ = O o  36' 60' 72' 90' 

6 11.28 11.25 11.22 11.15 11.11 
7 11.52 11.50 11.46 11.40 11.37 
8 11.74 11.71 11.67 11.63 11.59 
9 11.94 11.91 11.87 11.83 11.80 

10 12.12 12.10 12.07 12.03 11.99 
11 12.28 12.26 12.23 12.20 12.16 
1 2  12.42 12.40 12.37 12.34 12.31 
13 12.55 12.54 12.51 12.48 12.45 
14 12.67 12.66 12.64 12.60 12.58 
16 12.88 12.87 

I I I I I I I  1 I I I I I /  
I t  

O b  0.8 1.1 1.6 2.0 
(OWIN 1000 I N  

Flgure 6. Extrapolations of the asymptotic intercept of S vs. In M, cal- 
culated with the DHM (I) = 0'). Open circles (0) correspond to discrete 
values below N = 1000. Continuous line is the extrapolating second- 
degree polynomial. Black circles (0) correspond to N = 2000 and have 
been superimposed to check the accuracy of the extrapolations. 

In r 

I / 
2.0 2.5 3.0 

/ 

r / A  

Figure 7. Asymptotic intercept of S vs. In M for different theories: (1) 
Ri~ernan-K i rkwood;~~~~~ (2) Yamakawa-Fujii,26 B r ~ e r s m a , ~ ~  and 
Bloomfield et a1.;4i (3) Burgers39 and Kirkwoodis (see footnote of Table 
11); (4) T ~ h e n ; ~ ~  (5) DHM (this work). 

of the theories using the TSM or the CM, the curves corre- 
spond to eq 17, and, in the case of the DHM, to the data in 
column $ = Oo of Table 111. We can see from this plot that the 
DHM does not follow eq 17, presumably because the Stokes 
diameter of the units composing the model depend on the 
helical radius, A .  

(b) Comparison with Experimental Data. The experi- 
mental values of S and M used to compare theory and ex- 

periment are the ones reported in the literature43-50 for DNA 
fragments, in the range considered in our study. Values re- 
ported prior to 1965 have been reviewed by Eigner and Doty.5l 
The data attributed to Prune11 and Bernardi represent the 
tabulation of their empirical equation49 S = 0,1345 M0.320, 
valid for M = 2 X lo4-3 X lo5. 

For molecular weights above M = 2.5 X lo5, the DNA 
molecule deviates from a perfect rodlike configuration and the 
influence of chain flexibility becomes important. Hearst and 
Stockmayels2 have used the TSM and Yamakawa and Fujii26 
the CM to calculate sedimentation coefficients of semiflexible 
macromolecules. The equations given in these two theories 
can be written in the form 

(19) s = s, + s, 
where S, represents the rodlike limit of S, defined as 

S, = lim S 
A-l-=* 

and S, is the correction arising from chain flexibility. S, de- 
pends on r. In the limit r - 0, both theories predict 

The coefficients are c1 = 0.166, c2  = 0.020, c3 = -0.002, in the 
theory of Hearst and Stockmayer, and c 1 =  0.167, c2 = 0.019, 
c3 = -0.002, in the theory of Yamakawa and Fujii. 

For nonvanishing r ,  the dependence of S, on r has a dif- 
ferent form in the two theories mentioned. However, for the 
values of X-l, L ,  and r ,  characteristic of low molecular weight 
DNA, we have found that the values calculated for S, ac- 
cording to the theories of Hearst and Stockmayer and 
Yamakawa and Fujii differ from those calculated according 
to eq 21 (with either set of coefficients) by less than 0.1 S. 
Therefore, we may conclude that the flexibility correction is, 
in our case, practically independent of the cross-sectional 
structure. This implies that, for DNA samples below M lo6, 
we may combine eq 16, 19, and 21, to evaluate the S corre- 
sponding to the TSM, CM, and DHM. 

As a first step in our analysis of the experimental data we 
subtract, from each empirical value of S ,  the flexibility cor- 
rection, S,, corresponding to its molecular weight (eq 21). The 
resulting S - S ,  values are plotted in Figure 8. These S - S, 
values are fitted to eq 16 by a least-squares procedure. The two 
points with In M < 10.5 have not been considered in this fit 
because, for them, r /L  has a relatively large value and eq 16 
may be not obeyed. 

