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This study revisits the classical x-ray diffraction patterns from hydrated, noncrystalline fibers originally
used to establish the helical structure of DNA. We argue that changes in these diffraction patterns with
DNA packing density reveal strong azimuthally dependent interactions between adjacent molecules up to
 interaxial or 20 A
 surface-to-surface separations. These interactions appear to force significant
40 A
torsional ‘‘straightening’’ of DNA and strong azimuthal alignment of nearest neighbor molecules. The
results are in good agreement with the predictions of recent theoretical models relating DNA-DNA
interactions to the helical symmetry of their surface charge patterns.
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Interactions between densely packed DNA are involved
in packaging of meters of genetic material within cells,
genetic recombination, gene silencing and activation, etc.
One unanswered question of the physics of these interactions is whether juxtaposition of DNA is accompanied
by alignment and correlations in azimuthal orientations of
neighboring molecules (Fig. 1). In nematic liquid crystals,
azimuthally dependent interactions (through molecular
asymmetry) lead to a biaxially correlated phase [1], observed in lyotropic and thermotropic systems [2]. In DNA
aggregates, azimuthal correlations are involved in the formation of the cholesteric phase [3]. A model based on an
explicit description of the double helical motif of surface
charge distributions in DNA predicts strong azimuthally
dependent interactions [4]. It appears to rationalize the
observed features of the cholesteric phase [5] and many
other phenomena [6]. Still, simpler models with no [7] or
weak azimuthal correlations [8] are more commonly used
for DNA.
We now present direct experimental evidence of strong
azimuthal correlations. We revisit x-ray diffraction patterns of highly hydrated DNA fibers [9]. Such patterns
have been known since the celebrated papers of Wilkins
et al. [10] and Franklin and Gosling [11]. However, the
possibility of using them to extract information about
correlations in mutual alignment of adjacent molecules
has not been realized.
Diffraction theory.—To reveal azimuthal alignment of
adjacent helices in liquid-crystalline DNA mesophases, the
classical diffraction theory [12,13] must be adapted to
account for short-range azimuthal order. The scattering
intensity from an aggregate of N molecules parallel to
the z axis (Fig. 1) is given by
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i is the azimuthal orientation and Ri is the x; y coordinate of the main axis of each molecule i;
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h i indicates statistical averaging; and and
are the scattering amplitude and coordinates of each atom
 of DNA in an ideal helical conformation [14]. The first
and second terms in Eq. (2) describe intramolecular and
intermolecular scattering correspondingly.

FIG. 1. Azimuthal alignment of adjacent DNA in aggregates.
Each base pair is represented by a disk with two negatively
charged phosphate groups (spheres) attached to it. The phosphates are connected into the sugar-phosphate backbone. Bold
vectors depict altitude-dependent azimuthal orientations z of
the middle of the minor groove.
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For qualitative analysis, the scattering amplitudes of all
atoms except phosphates and the difference between
hjFM j2 i and hjFM ji2 due to atomic vibrations can be neglected so that
hjFM K; nj2 i

~ s Jn2 Ka; (4)
hjFM K; nji2 / cos2 n

~ s is the azimuthal half-width of the minor groove
where 
and a is the average distance of phosphate centers from the
~ s 0:4 and a 10 A).

central axis of DNA (in B-DNA, 
The classical Eq. (2) was derived for ideal helices and
used to describe crystalline arrays with fixed or aggregates
with random azimuthal orientations of the molecules. In
either case, hexpini  j  i did not have to be calculated and it was often omitted from explicit expressions.
These two limits were successfully used to reveal the
helical symmetry of DNA. However, such approximation
does not account for the nonideality of DNA structure,
thermal disorder, and the effect of correlated orientations
in noncrystalline aggregates. The latter factors must be
considered for a full understanding of the observed diffraction patterns and extracting information about DNA interactions and arrangement in assemblies.
While the difference in azimuthal orientations i  j 
and lateral positions Ri  Rj  of rigid, ideal, and identical helices does not depend on the ‘‘altitude’’ z, this is not
true for real DNA. Specifically, azimuthal coordinate i z
of any fixed point on an ideal helix (e.g., the center of its
minor groove) depends on the axial coordinate as i z 
i  gz so that i z  j z  i  j , where we define
i as the azimuthal coordinate at z  0. For real DNA,
i z 
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where 2=g is the average helical pitch and i z is the
deviation from the ideal helix due to the sequence dependence of the twist angle between adjacent base pairs [15]
and torsional fluctuations hi zi  0. Similarly, one can
speak of Ri z due to bending fluctuations. As long as the
z-dependent fluctuations are small (2  hi z2 i
1
2
2
1), Eq. (2) can still be used. It apand R  hRi z i
plies regardless of the amplitude of azimuthal fluctuations
 i caused by rotation of the whole molecule about its
long axis, although the calculation of the exact form of
hexpini  j   iKRi  Rj  i might be nontrivial.
For independent, Gaussian i ,  i , and Ri , in crystalline arrays,
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 i are the average azimuthal and positional
where  i and R
coordinates of each helix at z  0 and 2  h i2 i is the
mean square amplitude of thermal rotation of the whole
molecule. The first factor in the right-hand side of Eq. (6)
originates from Gaussian averaging of expini  j 
over i and  i . It is associated not only with thermal torsional and azimuthal fluctuations but also with