The result obtained for a by this method is a = 12.31 S (see 
Figure 8). With this experimental value of a we enter in Figure 
7 and determine, by interpolation, the value of r corresponding 
to each model. The r values thus obtained are collected in 
Table 11. 

V. Discussion 
The first conclusion we may draw from the analysis of x-ray 

diagrams, carried out on section 111, is that our DHM allows 
for an accurate description of the experimental results, while 
the nonhelical models lead to a much poorer description of the 
XS data. The most important advantage of our model, with 
respect to the nonhelical ones, is its ability to determine the 
cross-sectional radius of the molecule. The values deduced for 
r from LAXS and from WAXS are concordant in the case of 
the DHM, but they are not in the case of the other models. The 
results summarized in Table I evidence that the nonhelical 
models do not determine a unique radius, since the value ob- 
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Figure 8. Values of S, for DNA samples below lo6 daltons. Experimental 
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(El), Eisenberg-C~hen~~.~~ (+), Pr~nell-Bernardi~~ (O), and Record 
et al.5 (0);The line represents the least-squares fit: S, = 1.525 In M 
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tained for this quantity depends on the angular region con- 
sidered. This ambiguity is resolved by using the DHM. 

In addition to this, the DHM is capable of detecting the lack 
of axial symmetry of the DNA molecule. This is seen in Fig- 
ures 3 and 4. In Figure 3 the minima for the CM (having C, 
symmetry) are extremely deep. In Figure 4 the minima for the 
DHM are more pronounced when + = 0" than when + ts 0". 
Since the observed minima are shallow, we may conclude that 
they reflect a lack of axial symmetry in the molecule (due to 
the nonsymmetric position of the paired bases). This justifies 
our introduction of a phase shift in the DHM. It also proves 
that the WAXS region contains information about the mo- 
lecular structure which is not present in the LAXS region. 

The paramete: + can be regarded as meaningful a t  the 
molecular level, because the phase shift between helices is in 
qualitative agreement with the shape usually attributed to the 
B form of DNA. According to such a shape, the DNA-B mol- 
ecule has wide and narrow grooves with approximate widths 
of 20 and 14 A, re~pec t ive ly .~~ When we use our DHM to cal- 
culate the grooves corresponding to + = 58" (value taken from 
Table I), we get 22.5 and 11.5 A, respectively. The agreement 
is, thus, not quantitative. The discrepancy may arise from the 
inaccuracies associated with the fit of the WAXS diagrams, 
as well as from the model itself. 

The second important conclusion obtained from the anal- 
ysis of XS is that the two versions of our DHM (spheres and 
actual nucleotides) lead to practically identical values of A and + (Table I). This implies that the version which uses spheres 
as units of the macromolecular chain (the one that is useful 
to calculate hydrodynamic properties) constitutes a good 
approximation to the actual structure of DNA in solution. In 
view of this result, we may be confident that the interpretation 
of S by means of the DHM, contained on section IV, should 
be essentially correct. The value obtained with this model for 
the radius can be regarded as more realistic than the values 
obtained with the other models, since the DHM may be re- 
garded as less idealized than the nonhelical ones. 

Comparison between the values contained in Tables I and 
I1 indicates that the radius deduced from sedimentation is 

considerably larger than the radius deduced from XS in all 
models studied. This result has to be attributed to the exis- 
tence of a hydration shell covering the DNA molecule in so- 
lution. Frictional forces between solvent and macromolecule 
act on the surface of this hydration shell and determine, for 
the radius, a value somewhat larger than the one corre- 
sponding to the naked molecule. The DNA structure corre- 
sponds, approximately, to r 10 A, the distance from the 
phosphate group to the molecular axis. The contribution of 
the hydration shell to XS intensities is weak compared to the 
one arising from the macromolecule itself. Therefore, the value 
detected in XS for r should be about 10 A. With the DHM we 
obtain r = 10.4-10.6 A, close to it. 