quenched torsional disorder due to differences in twist
angles between different base pairs [15]. Similarly,
BK 2 2R  is a factor associated with positional and bending
fluctuations. Its explicit form is not essential for the present
analysis and will be presented elsewhere.
For short-range azimuthal or positional order, we can
approximate the dependence of the scattering amplitude on
the alignment of molecules by
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iR
 j  describes
Here the correlation function Gn; K; R
the loss of azimuthal and positional order with increasing
iR
 j j. Outside the correlation range as well as in the
jR
absence of any positional or azimuthal order, G  0 and
 i   j and R
iR
 j do not have to be defined. In a
perfect crystal, G  1. In an aggregate with crystalline
positional order and no azimuthal correlations, G  n;0 .
 j , based
iR
Model-dependent calculations of Gn; K; R
on the statistical mechanical theory of columnar DNA
assemblies [16], will be reported elsewhere.
Equation (7) captures the main qualitative features of the
effect of azimuthal correlations and correctly describes the
limiting cases. It is likely to give a reasonable description
of possible diffraction patterns, from which one may extract admissible upper bounds of 2 and 2 even without
 j . At weak or no azimuiR
the knowledge of Gn; K; R
2
thal correlations (  1), it predicts that intermolecular
scattering contributes only to the equatorial Bragg spots at
n  0, whose positions are determined by the DNA packing density (Fig. 2). All other diffraction spots on the
helical layer lines with n  0 originate from intramolecular scattering and depend only on the structure of DNA. As
long as the structure remains the same, their positions and
intensities should be independent of the aggregate density.
In contrast, strong azimuthal correlations (2 < 1)
might lead to significant contribution of intermolecular
scattering to nonzero layer lines, resulting in dependence
of the whole diffraction pattern on the aggregate density.
However, the intermolecular contribution decreases exponentially with n2 2  2  and disappears at higher layer
lines even at perfect azimuthal order (2  0) due to the
effect of torsional distortions (2 ).
Analysis of diffraction data.—We reanalyzed 60 diffraction patterns from highly oriented, wetted fibers of
salmon sperm DNA, initially used to study effects of
hydration on the structure of DNA [9]. Preparation of the
fibers, the measurement technique, and the equipment were
described in the original publications. A succession of
x-ray pictures in Fig. 2 illustrates changes in the diffraction
pattern caused by decreasing the packing density of DNA.
The decreasing distance between the equatorial Bragg
spots is related to increasing intermolecular spacing. The
meridional (kz ) positions of the layer lines appear to be
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FIG. 2. Dependence of x-ray diffraction patterns from oriented
DNA fibers on the interaxial distance dint . The Bragg peaks at the
equator (two dark spots at kz  0, K  kBragg ) originate
p from the
positional order of the molecules (kBragg  4= 3dint in a
hexagonal lattice). Other diffraction maxima along the dotted
layer lines (n  1; 2; 3) originate from the helical structure of
DNA. Their meridional coordinates (kz ) are determined by the
helical pitch of DNA, and K are determined by Eqs. (4) and (7).
The white arrows depict the varying locations of the diffraction
maxima at the first helical layer line indicating strong azimuthal
correlations between adjacent molecules.

unaffected by the packing density, suggesting that the
helical pitch, the number of base pairs per pitch, and,
thereby, the structure of DNA remain the same [9,17].
However, the positions of the spots at the first helical layer
line (n  1) appear to change significantly, tracking the
positions of the equatorial Bragg spots. Such changes point
to a contribution of intermolecular scattering at least at the
first layer line, which is expected only in the presence of
strong azimuthal correlations between adjacent molecules.
For further analysis, we digitized the photographs on
AGFA Arcus II or FUJI FLA5000 (Fuji Medical Systems)
scanners and calibrated them by utilizing the diffraction
from calcite crystals added as an internal standard to every
sample [9]. We generated several density profiles for each
helical layer line, systematically averaged them to reduce
the inherent noise, and determined the locations of the
diffraction maxima with respect to the meridian. The dependencies of the locations of the diffraction maxima for
the first three helical layer lines on the interaxial spacing
between DNA are shown in Fig. 3 [18]. The uncertainty in
the measurement of the interaxial spacing was estimated as
 The horizontal, bold lines show the positions
0:2–0:5 A.
of the maxima for intramolecular scattering expected in the
absence of azimuthal correlations between adjacent molecules. Thin solid, dashed, and dotted lines show locations
of diffraction maxima for intermolecular scattering expected for three possible types [19] of crystalline arrangement of ideal helices on a hexagonal lattice.
The observed locations of the diffraction maxima at the
first and second layer lines are clearly more consistent
with intermolecular scattering from azimuthally correlated
DNA arrays than with intramolecular scattering in the
absence of correlations. Only the third layer line maxima
are consistent with the intramolecular scattering. Exactly
this behavior is predicted by Eq. (7) for liquid-crystalline
aggregates of nonideal helices with strong azimuthal correlations between adjacent molecules. Moreover, a com-
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FIG. 3. Variation in the locations Kn of the diffraction maxima
on the first (n  1), second (n  2), and third (n  3) layer lines
with separation between DNA. The bold lines show expected
locations of the intramolecular maxima [Eq. (4)]. Thin solid
lines show the locations of the diffraction peaks in hexagonal
crystals with the same azimuthal orientation of all molecules;
dashed lines, in crystals with alternating orientations of molecules in consecutive rows; dotted lines, in crystals with different
azimuthal orientations of all three molecules in the unit cell. The
corresponding Miller indices are shown near each line. Intermolecular scattering appears to determine K1 at all separations.

K2 are dominated by intramolecular scattering at dint > 35 A,
resulting in flattening of the observed dependence. K3 are consistent with intramolecular scattering at all dint .

parison of relative intensities of the intermolecular maxima
at the equatorial line and intramolecular maxima at the
third helical line with those expected from Eqs. (4) and (7)
suggests that 2  2 < 1 rad. Our previous estimates
[20] indicate that 2 accounts for at least a considerable
fraction of this value (0:1  2  1 rad), implying that
adjacent DNA exhibit strong azimuthal alignment even in
the most hydrated aggregates.
Discussion and conclusions.—This study is based on
classical x-ray diffraction patterns. Previously, the focus
was on the DNA structure [10,11] and its dependence on
hydration [9]. The patterns from hydrated fibers were interpreted as diffraction on uncorrelated helices [13], assuming that DNA were ‘‘relatively free from the influence
of neighboring molecules, each unit being shielded by a
sheath of water’’ [11]. Our analysis suggests exactly the
opposite, i.e., significant azimuthal alignment of adja of water (much
cent molecules separated by up to 20 A
further apart than estimated [21] in recent computer
simulations).
The only alternative explanation of the observed variation in the locations of the diffraction maxima at the first
and second layer lines would be a change in the DNA
radius, but such a change would affect all of the layer lines
and not just the first two. The radius estimated, e.g., from
the third layer line appears to be independent of DNA
packing density within 10% accuracy of the measurement. This is consistent with no observed significant
changes in the pitch and number of base pairs per turn
(which would be affected by radius variation) [17]. However, a twofold radius change would be required to explain
the diffraction maxima on the first layer line or an 50%
change to explain the maxima on the second layer line.
Strong azimuthally dependent interactions between
DNA in hydrated aggregates were predicted by analysis
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of electrostatic forces associated with the helical nature of
DNA surface charge [4]. The alignment becomes favorable
because it minimizes direct apposition of negatively
charged phosphate strands and maximizes their interaction
with counterions bound on opposite surfaces. The cost of
deviation from the optimal alignment for 500 Å-long DNA
fragments was estimated as E  k  2 =2, where k 
1–5kB T at 40 to 30 Å interaxial separations [5]. The
corresponding 2  kB T=k  0:2–1 rad2 gives an upper
bound for 2 expected for longer DNA [22], in good
agreement with the diffraction data.
Strong azimuthal alignment of adjacent helices is also
consistent with and appears to be the driving force of the
change in the helical repeat upon DNA aggregation reported in [23]. Indeed, the sequence-dependent variation in
the twist angle between adjacent base pairs [15] would
make the alignment of long DNA impossible without reducing 2 through torsional deformation [24]. The energetic advantage of the alignment appears to be strong
enough to overcome the torsional rigidity of DNA and
reduce 2 below 0:1–1 rad2 , in agreement with theoretical
estimates [20].
In conclusion, the evidence for significant azimuthal
correlations between adjacent molecules in hydrated
DNA aggregates is quite strong, at least for the experimental data discussed here.
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