By comparing this value with the one obtained (with the 
same model) for the hydrodynamic radius, r = 15.0 A, we es- 
timate a thickness of 4.5 A for the hydration shell. This cor- 
responds to the fixation of about two or three layers of 
~ a t e r . ~ ~ - ~ ~  It  can be argued against this result that the DHM 
is a porous structure that permits the solvent to pass through 
the double chains. The large hydrodynamic radius obtained 
(r = 15 A) should then be attributed not entirely to hydration. 
According to this criticism, a better estimate of hydration 
would be to combine the radius obtained from XS using our 
DHM and the hydrodynamic radius obtained using the less 
porous CM (r  = 12.0 A). The hydration shell estimated in such 
a way is 1.5 A, which corresponds to about a monolayer of 
water. However, the porosity of the DHM is mainly geometric 
and its influence on the sedimentation coefficient might be 
quite small. We base our speculation on the idea that hydro- 
dynamic interaction is strong in the interior of the double 
chains and should block very effectively the passage of solvent 
through them. 

We have obtained the value of r by analyzing experimental 
data corresponding to the molecular weight region M = 2 x 
104-1 X lo6 (Figure 8). The nonlinearity of S vs. In M has been 
attributed to chain flexibility. For the values of r and L in this 
region, we have seen that the flexibility correction does not 
depend on the model chosen to represent the cross-sectional 
structure. Namely, Yamakawa and Fujii's theory (wormlike 
CM) and Hearst and Stockmayer's theory (wormlike TSM) 
yield similar results. Therefore, it  is not necessary to include 
chain flexibility rigorously in the DHM. 

In a recent paper, Record et aL50 have studied low molecular 
weight DNA in a region similar to the one here considered by 
us. They show that a single set of chain parameters, X - l  and 
r ,  are good to describe sedimentation coefficients for both high 
( M  > 106) and low ( M  < 106) molecular weights. They use 
Yamakawa and Fujii's theory and find X- l  = 1300 A, r = 12.5 
A. The value of r obtained by us, using the CM model 
(Yamakawa and Fujii's theory) and the same X-l, is r = 12.0 
A very close to the one obtained by Record et al. Our result for 
the CM agrees, then, with the conclusion drawn by these au- 
thors. Furthermore, our result for the TSM agrees with it. We 
have obtained r = 14.8 A, for the TSM (Kirkwood's theory), 
which lies intermediate between the values derived by Hearst 
and S t ~ c k m a y e r ~ ~  and by Gray e t  al.,57 in the high M re- 
gion. 
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Ab initio SCF calculations on the relative stability of a peroxy isomer of NO2, compared with the normal CzU 
isomer, coupled with the experimental bond strength in the normal isomer suggest that a peroxy isomer is 
stable. Implications to photodetachment experiments are discussed. 

Recent photodetachment erperiments have demon- 
strated the existence of an anomalous nitrite ion.2 Photode- 
tachment of an electron from NO2- was observed to occur at  
energies significantly less than the electron affinity of NO2. 
Three possible explanations were suggested for this unex- 
pected observation: 

(1) The “normal” CzU isomer of NO2- (2 lAl) might have 
been vibrationally excited. Photodetachment at  wavelengths 
greater than the adiabatic electron affinity would then be 
expected, similar to the appearance of hot bands in conven- 
tional absorption spectroscopy. This explanation was elimi- 
nated because there is no evidence to suggest that  a suffi- 
ciently high vibrational temperature (5000 K) was present in 
either of the apparatus used to generate nitrite ions. 

(2) An excited metastable triplet state of NOa-. The lowest 
reported3 triplet state of NO2- (3B1) is a t  best marginally 
stable with respect to autodetachment to NO2 + e-.2a Fur- 
thermore, it  is unlikely that such a metastable species could 
be produced copiously from a hot cathode plasma ion sourcezb 
or be contained in an ion cyclotron resonance cell for several 
seconds.2a 

(3) A peroxy isomer of NOz-. Such an ion would be 
structurely similar and isoelectronic to NOF.4 Furthermore, 
its photodetachment spectrum might be expected to be similar 
to a perturbed oxygen ion, which is consistent with the 
threshold and cross section near threshold. Finally, an 
anomalous, energetic form of NO2- was observed in cluster 
ion reactions of NO; similar reactions with NO2 resulted in the 
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